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Abstract

Bone metabolism is a vital process that involves resorption by osteoclasts and formation by 

osteoblasts, which is closely regulated by immune cells. The neuronal guidance protein Netrin-1 

regulates immune cell migration and inflammatory reactions, but its role in bone metabolism is 

unknown. During osteoclast differentiation, osteoclast precursors increase expression of Netrin-1 

and its receptor Unc5b. Netrin-1 binds, in an autocrine and paracrine manner, to Unc5b to promote 

osteoclast differentiation in vitro, and absence of Netrin-1 or antibody-mediated blockade of 

Netrin-1 or Unc5b prevents osteoclast differentiation of both murine and human precursors. We 

confirmed the functional relationship of Netrin-1 in osteoclast differentiation in vivo using 

Netrin-1-deficient (Ntn1−/−) or wild-type (WT) bone marrow transplanted mice. Notably, Ntn1−/− 

chimeras have markedly diminished osteoclasts, as well as increased cortical and trabecular bone 

density and volume compared with WT mice. Mechanistic studies revealed that Netrin-1 regulates 

osteoclast differentiation by altering cytoskeletal assembly. Netrin-1 increases regulator of Rho-

GEF subfamily (LARG) and repulsive guidance molecule (RGMa) association with Unc5b, which 

increases expression and activation of cytoskeletal regulators RhoA and focal adhesion kinase 

(FAK). Netrin-1 and its receptor Unc5b likely play a role in fusion of osteoclast precursors 

because Netrin-1 and DC-STAMP are tightly linked. These results identify Netrin-1 as a key 

regulator of osteoclast differentiation that may be a new target for bone therapies.
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Introduction

Osteoclasts, the cells responsible for bone resorption, are large, multinucleated cells derived 

from hematopoietic stem cells.(1,2) During differentiation, osteoclast precursors express a 
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number of specific transcriptional regulators, proteases, matrix proteins, cell surface 

receptors, and other molecules required for bone resorption and fuse to form multinucleated 

syncytia. A variety of cytokines and other proteins, including members of the family of 

axonal guidance proteins (eg, semaphorins), which are produced by inflammatory cells, 

have been shown to regulate osteoclast differentiation.(3)

Netrin-1 is a member of the axonal guidance protein family that is a positive and negative 

regulator of cell migration both within and outside of the nervous system. This secreted 

laminin-related protein is a leukocyte-guidance molecule that inhibits migration of 

monocytes, neutrophils, and lymphocytes by activation of its receptor, Unc5b.(4–6) Netrin-1, 

acting through Unc5b receptor, reduces renal ischemia–reperfusion injury and its associated 

renal inflammation,(7) and downregulation of Netrin-1 in vascular endothelial cells promotes 

endothelial cell activation and infiltration of leukocytes enhancing tubular injury.(8) Netrin-1 

is expressed on vascular endothelium, where it is regulated by infection and inflammatory 

cytokines, and inhibits basal cell migration into tissues, and its downregulation at the onset 

of sepsis/inflammation may facilitate leukocyte recruitment.(4) Other studies have 

demonstrated that Netrin-1 promotes chronic inflammation in atherogenesis and diet-

induced obesity; tissue macrophages in atherosclerotic plaques and obese adipose tissue 

increase their expression of Netrin-1,(9,10) which promotes macrophage retention and 

survival,(11) further increasing chronic inflammation. These in vivo roles of Netrin-1 in 

regulating inflammation prompted us to investigate its potential function in bone 

metabolism, which is also highly regulated by inflammatory processes.

Netrin-1 and its receptors, Unc5b and DCC, regulate cellular motility by activating a variety 

of intracellular pathways. For example, Netrin-1 receptor activation leads to changes in the 

actin cytoskeleton by regulation of the small GTPases Rac and Rho. Inhibition of Rho 

promotes axonal outgrowth, whereas inhibition of Rac and CDC42 impairs neurite 

extension.(12) Netrin-1 also activates the mitogen-activated protein kinase (MAPK) 

signaling pathway that plays a key role in the regulation of actin-cytoskeleton dynamics 

during cell motility.(13,14) Recent work has demonstrated that DCC interacts with focal 

adhesion kinase (FAK), a kinase that has been implicated in the regulation of cell adhesion 

and migration, and with Src Tyr kinases.(15) In addition, Netrin-1 receptor ligation regulates 

the intracellular second messengers Ca2+, cyclic AMP (cAMP), and ion channels,(16) which 

play a role in the attraction and repulsion of axonal growth cones. Finally, Netrin-1 signaling 

through DCC and Unc5b receptors stimulates cell survival or apoptosis via Unc5b.(17,18)

Based on the recent findings that Netrin-1 regulates the function of myeloid cells and the 

fact that osteoclasts are derived from myeloid precursors, we investigated whether 

osteoclasts or other marrow cells expressed Netrin-1 and whether Netrin-1 and its receptors 

could regulate osteoclast differentiation and/or function. Here we report that Netrin-1, acting 

via its receptor Unc5b, is an autocrine and paracrine factor that is required for osteoclast 

differentiation. Moreover, we demonstrate that Netrin-1 binding to Unc5b promotes 

cytoskeletal assembly, resulting in RhoA activation.
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Materials and Methods

Reagents

RAW264.7 cells were from ATCC (Manassas, VA, USA). Human bone marrow cells were 

purchased from Lonza (Allendale, NJ, USA). Recombinant mouse and human macrophage 

colony-stimulating factor (M-CSF), receptor activator of NF-κB ligand (RANKL), and 

Netrin-1 were from R&D Systems (Minneapolis, MN, USA). α-MEM, FBS, penicillin/

streptomycin, and Alexa Fluor 555 phalloidin were from Invitrogen (Life Technologies, 

Carlsbad, CA, USA). Sodium acetate, glacial acetic acid, Naphtol AS MX phosphate 

disodium salt, Fast Red Violet LB, sodium tartrate, alizarin red, toluidine blue, RIPA buffer, 

protease inhibitor cocktail, phosphatase inhibitor cocktail, Histopaque 1077, dexamethasone, 

β-glycerophosphate, L-ascorbic acid, hexadimethrine bromide, lentivirus packaging particles 

(scrambled, Netrin-1 and Unc5b), puromycin selection marker and goat anti-rabbit-FITC 

and goat anti-mouse TRITC were from Sigma-Aldrich (St. Louis, MO, USA). Sodium 

tartrate was from Fisher Scientific (Pittsburgh, PA, USA). Goat polyclonal anti-Netrin-1, 

rabbit polyclonal anti-Unc5b, mouse monoclonal anti-Unc5b, rabbit polyclonal anti-DCC, 

rabbit polyclonal anti-FAK, rabbit polyclonal anti-alkaline phosphatase, rabbit polyclonal 

anti-osteopontin, rabbit polyclonal anti-osteocalcin, and rabbit polyclonal anti-osteonectin 

were from Abcam (Cambridge, MA, USA). Rabbit anti-pRhoA, mouse anti-RhoA, rabbit 

polyclonal anti-cathepsin K, rabbit policlonal anti-CD68, rabbit anti-regulator of Rho-GEF 

subfamily (LARG), rabbit anti-repulsive guidance molecule (RGMa), rabbit anti-Neogenin, 

and rabbit anti DC-STAMP and mouse monoclonal anti-actin were from Santa Cruz 

Biotechnology (Dallas, TX, USA). Goat anti-rabbit IRDye 800CW and goat anti-mouse 

IRDye 680 RD were from Li-cor Biosciences (Lincoln, NE, USA).

Transplantation of fetal liver cells

The NYUSoM Institutional Animal Care and Use Committee approved all protocols related 

to animals. Female and male Ntn1+/− mice were mated. On day 14 of gestation, embryos 

were dissected free from the placenta and yolk sac, and single-cell suspensions of fetal liver 

cells were prepared by flushing through graded sizes of needles. A portion of the fetal 

tissues was used for genotyping by the intensity of 5-bromo-4-chloro-3-indoyl-β-D-

galactoside staining; the other portion was used to provide independent confirmation of the 

genotype by PCR analysis. Fetal liver cells (2 × 106) were injected intravenously into 

lethally irradiated C57BL/6 mice (two exposures of 600 cGy). Wild-type (WT, Ntn1+/+) 

mice were used as control littermates for fetal liver transplantation.(9) Four weeks after 

transplantation, in vitro cell differentiation and skeletal analysis were performed.

Confirmation of marrow engraftment

Four to 6 weeks after recovery from transplantation, DNA from mouse blood was isolated 

with an ArchivePure DNA kit, according to the manufacturer’s protocol (5 Prime,). Netrin-1 

and B-gal gene expression in blood leukocytes were evaluated by RT-PCR and the 

percentage of reconstitution was calculated, as previously described. Mice with >95% 

reconstitution were included in the study.

Mediero et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Transfection protocol

Netrin-1 and Unc5b shRNA transfection was performed as previously described.(19) Briefly, 

15000 RAW264.7 cells were plated and 24 hours later cells were incubated in the presence 

of hexadimethrine bromide (4 µg/mL) and 108 lentiviral transduction particles 

corresponding to mouse Netrin-1 (SHCLNV-NM_008744), Unc5b (SCHLNV-

NM_029777), and DC-STAMP (SHCLNV-XM_128030) with puromycin selection marker, 

for another 24 hours to allow transfection. Media was then replaced with α-MEM containing 

puromycin (1 µg/mL), changing the media every 3 days until selected clones formed. These 

clones were isolated and expanded until confluent. Scrambled shRNA (SHC002V) was used 

as a control. Permanently silenced clones are kept in culture under puromycin selection.

Osteoclast differentiation

After 4 weeks of recovery, the marrow cavity was flushed out with α-MEM from aseptically 

removed femora and tibias and marrow was incubated overnight in α-MEM containing 10% 

FBS and 1% penicillin/streptomycin to obtain a single-cell suspension. A total of 200,000 

nonadherent cells were collected and seeded in α-MEM with 30 ng/mL M-CSF (R&D) for 2 

days. At day 3 (day 0 of differentiation), 30 ng/mL RANKL (R&D) was added to cultures in 

the presence/absence of recombinant Netrin-1 (250 ng/mL, R&D), Unc5b, or DCC 

antibodies (200 µg/mL, Abcam) (n = 6). Medium and reagents were replaced every third 

day.

RAW264.7 cells (ATCC; 5000/well) were differentiated with 50 ng/mL RANKL and 

cultures were treated in the same conditions as described for primary mouse bone marrow 

cells (BMCs).

Human bone marrow myeloid precursors (Lonza) were separated by density gradient 

through Histopaque-1077 (Sigma-Aldrich), according to the manufacturer’s instructions, 

and 200,000 cells were seeded in α-MEM with 30 ng/mL M-CSF for 2 days. At day 3 (day 

0 of differentiation), 30 ng/mL RANKL was added and cultures were treated as described 

for primary mouse BMCs. After incubation for 7 (mouse and human BMCs) or 3 days 

(RAW264.7 cells), cells were stained for tartrate-resistant acid phosphatase (TRAP) for 

osteoclast quantification as previously described.(20,21) The number of TRAP-positive 

MNCs containing ≥3 nuclei/cell was scored.(22) To determine whether the effect of Netrin-1 

on osteoclast formation varied with exposure time, it was added at 250 ng/mL on 

consecutive days starting at day 3 and ending 7 days later. In all experiments, DMSO was 

added to control medium.

To assay resorption activity, 200,000 nonadherent cells were collected and seeded on dentin 

slides (Immunodiagnostic Systems, Scottsdale, AZ, USA) and were treated in the same 

conditions as described for TRAP staining. After 7 days of differentiation, resorption was 

assayed by staining the dentin slides with 1% toluidine blue in 0.5% sodium tetraborate 

solution following the manufacturer’s recommendations. The pits developed blue to purple 

color.
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Osteogenesis assay

Osteogenesis assays were performed as previously described.(23) BMCs were isolated by 

flushing out the bone marrow cavity from 6- to 8-week-old WT female mice. BMCs were 

cultured for 3 days, nonadherent cells were discarded and the adherent cells were cultured 

until confluent. Stromal cells were washed and reseeded in culture dishes at 1*105cell/cm2 

density with osteogenic medium (α-MEM containing 1 µM dexamethasone, 50µg/ml 

ascorbic acid, and 10mM β-glycerophosphate) in the presence/absence Netrin-1 (250 ng/ml), 

Unc5b or DCC antibodies (200 µg/ml).

Human bone marrow stromal cells (BMSCs) were isolated by culturing human marrow 

mononuclear cells for 5 days; adherent BMSCs were seeded at a density of 5 × 104 cells/cm2 

with osteogenic media in the same conditions as described for murine cells. Alizarin red 

staining was performed 10 days (mouse) and 21 days (human) after culture. Cells were fixed 

in 4% PFA and stained for 45 minutes with 2% alizarin red.

Morphological characterization of cultured osteoclasts

Osteoclasts were generated from bone marrow cells as described above. A total of 7500 

cells/mL were plated on fibronectin-coated glass coverslips under the same conditions as 

described above. After 7 days in culture, cells were fixed with 4% paraformaldehyde in 

PBS, blocked with PBS 1% BSA and 0.1% Triton X-100 for 30 minutes, stained 

fluorescently with Alexa Fluor 555 Phalloidin (Invitrogen, Carlsbad, CA, USA) for 30 

minutes, and counterstained with DAPI (Fluoroshield with DAPI mounting media, Sigma-

Aldrich) as described previously.(24) To evaluate osteoclast morphology, 400 osteoclasts 

were examined in each sample using confocal microscopy (Leica SP5 confocal system, 

Leica Microsystems, Buffalo Grove, IL, USA).

Western blot

Primary mouse or human BMCs were treated with recombinant Netrin-1, Unc5b, or DCC 

blocking antibodies for either 15 minutes or 24 hours. Cells were lysed with RIPA buffer, 

and the supernatant contents were extracted with cold ethanol 1% SDS and sonicated. An 

amount of 4 to 10 µg of protein was subjected to 7.5% or 10% SDS-PAGE and transferred 

to a nitrocellulose membrane. Nonspecific binding was blocked with TBS/Tween-20 0.05% 

to 5% skimmed milk. Membranes where incubated overnight (4°C) with primary antibodies 

against Netrin-1, Unc5b, DCC, pRhoA, RhoA, FAK, and Actin (1:1000 each). Membranes 

were incubated with goat anti-rabbit IRDye 800CW 1:10,000, donkey anti-goat IRDye 

800CV 1:10,000 and goat anti-mouse IRDye 680 RD 1:10,000 (Li-cor Biosciences) in the 

dark. Proteins were visualized by Li-cor Odyssey equipment, which detects near-infrared 

fluorescence. As each secondary antibody emits a signal in a different spectrum, reprobing 

with actin (to check that all lanes were loaded with the same amount of protein) was 

performed simultaneously with primary antibody incubation. Coomassie blue was used as 

loading marker for the supernatant proteins. Intensities of the respective band were 

quantitated by densitometric analysis using Image Studio 2.0.38 software (Li-cor 

Biosciences). Variations in band intensity were expressed as percentage of unstimulated 

controls to minimize disparities among different experiments.
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Immunoprecipitation

RAW264.7 cells were incubated with RANKL in the presence/absence of recombinant 

Netrin-1 for 24 hours. An amount of 1000 µg total protein was incubated with 10 µg of 

affinity-purified Unc5b antibody at 4°C overnight. The immunoprecipitation was performed 

following the manufacturer’s recommendations (Pierce Classic IP kit, ThermoScientific). 

After gel electrophoresis, membranes were incubated with antibodies to LARG, RGMa, 

Neogenin, and DC-STAMP (all 1:1000 dilution). To check that all lanes were loaded with 

the same amount of protein, we also probed the membranes for actin at the same time as the 

primary antibody incubation.

Immunofluorescence

RAW264.7 cells were transduced with a lentiviral construct expressing shRNA for Netrin-1, 

Unc5b, DC-STAMP, or a scrambled shRNA as a control. A total of 7500 cells/mL (shRNA) 

were plated on fibronectin-coated glass coverslips and incubated with 50 ng/mL RANKL for 

24 hours. Cells were fixed with 4% paraformaldehyde in PBS. After blocking of nonspecific 

binding with PBS 3% BSA and 0.1% Triton X-100 for 1 hour, primary antibodies (LARG, 

RGMa, Neogenin, DC-STAMP, and Unc5b, all 1:200 dilution) were incubated overnight at 

4°C in a humidifying chamber. Secondary antibodies goat anti-rabbit-FITC (1:200) and goat 

anti-mouse TRITC (1:200) were incubated for 1 hour in dark. Slides were mounted with 

Fluoroshield with DAPI mounting media (Sigma-Aldrich) as described previously.

Gene expression profiling

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Invitrogen) including sample 

homogenization with QIAshredder columns from both undifferentiated and osteoclast-

derived RAW264.7 cells. RNA quality was verified by Pico Chips (5067-1511; Agilent 

Technologies, Santa Clara, CA, USA). RNA (1 µg) was reverse-transcribed, and quantitative 

RT-PCR analysis of the Netrin-1 guidance cue family members was performed using RT2 

Custom Profiler PCR Arrays (Qiagen), according to the manufacturer’s protocol. Data 

analysis was performed using the manufacturer’s integrated web-based software package of 

the PCR Array System using ΔΔCt-based fold change calculations.

Quantitative real-time RT–PCR

The mRNA expression levels were measured by quantitative RT-PCR (qRT–PCR) as 

previously described.(19,25) The following primers were used: Netrin-1—Forward: 5'-

GCGGGTTATTGAGGTCGGTG-3' and Reverse: 5'-CAGCCTGATCCTTGCTCGG-3'; 

Unc5b—Forward: 5'-TGGATCTTTCAGCTCAAGACCCAG-3' and Reverse 5'-

AAGATGGCCAGCTGGAGCCG-3'; DCC Forward—5'-

GCTTTTGTCTCAGCCAGGAC-3' and Reverse: 5'-CGCTCAAGTCATCCTGTTCA-3'; 

and GAPDH—Forward: 5'-CTACACTGAGGACCAGGTTGTCT-3' and Reverse: 5'-

GGTCTGGGATGGAAATTGTG-3'. To validate the effect of Netrin-1 in osteoclast 

differentiation, we measured the activation of the two osteoclast differentiation markers, 

cathepsin K and NFATc1, and osteopontin, an extracellular structural protein that initiates 

the development of osteoclast ruffle borders. LARG, RGMa, and Neogenin expression was 

also measured. shRNA scrambled and Netrin-1 RAW264.7 cells were collected during the 4 
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days of differentiation, and mRNA levels were measured by RT-PCR. The following 

primers were used in real-time PCR amplification: cathepsin K—Forward: 5'-

GCTGAACTCAGGACCTCTGG-3' and Reverse: 5'-GAAAAGGGAGGCATGAATGA-3'; 

NFATc1—Forward: 5'-TCATCCTGTCCAACACCAAA-3' and Reverse: 5'-

TCACCCTGGTGTTCTTCCTC-3'; osteopontin—Forward: 5'-

TCTGATGAGACCGTCACTGC-3' and Reverse: 5'-TCTCCTGGCTCTCTTTGGAA-3; 

LARG—Forward 5'-ACACAGTCTACTATCACGGACA-3' and Reverse 5'-

AAATCATGCGATGAACTGCGT-3'; RGMa—Forward 5'-

CCACACCTCAGGACTTTCACA-3' and Reverse 5'-AGACGGAAGTTCGTCCATTTC-3'; 

and Neogenin—Forward 5'-TTGCTCGGCATATTCTGAGCC-3' and Reverse 5'-

TGGCGTCGATCATCTGATTCTAA-3'. The Pfaffl method(26) was used for relative 

quantification.

Measurement of bone mineral density (BMD)

We assessed BMD (gm/cm2) of whole skeletons of 5-month-old mice by PIXImus bone 

densitometer (Lunar, Madison, WI, USA). The instrument was calibrated before each 

scanning session, using a phantom with known BMD, according to manufacturer’s 

guidelines. Nine WT and 9 Netrin-1−/− mice were anesthetized by isofluorane inhalational 

anesthesia and placed in the prone position on the specimen tray for scanning of the entire 

skeleton.

Micro-X-ray computed tomography (micro-CT) analysis of bone mass

To measure bone volume (trabecular bone volume [BV/TV]), the femurs of 5 WT and 5 

Netrin-1−/− mice were measured by micro-CT, as previously described.(20) Analyses were 

performed in the micro-CT core at the Hospital for Special Surgery using the Scanco 

Medical MicroCT 35 Scanner (Scanco Medical, Bruttisellen, Switzerland) with 25-µm 

resolution (KVp: 5T µA/45), and every field of view was scanned by CCD detector, with an 

integration time of 400 ms. For qualitative analysis, 3D images of the femur were 

reconstructed from cross-sectional slices using the software provided by Scanco Medical 

MicroCT 35 and processing was performed to get direct morphometric measurements in 3D.

Histological studies

Mice femurs were fixed in 4% paraformaldehyde and then decalcified in 10% EDTA for 4 

weeks. Sections (5 µm) of paraffin-embedded bone were cut and H&E staining was 

performed.

TRAP staining was carried out with a homemade TRAP buffer (0.1 M acetate buffer, 0.3 M 

sodium tartrate 10 mg/mL Naphtol AS-MX phosphate, 0.1% Triton X-100, 0.3 mg/mL Fast 

Red Violet LB). After deparaffinization and acetate buffer washing processes, samples were 

incubated in TRAP buffer for 30 minutes and counterstained with Fast Green.

Immunohistochemistry analysis of markers for osteoblasts (alkaline phosphatase) and 

osteoclast (cathepsin K, Santa Cruz Biotechnology) and extracellular matrix proteins 

(osteopontin, osteonectin, and osteocalcin; Abcam) was carried out as previously 

described.(27) Deparaffinized and hydrated sections were incubated with Proteinase K 
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solution (20 µg/mL in TE Buffer, pH 8.0) at 37°C for antigen retrieval. Endogenous 

peroxidase was removed by incubating sections with 3% H2O2 in methanol. Blockade of 

nonspecific binding was performed with PBS-BSA 3% 1% Triton 5% FBS. Primary 

antibody (in PBS-BSA 3%) (alkaline phosphatase 1:100, cathepsin K 1:25, osteopontin 

1:100, osteocalcin 1:200, osteonectin 1:100) was incubated overnight at 4°C in a 

humidifying chamber. Secondary goat anti-rabbit HRP antibody (Santa Cruz Biotechnology) 

was incubated and sections were developed with Fast 3'3'-Diaminobenzidine (Sigma-

Aldrich) and counterstained with hematoxylin (Sigma-Aldrich). Slides were mounted using 

Permount mounting media (Fisher Scientific). Images were observed in a Leica microscope 

equipped with SlidePath Digital Image Hub Version 3.0 software.

Histomorphometry

Long bones (n = 4) were dehydratated with increasing concentration of ethanol and a final 

step of methyl salicylate incubation for 30 hours, with a change in solution after 6 hours. 

Tissue was infiltrated with methyl methacrylate, changing the solution every 24 hours 3 

times to ensure complete infiltration (first infiltration at room temperature and the other two 

at 4°C). After this, solution was changed again and samples were kept under UV light until 

polymerization. The specimen was trimmed of excess polymer and sectioned. Stevenel’s 

blue-Van Geison and TRAP stainings were performed. Digital photographs of the sections 

were scanned by Aperio (Leica) microscope. Pictures were displayed by Image Scope 

viewer, which imports a single high-quality, ultra-resolution digital scan that multiple 

magnified images could be selected from. Using Bioquant Osteo (Nashville, TN, USA) 

software analysis, a region of interest (ROI) was drawn interactively, for each histologic 

section. This ROI was subsequently used in all the histomorphometric measurements.

Statistical analysis

Statistical significance for differences between groups was determined by use of one-way 

ANOVA and Bonferroni post hoc test or Student’s t test. All statistics were calculated using 

GraphPad software (GraphPad, La Jolla, CA, USA).

Results

Netrin-1 and its receptor Unc5b expression are increased during osteoclast but not 
osteoblast differentiation

Because inflammatory cells can coordinate osteoclast differentiation and Netrin-1 has been 

previously demonstrated to skew inflammatory balance, using a custom array comprising a 

complete panel of netrin guidance cue and its receptors, we found that Netrin-1 and its 

chemorepulsive receptor Unc5b mRNA expression were higher in RAW-derived osteoclast 

than in undifferentiated RAW cells (2.4- and 2.8-fold change, respectively, p < 0.01; Fig. 

1A). These results were confirmed by RT-PCR during osteoblast and osteoclast 

differentiation in murine BMCs. However, there was no change in expression of Netrin-1, 

Unc5b, or DCC expression at the mRNA level during osteoblast differentiation (Fig. 1B). 

Netrin-1 and Unc5b mRNA expression increased 2 days after RANKL/M-CSF treatment 

and were maximally increased coincident with the formation of large TRAP-positive 

multinucleated cells (13.4-fold change for Netrin-1 and 5.5-fold change for Unc5b receptor 
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at 7 days, p < 0.001 and p < 0.01 respectively, n = 4 each) (Fig. 1C). In contrast, DCC 

mRNA expression did not change during osteoclast differentiation (Fig. 1C).

We next performed Western blots to analyze the protein levels of Netrin-1 and its receptors 

in differentiated osteoblasts and osteoclasts. Consistent with the unmodified mRNA 

expressions, osteoblasts did not exhibit any protein expression of Netrin-1, Unc5b, or DCC 

during their differentiation (Supplemental Fig. S1A). Similar results were found in human 

osteoblast precursors (Supplemental Fig. S2A). In contrast, Netrin-1 expression and 

secretion in the extracellular supernatant of osteoclast precursors were significantly 

increased when compared with RANKL/M-CSF-untreated cells (130 ± 2% and 166 ± 3% 

increase, respectively, p < 0.001, n = 4) (Fig. 2A). Similarly, Unc5b receptor expression 

increased (198 ± 4% increase, p < 0.001, n = 4), whereas DCC expression did not change 

during osteoclast differentiation (105 ± 2% of unstimulated expression, p = ns, n = 4) (Fig. 

2A). Similar results were found for human BMCs (Fig. 2B).

Netrin-1 and Unc5b are required for osteoclast but not for osteoblast differentiation and 
function

Because Netrin-1 and Unc5b mRNA and protein levels were upregulated in osteoclast, we 

determined their functional significance during this process in primary murine bone marrow 

cells in vitro. Although the treatment of WT BMCs with recombinant Netrin-1 increased the 

number of TRAP-positive multinucleated cells (115 ± 5% of control with RANKL alone, p 

< 0.5, n = 6) (Fig. 3A), the addition of a blocking antibody against the Unc5b receptor 

markedly reduced the number of TRAP-positive osteoclasts (43 ± 4% of control with 

RANKL alone, p < 0.001, n = 6). This effect was specific to the Unc5b receptor because the 

addition of a blocking antibody to DCC did not affect osteoclast differentiation in vitro (94 ± 

2% of control with RANKL alone, p = ns, n = 4) (Fig. 3A). Interestingly, osteoclast 

differentiation by bone marrow precursors that did not express Netrin-1 was markedly 

reduced compared with wild-type precursors when studied in vitro (44 ± 4% of WT cells, p 

< 0.001, n = 6) (Fig. 3A), which was normalized by addition of recombinant Netrin-1 (122 ± 

5% of control in WT cells, p < 0.5, n = 6). Under these conditions, blocking the Unc5b 

receptor, but not the DCC receptor, inhibited osteoclast differentiation in the presence of 

exogenous Netrin-1 (Unc5b blocking Ab, 46 ± 4% of control in WT cells, p < 0.001; DCC 

blocking Ab, 95 ± 5% of control in WT cells, p < 0.001, n = 6; Fig. 3A). These data strongly 

suggested an important role of Netrin-1/Unc5b interactions in osteoclast differentiation.

To determine whether Netrin-1 was also required for osteoclast function, we determined 

whether antibodies to Netrin-1 or Unc5b affected bone resorption in vitro. Morphometric 

measurement of toluidine blue-stained dentin clearly demonstrated a marked reduction in pit 

formation when osteoclasts were differentiated in the presence of antibodies to either 

Netrin-1 or Unc5b but not to DCC (Fig. 3B). These results mirrored the effects of Netrin-1 

or anti-Unc5b on osteoclast differentiation in vitro, as described above.

To define the stage of osteoclast formation and function affected by Netrin-1 stimulation, we 

treated BMC cultures with antibodies to Netrin-1, Unc5b, or DCC at various time points 

after initiation of osteoclast differentiation. Antibodies to Netrin-1 or Unc5b blocked 

osteoclast differentiation only when added during the first 4 days of culture (Fig. 3C). 
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Antibody-mediated blockade of Unc5b completely blocked osteoclast differentiation despite 

treatment with exogenous Netrin-1 (Fig. 3C), but antibodies to DCC did not affect osteoclast 

differentiation when added or removed at any time point.

Because factors required for murine osteoclast formation may differ from those required for 

human osteoclast differentiation, we determined whether recombinant Netrin-1 affects 

differentiation of osteoclasts and osteoblasts from primary human bone marrow-derived 

osteoclasts and osteoblasts. Addition of recombinant Netrin-1 increased the number of 

TRAP-positive cells when compared with RANKL alone (Fig. 3D), which was reversed by 

addition of antibody to Unc5b receptor but not by anti-DCC antibody (Fig. 3D), suggesting 

that this mechanism holds true in human osteoclast differentiation and function.

To further confirm the involvement of Netrin-1 and Unc5b receptors in osteoclast 

differentiation, RAW264.7 cells were transduced with a lentiviral construct expressing 

shRNA for Netrin-1 or Unc5b or a scrambled shRNA as a control.(19) When RAW264.7 

cells were infected with scrambled shRNA, recombinant Netrin-1 treatment promoted 

osteoclast differentiation and pretreatment with antibody to Unc5b inhibited osteoclast 

differentiation (Fig. 3E). When Netrin-1 was permanently knocked down by a lentiviral-

delivery Netrin-1 shRNA, no osteoclast differentiation was observed, but recombinant 

Netrin-1 treatment promoted osteoclast differentiation (Fig. 3E) and pretreatment with 

antibody to Unc5b inhibited osteoclast differentiation. When Unc5b was permanently 

knocked down by lentiviral-delivery of Unc5b shRNA, we observed that neither RANKL 

alone nor RANKL plus recombinant Netrin-1 induced osteoclast differentiation (Fig. 3E). 

This result provides further supporting evidence that Netrin-1, acting through Unc5b, is a 

critical factor in osteoclast differentiation.

To confirm that Netrin-1 is a key factor in osteoclast differentiation, we determined the 

expression of mRNA for markers of osteoclast differentiation in RAW264.7 cells 

transfected with shRNA for Netrin-1. As shown in Fig. 3F, treatment of RAW264.7 cells 

infected with scrambled shRNA with 50 ng/mL RANKL increased the expression of mRNA 

for cathepsin K (by up to 3 ± 0.7-fold change on day 4; p < 0.05, n = 4), an effect that was 

abrogated in Netrin-1 shRNA-expressing cells. The same effect was found for NFATc1 

mRNA expression: RANKL increased NFATc1 mRNA expression by 3.5 ± 0.4-fold on day 

4 of differentiation (p < 0.05; n = 4, Fig. 3F), and this upregulation was lost when Netrin-1 

was knocked down. Finally, mRNA expression for osteopontin was also increased in the 

RANKL-stimulated RAW264.7 cells (scrambled shRNA-transduced cells) by up to 2 ± 0.4-

fold change on day 2 (p < 0.001, n = 4), and knockdown of Netrin-1 significantly prevented 

the RANKL-mediated increase in mRNA levels (Fig. 3F).

Alizarin red staining of osteoblast cultures (Supplemental Fig. S1B) demonstrated that 

neither addition of recombinant Netrin-1 nor antibodies to Netrin-1, Unc5b, or DCC affected 

formation of mineralized bone nodules by differentiated osteoblasts when compared with 

untreated controls. Similar results were observed in human osteoblast precursors 

(Supplemental Fig. S2B).
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Histomorphometric analysis of Netrin-1−/− skeletons reveals increased bone mass

Because both Netrin-1 and Unc5b were upregulated during osteoclast differentiation, we 

postulated that Netrin-1−/− mice may have a bone phenotype. We examined the skeletons of 

Netrin-1−/− chimeric mice (Netrin-1−/−), in which only bone marrow–derived cells lack 

expression of Netrin-1 and compared them with mice transplanted with WT bone marrow 

using whole-body dual X-ray absorptiometry (DXA) scanning. We found a marked increase 

in bone mineral density (BMD) in the Netrin-1−/− chimeric mice when compared with WT 

animals (Fig. 4A). These results were confirmed by micro-CT analysis of femurs, which 

revealed a significant increase in total volume (TV), bone volume (BV), and bone volume/

total volume ratio (BV/TV) in both cortical and trabecular bone of Netrin-1−/− mice as 

compared with WT mice (Fig. 4B, C).

Histologic examination indicated that there were fewer TRAP-positive osteoclasts in the 

femoral metaphysis of Netrin-1−/− bone marrow chimeric mice than in WT bone marrow 

chimeric mice (Fig. 5). Similar results were obtained when osteoclasts were identified by 

immunohistologic staining for cathepsin K. In contrast, there was no change in the number 

of alkaline phosphatase–positive osteoblasts on bone-forming surfaces, suggesting that the 

increase in bone density and volume resulted from diminished bone resorption in the 

Netrin-1−/− chimeric mice. Osteopontin (a matrix protein that initiates development of 

osteoclasts’ ruffled borders) colocalized with osteoclasts on the surface of bone. In contrast, 

expression of osteonectin (a Ca++-binding glycoprotein secreted by osteoblasts during bone 

formation) or osteocalcin (a protein secreted by osteoblasts) was similar in WT and 

Netrin-1−/− chimeric mice (Fig. 5).

To fully describe the cellular changes that lead to increased bone in Netrin-1−/− bone 

marrow chimeric mice, complete histomorphometric analysis in methyl methacrylate–

embedded samples was performed. Using Bioquant Osteo software, changes in BV, TV, 

BV/TV, trabecular number, trabecular separation, osteoid number, osteoblast number, 

osteoclast number, as well as number of cells per surface were calculated (Table 1). 

Histomorphometry analysis confirmed our micro-CT and histology results, showing a 

significant increase in TV, BV, BV/TV, and a decrease in osteoclast number (Oc.N) and 

surface (Oc.N/BS) in Netrin-1−/− mice compared with WT mice (Table 1). We have also 

observed an increase in trabecular number (Tb.N), trabecular separation (Tb.Sp, µm), and 

osteoid number (OS) and surface (OS/BS) when compared with WT mice (Table 1). In the 

case of osteoblast number (Ob.N) and surface (Ob.N/S), in Netrin-1−/− mice there is a small 

but significant increase in number compared with WT mice (Table 1). These results provide 

further evidence of an uncoupling between osteoclast and osteoblast differentiation and 

function in Netrin-1−/− mice.

Stimulation of Unc5b promotes cytoskeletal changes associated with osteoclast 
maturation

Our results indicate that Netrin-1, acting through Unc5b, is an essential autocrine factor for 

osteoclast differentiation. To gain insight into the mechanism by which Netrin-1, acting 

through Unc5b, regulates osteoclast maturation and morphology, we examined cytoskeletal 

changes associated with osteoclast maturation upon netrin-1 stimulation. Osteoclasts 

Mediero et al. Page 11

J Bone Miner Res. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cultured on glass show evidence of three distinct morphologies:(21) least mature osteoclasts 

(small with centrally located nuclei surrounded by a ring of F-actin and an absence of 

podosomes); an intermediate stage of maturing osteoclasts (variable in size, dendritic 

shaped, that contain >5 nuclei with podosomes in patches connected with other maturing 

cells through cytoplasmic bridges); and the late stage of mature osteoclasts (large 

multinucleated with a peripheral podosome belt, Fig. 6A). Netrin-1 stimulated a marked 

increase in the number of mature osteoclasts (Fig. 6B) similar to classical osteoclast 

differentiation factors such as M-CSF/RANKL. Differentiation into mature osteoclasts was 

almost completely blocked by pretreatment with Unc5b blocking antibody but not by DCC 

antibody (Fig. 6B).

Because the chemorepulsant Netrin-1 regulates cytoskeletal assembly, which is critical for 

osteoclast differentiation, we determined whether Netrin-1, acting via Unc5b, regulated 

small GTPases, such as RhoA, and focal adhesion kinase (FAK) family kinases, key 

modulators in osteoclast morphology and function.(28) As previously reported, treatment of 

osteoclast precursors with RANKL leads to RhoA phosphorylation (170 ± 8% of control 

phospho-RhoA, p < 0.01, n = 4), an effect modestly, but not significantly, increased by 

treatment with recombinant Netrin-1 (Fig. 7A, 181 ± 15% of resting, p < 0.001 versus 

control, n = 4). As with the effects on osteoclast differentiation, antibody-mediated blockade 

of Unc5b completely abrogated the effect of Netrin-1 and RANKL on RhoA 

phosphorylation (93 ± 3% of resting, p = ns versus control, n = 4), whereas pre-incubation 

with an antibody to DCC did not affect RANKL-induced RhoA phosphorylation (182 ± 12% 

of control, p = ns versus control, n = 4) (Fig. 7A). The effects of Netrin-1, acting via Unc5b, 

on FAK expression paralleled the effects on RhoA activation. RANKL stimulated a rapid 

increase in FAK expression (143 ± 6% of control expression, p < 0.01 versus unstimulated, 

n = 4), which was unaffected by Netrin-1 (148 ± 4% of control, p < 0.01, n = 4) (Fig. 7B). 

As with RhoA phosphorylation, pretreatment with Unc5b antibody completely blocked the 

increase in FAK expression (97 ± 4% of control, p = ns, n = 4), whereas pretreatment with 

DCC antibody had no effect on FAK expression (126 ± 13% of control, p < 0.01, n = 4) 

(Fig. 7B). Knockdown of Unc5b in RAW264.7 cells abrogated RANKL- and Netrin-1-

stimulated RhoA activation and increased FAK expression (Supplemental Fig. S3). Neither 

Netrin-1 treatment nor Unc5b blockade or knockdown affected cdc42 or Rac1 expression in 

either primary murine bone marrow cells or RANKL-treated RAW264.7 cells (data not 

shown).

To better understand how RhoA and FAK were activated by Netrin-1, we determined 

whether proteins previously shown to regulate cytoskeletal activation in neuronal cells 

treated with Netrin-1, LARG, and RGMa associated with Unc5b in osteoclasts. When we 

added Netrin-1 to osteoclast precursors, we found that Unc5b expression was increased, as 

shown in Fig. 7C, and there was an increase in the amount of LARG and RGMa, which co-

precipitated with Unc5b. In contrast, Netrin-1 treatment did not increase the amount of 

Neogenin, another protein previously reported to associate with Netrin-1, which co-

precipitated with Unc5b. In addition, mRNA levels for LARG, RGMA, and Neogenin were 

increased by 50 ng/mL RANKL 24 hours after stimulation, and these increases were 

abrogated when Netrin-1 was knocked down (Fig. 7D). Moreover, the basal level was lower 
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in Netrin-1 shRNA cells when compared with scrambled shRNA-infected RAW264.7 cells. 

Double immunostaining for LARG, RGMa, or Neogenin (green) and Unc5b (red) revealed a 

colocalization of these proteins in RAW264.7 cells infected with scrambled shRNA cells 

after 24 hours 50 ng/mL RANKL treatment (Figs. 9–11). Knockdown of Netrin-1 and 

Unc5b produced a decrease in signal for all of them (Figs. 9–11).

These findings suggest that Netrin-1 ligates and activates Unc5b, which increases 

recruitment of LARG and RGMa to the Unc5b/Neogenin complex. FAK, interacting with 

LARG, activates RGMa, which increases RhoA activation, resulting in the osteoclast 

cytoskeleton rearrangements required for differentiation (Fig. 7E).

Unc5b is linked to expression of DC-STAMP

As described in Fig. 3C, Netrin-1 or Unc5b needs to be active from the beginning of the 

osteoclast differentiation process to have an effect. This indicates that Netrin-1 and Unc5b 

may be important for cell fusion. To test this hypothesis, we studied if there were changes in 

DC-STAMP (dendritic cell–specific transmembrane protein, a molecule required for 

osteoclast fusion(29)) expression when Netrin-1 was added to osteoclast precursors. We 

found that DC-STAMP co-precipitated with Unc5b (Fig. 8A). Immunostaining revealed 

colocalization of DC-STAMP (red) with Unc5b (green) (Fig. 8B) that was abrogated when 

Unc5b was knocked down but not when Netrin-1 was absent (Fig. 8B). Moreover, when 

DC-STAMP was knocked down, Unc5b was not expressed (Fig. 8B).

When LARG, RGMa, and Neogenin immunolocalization was studied in DC-STAMP 

shRNA cells, we found that LARG expression was almost absent (Fig. 9), whereas RGMa 

and Neogenin were present in cells 24 hours after RANKL incubation but at lower levels 

when compared with scrambled shRNA-infected cells (Figs. 10 and 11).

Discussion

We provide the first evidence that the neuro-immune protein Netrin-1 is an autocrine and 

paracrine regulator of osteoclast differentiation. The significance of this finding is 

underlined by the observation that mice that have undergone bone marrow transplantation 

with Netrin-1−/− marrow demonstrate a marked increase in bone density after as little as 6 

weeks. Moreover, we report here that Netrin-1 mediates its effects on osteoclast precursors 

via its receptor Unc5b. The binding of Netrin-1 to Unc5b triggers the signaling cascade 

involved in the activation of the small GTPase RhoA by a mechanism that has not 

previously been observed in osteoclast precursors. Activation of RhoA via LARG and 

RGMa leads to the cytoskeletal rearrangements required for osteoclast differentiation.

A number of factors regulate bone metabolism, and there is growing appreciation that 

axonal guidance proteins and neurotrophins produced by a variety of cells in or near bone 

play a role in regulating the function and differentiation of the cells involved in bone 

remodeling. Mammalian bone is innervated by sympathetic and sensory nerves, which are 

particularly abundant in regions of high bone formation and remodeling, such as the growth 

plate.(30,31) Togari and colleagues described the expression of mRNA for axonal guidance 

proteins, including Semaphorins, Netrins, and neurotrophins, in human osteoblast cell lines, 
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osteosarcoma cell lines, and osteoclasts.(32) Since that initial description, others have 

demonstrated that Semaphorins and Ephrins play important roles in regulating bone cell 

differentiation and activity.(33–37) Semaphorin 4D, secreted by osteoclasts, binds to its 

receptor Plexin-B1 on osteoblasts, resulting in the activation and autophosphorylation of 

ErbB2, RhoA-ROCK activation, and forward inhibition of IRS-1, thereby diminishing 

osteoblast differentiation induced by RhoA activation.(34,37) Semaphorin 3A, produced by 

osteoblasts among other cells, binds to its receptor Neuropilin-1 to both inhibit RANKL-

induced osteoclast differentiation and to stimulate osteoblast differentiation and function.(36) 

Eph/ephrin interactions also regulate both osteoclast and osteoblast differentiation and 

function.(38) BDNF stimulates osteoclastogenesis and has been reported to mediate, at least 

in part, the bone destruction that occurs in patients with multiple myeloma.(39,40) Slit 

proteins, acting through their receptors Robo1/2, have been reported to inhibit osteoblast 

differentiation and function.(41) Finally, anti-NGF antibodies are undergoing testing in the 

clinic for the treatment of osteoarthritis and back pain, and one of the toxicities that has been 

well described is osteonecrosis of bone, although the mechanism for this toxicity has not 

been defined to date(42) and the effects of NGF (or NGF blockade) on bone metabolism have 

not been reported. Thus, although axonal guidance proteins and neurotrophins have been 

described to participate in bone remodeling, we hereby describe the unique role of Netrin-1 

that acts both in an autocrine and a paracrine manner to synchronize osteoclast 

differentiation.

The increase in bone mineral density and bone volume observed in the mice transplanted 

with Netrin-1-deficient marrow is consistent with the near complete absence of osteoclasts 

and the slight increase in osteoblast number that we observed. As noted above, osteoclasts 

secrete products that inhibit osteoblast differentiation and function (eg, semaphorin 4D) and 

diminished osteoclast function and number might lead to fewer suppressive signals for 

osteoblasts. However, we did not observe any direct effect of Netrin-1 on bone formation in 

an in vitro bone formation model. Although prior work indicates that only hematopoietic 

stem cells are of donor origin in bone marrow chimeras,(43–45) recent work suggests that 

mesenchymal stem cells (precursors to osteoblasts) are also of donor origin.(46) Nonetheless, 

the only cells that appear to express Netrin-1 in bone marrow are osteoclasts and a few 

CD68-positive monocyte/macrophages and in the absence of any demonstrable increase in 

osteoblast number the absence of osteoclasts alone is sufficient to explain the observed 

changes in bone mass.

We observed that treatment in vitro with antibodies to either Netrin-1 or Unc5b blocks 

osteoclast differentiation when added during the first four days of osteoclast differentiation 

but not after that time, suggesting that the effects of Netrin-1 are mediated early in the 

process of osteoclast differentiation. We have demonstrated Netrin-1-Unc5b-mediated 

cytoskeletal changes in osteoclast precursors, and it is possible that the effects of Netrin-1 on 

cytoskeletal rearrangement are permissive with respect to later events in osteoclast 

differentiation such as cellular fusion, expression of osteoclast-specific genes, or interaction 

with components of the bone matrix.

In this work, we have found that Netrin-1 stimulates changes in the osteoclast cytoskeleton 

by activation of RhoA and FAK (Fig. 7D). As previously noted, osteoclasts have a unique 

Mediero et al. Page 14

J Bone Miner Res. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytoskeleton that plays a critical role in the resorptive process, and this is one of the 

distinctive characteristics of osteoclasts.(28,47) Previous results have shown that regulation of 

the small GTPases Rac and Rho allows cell motility via activation by Netrin-1, and 

inhibition of Rho promotes axon outgrowth, whereas inhibition of Rac and CDC42 impairs 

neurite extension.(12) We found that the stimulation of the Unc5b receptor by Netrin-1 

activates RhoA, leading to cytoskeletal rearrangements required for osteoclast formation 

(Fig. 7D). In parallel, the blockade of Unc5b inhibits RhoA and FAK activation that hinders 

cytoskeletal organization during osteoclast differentiation. This effect seems to be specific 

for the Unc5b receptor because the inactivation of the DCC receptor did not modulate 

Netrin-1-induced osteoclast differentiation. Interestingly, although in other cell systems, 

DCC receptor stimulation has also been shown to activate FAK,(15) its distinct role from 

Unc5b in osteoclast differentiation is demonstrated herein. As described above, once 

osteoclast precursors are activated with RANKL, the presence of Netrin-1 activates the 

Unc5b receptor, which is associated with Neogenin allowing the recruitment of RGMa. By 

interaction with FAK, LARG activates RGMa and thereby increases RhoA activation (Fig. 

7D). Interestingly, neither LARG nor RGMa have previously been shown to play a role in 

osteoclast differentiation but have only been described in mediating Unc5B-dependent 

recruitment of Neogenin as a co-receptor and LARG as an effector in neurons.(48)

As described, fusion of osteoclast precursors is a critical event in osteoclast differentiation 

and DC-STAMP expression, a seven-transmembrane protein originally identified in 

dendritic cells, is critical for fusion and differentiation of osteoclasts.(29) We found that in 

the presence of Netrin-1, DC-STAMP co-precipitated with Unc5b receptor and 

immunostaining revealed colocalization of DC-STAMP and Unc5b in cells, which was 

abrogated when Unc5b was knocked down but not when Netrin-1 was absent. This finding 

is consistent with the notion that Netrin-1-Unc5b ligand-receptor interactions and 

downstream cytoskeletal alterations are important for cell fusion. Nonetheless, fusion is not 

the only event regulated by Netrin-1 because in the absence of Netrin-1, there is reduced 

expression of NFATc1, cathepsin K, and osteopontin after RANKL stimulation of osteoclast 

precursors.

Because of its chemorepulsant activities, Netrin-1 has been reported to be anti-inflammatory 

in a number of settings, including inflammatory bowel disease, pancreatitis, peritonitis, and 

pulmonary inflammation.(4,5,7,8,49–54) In contrast, Netrin-1 plays a critical role in promoting 

atherogenesis by inhibiting macrophage emigration from plaque.(9,11) Because increased 

bone resorption is a common manifestation of inflammatory bone disease, such as 

rheumatoid arthritis, it is likely that Netrin-1, produced by osteoclasts or stimulated 

macrophages, plays a role in inflammatory osteolysis by enhancing osteoclast 

differentiation.

In conclusion, our results indicate that Netrin-1 is an autocrine and paracrine factor 

produced by osteoclast precursors and inflammatory cells that enhances osteoclast 

differentiation and function. Netrin-1 binds to its receptor, Unc5b, and this interaction is 

required for osteoclast differentiation and function both in vitro and in vivo. Thus, Netrin-1 

may be a novel therapeutic target for the reduction of osteoclast-mediated bone resorption 

and other forms of inflammatory bone destruction.
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Fig. 1. 
Netrin-1 and Unc5b are expressed during osteoclast but not osteoblast differentiation. (A) 

Total RNA was extracted from both undifferentiated and osteoclast-derived RAW264.7 

cells, and quantitative RT-PCR analysis of the Netrin-1 guidance cue members was 

performed using RT2 Custom Profiler PCR Arrays. Fold change in expression is shown. (B) 

Fold change in Netrin-1, Unc5b, and DCC mRNA in osteogenic differentiated osteoblast 

after 10 days of osteoblast differentiaion in murine BMCs. (C) Fold change in Netrin-1, 

Unc5b, and DCC mRNA in murine M-CSF/RANKL osteoclast precursors during the 7 days 

of osteoclast differentiaion. ***p < 0.001, **p < 0.01, versus nonstimulated control 

(Student’s t test).
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Fig. 2. 
Netrin-1 and Unc5b are increased during osteoclast differentiation. (A) Netrin-1 expression 

and secretion and Unc5b and DCC expression were analyzed 24 hours after RANKL 

stimulation in murine BMCs cells. (B) Netrin-1 expression and secretion and Unc5b and 

DCC expression were analyzed 24 hours after RANKL stimulation in human BMCs cells. 

The results were expressed as the means of four independent experiments. ***p < 0.001, 

**p < 0.01 versus nonstimulated control (Student’s t test or ANOVA).
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Fig. 3. 
In vitro characterization of bone marrow–derived osteoclast. (A) WT and Netrin-1−/− mice 

osteoclast primary culture cells were fixed and stained for TRAP after being cultured for 7 

days in the presence of recombinant Netrin-1 alone or combined with Unc5b or DCC 

antibodies. TRAP-positive cells containing three or more nuclei were counted as osteoclasts. 

(B) Toluidine blue staining to assay osteoclast activity. Nonadherent cells were seeded in 

dentin slides and treated for 7 days in the presence of recombinant Netrin-1 alone or 

combined with Unc5b or DCC antibodies. (C) Day response effect of Netrin-1 blockade on 
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osteoclast differentiation. Netrin-1, Unc5b, and DCC antibodies were exposed to cultures at 

various time points after the start of the cultures. WT mouse osteoclast primary culture cells 

stained with TRAP to counteract osteoclast. (D) Human primary BMC-derived osteoclast 

culture cells were fixed and stained for TRAP after being cultured for 7 days in the presence 

of recombinant Netrin-1 alone or combined with Unc5b or DCC antibodies. TRAP-positive 

cells containing three or more nuclei were counted as osteoclasts. (E) RAW264.7 cells were 

permanently transfected with scrambled, Netrin-1, or Unc5b shRNA, and treated with 50 

ng/mL RANKL together with recombinant Netrin-1 alone or in the presence of Unc5b and 

DCC antibodies. Cells were fixed and stained for TRAP after being cultured for 7 days. 

TRAP-positive cells containing three or more nuclei were counted as osteoclasts. (F) 

RAW264.7 cells were stably transduced with scrambled or Netrin-1 shRNA and treated with 

50 ng/mL RANKL. Changes in cathepsin K, NFATc1, and osteopontin mRNA during the 4-

day osteoclast differentiation process in Netrin-1 shRNA RAW264.7 cells were compared 

with scrambled shRNA-infected cells. All data are expressed as means ± SEM of four 

independent cultures. ***p < 0.001, *p < 0.05 related to control (ANOVA).
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Fig. 4. 
Morphometric examination of long bones in 5-month-old WT and Netrin-1−/−mice. (A) 

Whole-body dual X-ray absorptiometry (DXA) scanning to assess the bone mineral density 

(BMD) (gm/cm2) of the whole skeletons of Netrin-1−/− and wild-type (WT) mice (n = 9 

each). (B) Representative high-resolution micro-CT images. Three-dimensional images of 

the reconstruction of the femurs revealed increased bone mass in Netrin-1−/− mice compared 

with their WT littermates (n = 5 each). (C) Digital morphometric analysis of micro-CT 
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images from WT and Netrin-1+/− mice. All data are expressed as means ± SEM. ***p < 

0.001, *p < 0.05 related to WT (Student’s t test or ANOVA).
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Fig. 5. 
Histological examination of long bone from WT and Netrin-1−/− mice. Long bones (femur 

and tibias) were stained with hematoxylin and eosin to determine morphology. 

Representative histologic sections obtained from the femurs of WT and Netrin-1−/− mice, 

stained for TRAP and cathepsin K as markers of osteoclasts, alkaline phosphatase as a 

marker of osteoblasts. Osteopontin, osteonectin, and osteocalcin were counterstained with 

hematoxylin. Quantification of the number of osteoclasts/hpf (high-power field) was 

performed by counting positive cells in five different images for each of 3 mice. All images 
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are taken with the same magnification. Scale bar = 50 µm. Data represent means ± SEM (n = 

3 per group) of results from slides from different mice. ***p < 0.001, **p < 0.01 related to 

saline (ANOVA).
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Fig. 6. 
Morphological characterization of osteoclast cultures. (A) Morphology of the least mature 

(arrow A), maturing (arrow B), and mature osteoclasts (arrow C) cultured on glass. (B) 

Quantitative evaluation of number of least mature, maturing, and mature osteoclasts in 

osteoclast cultures treated with recombinant Netrin-1 alone or in the presence of Unc5b and 

DCC antibodies. F-actin was detected by Alexa 555-Phalloidin staining in osteoclast 

cultures treated. Images taken at ×63 magnification. The results were expressed as the means 

of four independent experiments.
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Fig. 7. 
Netrin-1 and Unc5b interactions led to RhoA phosphorylation and FAK activation. Murine 

BMCs were treated with 30 ng/mL RANKL together with recombinant Netrin-1 alone or in 

combination with Unc5b or DCC antibodies. (A) RhoA phosphorylation was analyzed 15 

minutes after stimulation by Western blot of lysates. (B) FAK expression was analyzed 15 

minutes after stimulation by Western blot of lysates. To normalize for protein loading, the 

membranes were reprobed with RhoA or actin, respectively, and results normalized 

appropriately. (C) Cell extracts were immunoprecipitated with anti-Unc5b antibody. The 
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immunoprecipitates were then analyzed by immunoblotting with anti-Neogenin, anti-LARG, 

and anti-RGMa antibodies. The figure shows representative data from one of four 

experiments. (D) RAW264.7 cells were stably transduced with scrambled or Netrin-1 

shRNA and treated with 50 ng/mL RANKL. Changes in LARG, RGMa, and Neogenin 

mRNA during the 4-day osteoclast differentiation process in Netrin-1 shRNA RAW264.7 

cells were compared with scrambled shRNA-infected cells. (E) Proposed intracellular 

pathway activated by Netrin-1/Unc5b to promote changes in RhoA cytoskeleton. The results 

were expressed as the means of four independent experiments. ***p < 0.001, **p < 0.01, *p 

< 0.5 versus nonstimulated control.
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Fig. 8. 
Stimulation of Unc5b promotes cell fusion associated with DC-STAMP. (A) Murine BMCs 

were treated with 30 ng/mL RANKL together with recombinant Netrin-1. Cell extracts were 

immunoprecipitated with anti-Unc5b antibody. The immunoprecipitates were then analyzed 

by immunoblotting with anti-DC-STAMP antibody. The figure shows representative data 

from one of four experiments. (B) RAW264.7 cells were stably transduced with scrambled 

or Netrin-1, Unc5b, or DC-STAMP shRNA and treated with 50 ng/mL RANKL for 4 days. 
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DC-STAMP immunostaining is shown in green and Unc5b immunolocalization is shown in 

red. Images were taken at an original magnification of ×63.
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Fig. 9. 
Unc5b modulates the expression of LARG in osteoclast precursors. RAW264.7 cells were 

stably transduced with scrambled or Netrin-1, Unc5b, or DC-STAMP shRNA and treated 

with 50 ng/mL RANKL for 24 hours. LARG immunostaining is shown in green and Unc5b 

immunolocalization is shown in red. Images were taken at an original magnification of ×63.
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Fig. 10. 
Unc5b modulates the expression of RGMa in osteoclast precursors. RAW264.7 cells were 

stably transduced with scrambled or Netrin-1, Unc5b, or DC-STAMP shRNA and treated 

with 50 ng/mL RANKL for 24 hours. RGMa immunostaining is shown in green and Unc5b 

immunolocalization is shown in red. Images were taken at an original magnification of ×63.
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Fig. 11. 
Unc5b modulates the expression of Neogenin in osteoclast precursors. RAW264.7 cells 

were stably transduced with scrambled or Netrin-1, Unc5b, or DC-STAMP shRNA and 

treated with 50 ng/mL RANKL for 24 hours. Neogenin immunostaining is shown in green 

and Unc5b immunolocalization is shown in red. Images were taken at an original 

magnification of ×63.
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Table 1

Histomorphometric Measures of Long Bones in 5-Month-Old WT and Netrin-1−/− Mice

Wild type Netrin-1−/−

Bone volume (BV, mm3) 72.61 ± 2.09 85.67 ± 1.57***

Trabecular volume (TV, %) 75.70 ± 2.05 85.60 ± 1.63***

BV/TV 0.87 ± 0.04 0.94 ± 0.05*

Trabecular number (Tb.N) 0.28 ± 0.04 0.63 ± 0.02***

Trabecular separation (Tb.Sp, µm) 327.47 ± 8.30 341.15 ± 7.06*

Osteoid number 6.53 ± 0.91 9.51 ± 1.82*

Osteoid surface (OS/BS) 0.32 ± 0.10 0.42 ± 0.07*

Osteoblast number (Ob.N) 22.4 ± 4.65 29.5 ± 2.10*

Osteoblast surface (Ob.N/BS) 0.35 ± 0.09 0.39 ± 0.02*

Osteoclast number (Oc.N) 28.75 ± 4.10 19.00 ± 3.51*

Osteoclast surface (Oc.S) 0.51± 0.16 0.36 ± 0.02*

Histomorphometric measures on long bones were calculated using the Bioquant Osteo software (mean ± SEM, n = 4 per group).

***
p < 0.001,

*
p < 0.05 versus wild type (Student’s t test).
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