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Abstract

The Notch signaling pathway plays a crucial role in skeletal development and homeostasis by 

regulating the proliferation and differentiation of osteoblasts and osteoclasts. However, the 

molecular mechanisms modulating the level and activity of Notch receptors in bone cells remain 

unknown. In this study, we uncovered that LNX2, an E3 ubiquitin ligase and Notch inhibitor 

Numb binding protein, was up-regulated during osteoclast differentiation. Knocking-down LNX2 

expression in bone marrow macrophages by lentivirus-mediated short hairpin RNAs markedly 

inhibited osteoclast formation. Decreased LNX2 expression attenuated M-CSF-induced ERK and 

AKT activation and RANKL-stimulated activation of NF-kB and JNK pathways; therefore, 

accelerated osteoclast apoptosis. Additionally, loss of LNX2 led to an increased accumulation of 

Numb, which promoted the degradation of Notch and caused a reduction of the expression of the 

Notch downstream target gene, Hes1. We conclude that LNX2 regulates M-CSF/RANKL and the 

Notch signaling pathways during osteoclastogenesis.
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Introduction

Skeletal homeostasis in adults is maintained by a constant process called bone remodeling, 

in which old or damaged bone is removed by hematopoietic-derived osteoclasts followed by 

the deposit of new bone from mesenchymal-derived osteoblasts. Under physiological 
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conditions, the amount of bone resorbed by osteoclasts is precisely replaced by new bone 

formation deposited by osteoblasts. Imbalance in these two processes leads to either loss of 

bone mass, in the case of osteoporosis, rheumatoid arthritis, and Paget’s disease of the bone, 

or to accumulation of disorganized bone mass, as in osteopetrosis and osteosclerosis [1, 2]. 

The generation, lifespan, and activity of osteoclasts and osteoblasts are regulated by 

systemic hormones as well as autocrine and paracrine cytokines and growth factors that are 

released from the bone matrix, secreted by neighboring cells in the bone microenvironment, 

or are anchored in the membrane of these cells [3]. These regulating factors are not only 

involved in the communications between osteoclasts and osteoblasts, but also play an 

important role in mediating cross talks between bone cells with vascular endothelial cells, 

neuronal cells, bone marrow stromal cells, adipocytes, and immune cells [4, 5].

Osteoclasts are derived from mononuclear precursors of the monocyte/macrophage lineage 

that eventually fuse to form multinucleated mature osteoclasts in a process controlled by two 

essential cytokines: the macrophage colony-stimulating factor (M-CSF) and the receptor 

activator of NF-κB ligand (RANKL) [6]. M-CSF stimulates the proliferation of 

macrophages and the survival of osteoclasts by activating ERK and the PI3K/AKT 

pathways. RANKL, on the other hand, induces the expression of osteoclast-specific genes 

and promotes the survival of osteoclasts by activating NF-κB, JNK, and intracellular 

calcium/NFATc1 pathways [7, 8]. Other soluble and membrane-bound cytokines and factors 

in bone marrow microenvironment exert their influence on osteoclast differentiation and 

function through modulating M-CSF, RANKL, and/or their downstream signaling pathways 

[9].

The Notch signaling pathway is evolutionarily conserved and plays a critical role in the 

determination of cell fate during embryonic development and postnatal tissue homeostasis. 

Notch signaling regulates proliferation, differentiation, and apoptosis in a cell-cell contact 

dependent manner [10]. Four Notch receptors (Notch1-4) and seven ligands (Delta-like 1, 3, 

4; Jagged 1and 2; Delta/Notch-like epidermal growth factor-related receptor; and 

contactin/F3/NB-3) have been identified in mammals so far. Both Notch receptors and 

ligands are single-span transmembrane proteins localized at the cell surface. Interaction of 

Notch receptor-ligand triggers two sequential proteolytic cleavages: first by a 

metalloproteinase ADAM (a disintegrin and metalloproteinase) and the second by a γ-

secretase complex. As a result, the Notch intracellular domain (NICD) is released from the 

plasma membrane and translocates to the nucleus where it binds to the transcription factor 

CSL (CBF1/RBPJκ, Su, and LAG1) and induces the expression of Notch target genes, 

including members of Hes (hairy and enhancer of split) and Hey (Hes related with YRPW 

motif) families [11].

Recent genetic studies in human and mice have reinforced an essential role of Notch 

signaling in bone development and homeostasis [12, 13]. Specifically, in vivo studies using 

mouse models with gain- and loss-of-function of Notch signaling in osteoblast lineage cells 

have revealed that Notch stimulates proliferation in osteoblast precursors; however, it 

inhibits their final differentiation to mature osteoblasts [14–16]. Nonetheless, in vitro studies 

by Nobta et al and Tezuka et al have suggested that Notch signaling promotes osteoblast 

differentiation and bone nodule formation. [17, 18]. The discrepancies between in vivo and 
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in vitro work on the role of Notch signaling in osteoblasts may reflect the fact that the 

expression and interactions of Notch ligands and Notch receptors in bone marrow 

microenvironment are different from those in in vitro culture systems. In addition, deletion/

activation of Notch signaling may exert different effects on osteoblast differentiation 

pathways when it occurs at early or late stages of osteoblast formation. These issues need 

further and future investigation. Deletion of Notch receptors in osteoclast precursor cells 

enhances osteoclast formation and bone resorption [19], suggesting an inhibitory role of 

Notch in osteoclastogenesis. On the other hand, activation of Notch signaling, especially 

Notch2, promotes osteoclast differentiation [20, 21]. These conflicting findings warrant that 

further characterization of the spatio-temporal and cell-context regulation of Notch signaling 

in bone cells is needed.

Numb, a membrane-associated adaptor protein critical for cell-fate determination, inhibits 

Notch signaling through the regulation of Notch endocytosis/recycling and the ubiquitin/

proteasome degradation of NICD [22–25]. Numb binds to the Notch receptor and 

components of the Clathrin-dependent endocytic complexes [26–28]. Numb also helps to 

recruit several E3 ubiquitin ligases to the membrane-tethered Notch1 receptor and promote 

Notch1 degradation [29]. LNX (ligand of numb protein X) 1 and 2 are Ring finger and PDZ 

domain containing E3 ubiquitin ligases, sharing extensive homology with each other. LNX1 

and LNX2 bind to Numb and foster its ubiquitylation, leading to proteasome-dependent 

degradation of Numb [30–32]. LNX proteins may enhance Notch signaling by lowering the 

level of Numb [33]. The expression of LNX and Numb and whether they regulate the Notch 

pathway in osteoclasts have not been examined and reported.

In this study, we provided evidence that LNX2 expression is up-regulated during osteoclast 

differentiation. We also showed that LNX2 promotes osteoclastogenesis at least in part, by 

modulating M-CSF and RANKL signaling pathways and by the Notch signaling through 

Numb.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies were purchased from the following resources: mouse monoclonal anti-Cathepsin 

K (clone 182-12G5) (Millipore); rat anti-Notch2 (clone C651.6DbHN) (Developmental 

Studies Hybridoma Bank); rabbit polyclonal anti-ERK1/2, mouse monoclonal anti-phospho-

ERK1/2 (Thr202/Tyr204), mouse monoclonal anti-Akt (pan) (clone 40D4), rabbit 

monoclonal anti-phosphor-Akt (Ser473) (clone 193H12), rabbit polyclonal anti-JNK, mouse 

monoclonal anti-phospho-JNK (Thr183/Tyr185) (clone G9), rabbit polyclonal anti-IKB-α, 

mouse monoclonal anti-phospho-IKB-α (Ser32/36) (clone 5A5), rabbit monoclonal anti-

cleaved caspase-3 (catalog number 9664), rabbit polyclonal anti-PARP (catalog number 

9542), rabbit monoclonal anti-Numb (C29G11) (catalog number 2756) (Cell Signaling 

Technology); mouse monoclonal anti-α-tubulin (clone DM1A) (Sigma-Aldrich); mouse 

monoclonal anti-beta actin (catalog number A00702) (GenScript).
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Cell culture alpha-MEM and 10 × Penicillin-Streptomycin-L-Glutamine were purchased 

from Life Technologies and Sigma-Aldrich, respectively. Fetal bovine serum was purchased 

from Hyclone.

Bone marrow macrophage and osteoclast cultures

Bone marrow macrophages (BMMs) were prepared as described previously [34]. Briefly, 

whole bone marrow was isolated from tibiae and femora of one or two 8–10 weeks C57/

BL6J mice. Bone marrow cells were plated in α-10 medium (α-MEM, 10% heat-inactivated 

fetal bovine serum, 1 × Penicillin-Streptomycin-L-Glutamine solution) containing 1/10 

volume of CMG 14–12 (conditioned medium supernatant containing recombinant M-CSF at 

1µg/ml) [35] in petri-dishes. Cells were incubated at 37°C in 5% CO2, 95% air for 4–5 days. 

Fresh media and CMG 14–12 supernatant were replaced every the other day. Osteoclasts 

were generated after five days culture of BMMs with 1/100 volume of CMG 14–12 

supernatant and 100 ng/ml of recombinant RANKL, generated as described before [36]. All 

animal procedures were approved by Institutional Animal Care and Use Committee at 

University of Arkansas for Medical Sciences.

Quantitative real time RT-PCR

BMMs were cultured in 6-well plates with M-CSF and/or RANKL for 5 days. Total RNA 

was purified using RNeasy mini kit (Qiagen) according to the manufacture’s protocol. First-

strand cDNAs were synthesized from 0.5–1 µg of total RNA using the High Capacity cDNA 

Reverse Transcription kits (Life Technologies) following the manufacturer’s instructions. 

TaqMan quantitative real-time PCR was performed using the following Primers from Life 

Technologies: Lnx1 (Mm00495381_m1); Lnx2 (Mm00612746_m1); Acp5 

(Mm00475698_m1); Ctsk (Mm00484039_m1); Hes1 (Mm01342805_m1). Samples were 

amplified using the StepOnePlus real-time PCR system (Life Technologies) with an initial 

denaturation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 

min. The relative cDNA amount was calculated by normalizing to that of the mitochondrial 

gene Mrps2, which is steadily expressed in both BMMs and osteoclasts, using the ΔCt 

method [37].

Lentivirus mediated shRNA expression

The LKO.1 lentiviral vectors expressing shRNA sequence targeting mRNA of murine 

LNX2, TRCN0000040713/NM_080795.3-3299s1c1 and TRCN0000040715/

NM_080795.3-933s1c1, were purchased from Sigma-Aldrich. 293-T cells were co-

transfected with a LKO.1 gene transfer vector and virus packaging vectors, ΔH8.2 and 

VSVG by TransIT-LT1 transfection reagent (Mirus). Virus supernatants were collected after 

48 hours transfection. BMMs were transduced with virus supernatant containing M-CSF and 

20 µg/ml of Protamine (Sigma-Aldrich). Cells were then selected in α-10 medium 

containing M-CSF and 6 µg/ml puromycin (Sigma-Aldrich) for 3 days.

TRAP (tartrate-resistant acid phosphatase) staining

BMMs were cultured on 48-well tissue culture plate in α-10 medium with M-CSF and 

RANKL for 4–5 days. The cells were fixed with 4% paraformaldehyde/phosphate buffered 
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saline (PBS) and TRAP was stained with NaK Tartrate and Napthol AS-BI phosphoric acid 

(Sigma-Aldrich) as described previously [38].

Cell proliferation and apoptosis Assays

BMMs were cultured with M-CSF for 3 days. BrdU was then added to the culture medium 

and incubated for 6 hours. BrdU incorporation rate was measured by the BrdU Cell 

Proliferation Assay Kit (Cell Signaling Technology) following the manufacturer's 

instructions. For the detection of osteoclast apoptosis, BMMs were cultured with M-CSF 

and RANKL for 3 days. Pre-osteoclasts were either untreated or serum and cytokine starved 

for 3 hours. Cell death was analyzed using cell death detection ELISA PLUS kit (Roche), 

which detects cytoplasmic histone-associated DNA fragmentation.

Immunoblotting

Cultured cells were washed with ice-cold PBS twice and lysed in 1 × RIPA buffer (Sigma) 

containing 1 mM DTT and Complete Mini EDTA-free protease inhibitor cocktail (Roche). 

After incubation on ice for 30 min, the cell lysates were clarified by centrifugation at 14,000 

rpm for 15 min at 4 °C. Ten to thirty µg of total protein were subjected to 8% SDS-PAGE 

gels and transferred electrophoretically onto polyvinylidene difluoride membrane (EMD 

Millipore) by a semi-dry blotting system (Bio-Rad). The membrane was blocked in 5% fat-

free milk/Tris-buffered saline for 1 hour and incubated with primary antibodies at 4°C 

overnight followed by secondary antibodies conjugated with horseradish peroxidase (Santa 

Cruz Biotechnology). After rinsing 3 times with Tris-buffered saline containing 0.1% Tween 

20, the membrane was subjected to western blot analysis with enhanced chemiluminescent 

detection reagents (EMD Millipore). The densitometric measurements of each band in 

western blots of Figures 2 to 6 were performed by NIH ImageJ software. The data are 

presented in Supplementary Figure 1 as Ratios of densitometry intensity of specific bands to 

their respective ones in loading controls.

Immunofluorescence

Immunofluorescence was performed using the protocol described previously [39]. In brief, 

cells grown on glass coverslips in a 24-well plate were fixed with 4% 

paraformaldehyde/PBS for 20 minutes, followed by permeabilizing and blocking in PBS/

0.2% BSA/0.1% Triton-X100 for 30 minutes. The cells were then incubated with primary 

antibodies in PBS/0.2% BSA for 2 hours. Primary antibody labeling was visualized using 

fluorescent dye–conjugated secondary antibodies (Jackson ImmunoResearch Laboratories 

Inc.). The nucleus was stained with Hoechst 33258. Samples were mounted with 80% 

glycerol/PBS. Immunofluorescence-labeled cells were observed using a Carl Zeiss 

fluorescence microscope equipped with a charge-coupled-device camera.

Statistics

Data of 2-group comparisons were analyzed using a 2-tailed Student’s t test. For comparison 

of more than 2 groups, data were analyzed using one way Analysis of Variance (ANOVA) 

and the Bonferroni procedure was used for post-hoc comparison. For all graphs and in the 

text, data are represented as the mean ± standard deviation.
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RESULTS

The expression of LNX1 and LNX2 is up-regulated during osteoclast differentiation

In search of novel molecules regulating osteoclast differentiation and/or function, we set out 

to examine the mRNA levels of LNX1 and LNX2, two highly homologous modulators of 

Numb and Notch, during the course of osteoclast formation in vitro using real-time PCR. 

Bone marrow macrophages were cultured with a combination of M-CSF and RANKL, two 

key cytokines required for osteoclast formation, to generate macrophages (BMM), pre-

osteoclasts (pOC), and mature osteoclasts (mOC). As shown in Fig. 1A, both LNX mRNAs 

increased during osteoclast differentiation with the level of LNX2 reaching much higher 

level as compared to LNX1 (Fig. 1B), suggesting that LNX2 is the major LNX family 

member expressed in osteoclast lineage cells.

Knocking down LNX2 expression impairs osteoclast differentiation

To delineate the role of LNX2 in osteoclast biology we next knocked down LNX2 in 

macrophages by lentiviral transduction of shRNAs. To avoid potential unspecific and off-

target effects of shRNA over-expression we selected two shRNAs (LNX2-sh1 and LNX2-

sh2) which target different sites of murine LNX2 mRNA. A shRNA targeting firefly 

luciferase (Luc-sh) was used as a negative control. Transduced BMMs were then cultured 

with M-CSF and RANKL for 4 days and the mRNA level of LNX2 was measured by real-

time PCR. Both LNX2 shRNAs significantly inhibited LNX2 expression (Fig. 2A) and led 

to reduced osteoclast formation as compared to Luc-sh transduced cells. This reduced 

osteoclast formation was evidenced by the decrease of multinucleated cells staining 

positively for TRAP, an osteoclast differentiation marker (Fig. 2B). Because LNX2-sh1 was 

more potent than LNX2-sh2 in inhibiting LNX2 expression and osteoclast formation, we 

subsequently used cells harboring this shRNA to examine the effects of LNX2 knock down 

on the mRNA and protein levels of osteoclast markers in macrophages and mature 

osteoclasts. As demonstrated in Fig. 2C–2D, the mRNA expression of TRAP (encoded by 

Acp5) and Cathepsin K (encoded by Ctsk), and the protein level of Cathepsin K, were 

significantly lower in LNX2 deficient osteoclasts, as compared to control cells. These results 

indicate that LNX2 plays a critical role in osteoclastogenesis.

Loss of LNX2 inhibits M-CSF and RANKL signalings and osteoclast

survival Since M-CSF and RANKL play a central role in osteoclast formation in vivo and in 

vitro, we next determined whether LNX2 regulates osteoclastogenesis through modulating 

the downstream signaling pathways of these two key cytokines. As shown in Fig. 3A, M-

CSF-induced activation of ERK and AKT was blunted in LNX2 deficient macrophages as 

compared to control cells. Loss of LNX2 in osteoclast precursors also attenuated RANKL-

stimulated activation of NF-kB and JNK, as demonstrated by decreased IkB 

phosphorylation/degradation and diminished JNK phosphorylation (Fig. 3B). ERK, NF-kB 

and JNK are critical for cell proliferation and survival of osteoclast precursors [40–44]. We 

then set out to resolve whether these cellular events were subject to LNX2 regulation. Loss 

of LNX2 slightly increased proliferation of macrophages but had little effect on pre-

osteoclast proliferation, as measured by BrdU incorporation rate (Fig. 4A). The deficiency 

of LNX2 accelerated pre-osteoclast apoptosis under both basal and starvation conditions, as 
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determined by cell death ELISA (Fig. 4B) and the levels of cleaved Caspase-3 and Poly 

(ADP-ribose) polymerase (PARP) (Fig. 4C). These data indicate that LNX2 plays an 

important role in survival of osteoclast precursors via modulating M-CSF and RANKL 

signaling pathways.

LNX2-deficient macrophages have increased Numb and decreased level and activity of 
Notch

LNX proteins have been shown to bind Numb, leading to its ubiquitination and degradation 

[31]. We next tested whether LNX2 modulates Numb protein level in osteoclast precursor 

cells. Consistent with an inhibitory role of LNX proteins in Numb expression in other cell 

types [32], loss of LNX2 in macrophages resulted in an increased accumulation of both 74kd 

and 72kd isoforms of mammalian Numb protein, as demonstrated by western blots and 

immunofluorescence (Fig.5A and 5B).

Numb antagonizes the Notch signaling by (1) preventing the recycling of Notch receptor 

from endosomes back to the plasma membrane in Drosophila and mammalian cells [22, 23, 

45]; and (2) simultaneously promoting trafficking of Notch through late endosomes/

lysosomes for degradation. Thus, changes in Numb expression may alter the level and 

activity of Notch. To test if such is the case in osteoclast lineage cells, we examined the 

protein levels of the intracellular domains of Notch 2 (NICD2) which is the major Notch 

receptor in macrophages and osteoclasts [20, 46]. We also examined the expression of Notch 

downstream target gene, Hes1, in control and LNX2-deficient macrophages. Loss of LNX2 

in osteoclast lineage cells dramatically decreased NICD2 level in both cytoplasm (Fig. 6A) 

and inhibited its accumulation in the nucleus (Fig. 6B). These changes were correlated with 

a reduction of Hes1 mRNA (Fig. 6C). These results indicate that LNX2 regulates the Notch 

signaling pathway in osteoclast precursor cells through Numb.

DISCUSSION

Although M-CSF and RANKL are two indispensable cytokines for osteoclastogenesis in 

vivo and in vitro [47–53], systemic hormones and other local cytokines and factors in bone 

marrow environment exert their fine-tuning regulations of osteoclasts through direct or 

indirect modulations of M-CSF and RANKL signaling pathways under physiological and 

pathological conditions [54, 55]. Recent genetic studies in human and mice have elucidated 

that Notch signaling is a critical regulator of cell fate decisions in osteoblast and osteoclast 

differentiation and cell-cell interactions during both skeletal development and homeostasis 

in adulthood [12, 13]. Thus, the identification of the molecular mechanisms that regulate this 

pathway in bone cells may help to develop novel therapeutics for the treatment of bone 

diseases. The proteolytic cleavages mediated by the ADAM family of enzymes and a γ-

secretase complex have been well documented as key steps in Notch activation. 

Additionally, recent studies have revealed that the endocytic trafficking/recycling of the 

Notch receptors and their degradation through ubiquitin/proteasomes and lysosomes also 

play an important role in regulating the intracellular level and activity of Notch signaling 

cascade [56]. Numb and LNX proteins are evidently key molecules involved in these 

processes. However, their expression and function in bone cells have not been elucidated.
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In this study, we have demonstrated that LNX2 is highly expressed and up-regulated during 

osteoclastogenesis in vitro. Nonetheless, LNX2 is crucial for osteoclast formation, as 

suppressing its expression in osteoclast precursors blunts osteoclastogenesis in vitro. Loss of 

LNX2 in osteoclast lineage cells accelerates apoptosis of osteoclast precursors, leading to 

decreased cell number/density and diminished formation of mature osteoclasts. 

Mechanistically, LNX2 deficiency in macrophages attenuates M-CSF-induced ERK and 

AKT activation and RANKL-stimulated activation of NF-kB and JNK pathways, which are 

indispensable for the survival of osteoclast lineage cells. In addition, down-regulation of 

LNX2 expression in macrophages leads to accumulation of Notch inhibitor, Numb, and 

decreased level and activity of Notch2. These results indicate that LNX2 is a critical 

molecule for osteoclastogenesis and a novel regulator of M-CSF/RANKL and Notch 

signalings in osteoclast lineage cells.

Cell number/density, regulated by proliferation and survival of osteoclast precursors, is 

critical for osteoclastogenesis in cultures. In this study, we found that loss of LNX2 in 

osteoclast precursors induced apoptosis in pre-osteoclasts with slightly increase in 

proliferation of macrophages (Fig 4). Meanwhile, we did not observe increased cell death of 

mature osteoclasts in day-4 (Fig 2B) and day-5 (data not shown) of control and LNX2 

knocking-down cultures. Thus, the declined number of mature osteoclasts in LNX2-

deficient cultures was likely due to increased apoptosis of pre-osteoclasts, leading to 

decreased number/density of mono-nuclear osteoclast precursors. Of note, however, we 

cannot exclude whether LNX2 regulates mature osteoclast survival/death. The time-lapse 

live cell imaging has been proved to be a very useful technique to uncover detailed cellular 

events, including apoptosis during osteoclast differentiation [57]. It will be interesting to 

employ this technique in the future, to identify at which stages the LNX2-deficient cells 

undergo apoptosis in the course of osteoclast differentiation.

LNX1 and LNX2 were originally identified as Numb binding proteins [30, 32] and have 

been since shown to regulate Numb protein level by targeting it for ubiquitin-dependent 

degradation [25]. Thus, LNX2 may regulate Notch2 level via Numb. On the other hand, how 

LNX2 modulates M-CSF and RANKL signaling pathways remain unidentified. Both LNX1 

and LNX2 interact with several cell surface receptors and promote their ubiquitylation and 

endocytosis [58–60]. It is likely that LNX2 may interact with c-fms and RANK, receptors 

for M-CSF and RANKL, respectively, and regulates their kinetics between the plasma 

membrane and the intracellular endosomes, thereby influences receptor signalings. Another 

possibility is that LNX2, functioning as an E3 ubiquitin ligase, regulates the stability of 

signaling molecules involved in pathways downstream of M-CSF and RANKL. 

Identification of novel LNX2-interracting proteins in osteoclast lineage cells, as it being 

done for LNX1 in other cell types [61, 62], will solve this issue. In addition, generation and 

characterization of skeletal phenotypes of LNX2-deficient mice, which are not available at 

the moment, will help to define whether LNX2 regulates osteoclastogenesis in vivo.

While the work from Yamada et al [63] and Bai et al [19] suggests that Notch signaling is 

inhibitory for osteoclastogenesis, recent in vitro and in vivo studies [20, 21, 64, 65] elucidate 

that Notch receptors, especially Notch2, are required for osteoclast formation through 

optimizing RANKL-induced NF-kB activation. Our recently published [46] and the present 
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work supports a positive role of Notch signaling in osteoclastogenesis. The explanations for 

discrepancy about the opposite functions of Notch signaling in osteoclasts remain unclear. 

One possibility is that the contradictory findings may result from the experimental 

differences between in vivo situations and in vitro culture conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The expression of LNX1 and LNX2 is up-regulated during osteoclast differentiation. Bone 

marrow macrophages (BMMs) were cultured with M-CSF alone or M-CSF plus RANKL for 

2 and 4 days to generate macrophages (BMM), mononuclear pre-osteoclasts (p-OC) and 

mature osteoclasts (mOC), respectively. At these time points, more than 80% of cells were 

mononuclear pre-OCs and multinucleated mOCs in the respective cultures. Total RNAs 

were purified from three independent cultures of BMM, pOC, and mOC, respectively. 

Quantitative real-time RT-PCR analysis of the expression of LNX mRNA during osteoclast 

differentiation was performed using TaqMan assay primers from Life Technologies. The 

representative data from three experiments were presented as mean ± S.D. (A) data were 

analyzed using the ΔCt method. ** p < 0.01, *** p < 0.001 vs BMM by one-way ANOVA. 

(B) The relative levels of LNX1 and LNX2 cDNAs in BMM and mOC were analyzed using 

the delta ΔCt method. *** p < 0.001 vs LNX1 by a 2-tailed Student’s t test.
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Fig. 2. 
Knocking down of LNX2 expression markedly inhibits osteoclast formation. (A) BMMs 

were transduced with recombinant lenti-viruses expressing a control shRNA targeting fire 

fly luciferase (LUC-sh) or two LNX2-targeting shRNAs (LNX2-sh1 and LNX2-sh2), 

respectively. After selected with 6 µg/ml puromycin for 3 days, the cells were cultured with 

M-CSF plus RANKL for 5 days. Total RNAs were isolated from three independent cultures 

of each group. Quantitative real-time RT-PCR analysis of the expression of LNX2 was 

performed. Data were presented as mean ± S.D. *** p < 0.001 vs LUC-sh by one way 

ANOVA. (B) Lenti-viruses transduced BMMs were cultured with M-CSF and RANKL for 5 

days. The cells were fixed and stained for TRAP. The scale bar = 20 µm. (C) The mRNA 

expression of osteoclast marker genes, TRAP (encoded by Acp5) and Cathepsin K (encoded 

by Ctsk), was measured by quantitative real-time PCR using TaqMan assay primers from 

Life Technologies., Data were presented as mean ± S.D, n = 3, ** p <0.01 vs LUC-sh by 

Student’s t-test. (D) The protein expression of Cathepsin K was detected by western blots. 

Tubulin served as a loading control. All experiments were repeated two to three times.
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Fig. 3. 
Reduction of LNX2 expression in macrophages inhibits M-CSF and RANKL signaling 

pathways. Lentivirus-transduced BMMs were serum-starved overnight and were then 

stimulated with 50ng/ml M-CSF (A) and 100ng/ml RANKL (B) for the indicated times. The 

activation of downstream signaling pathways was detected by western blots using specific 

antibodies. Total ERK and AKT in (A) and Actin and total JNK in (B) served as loading 

controls. The representative data from three experiments were presented.
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Fig. 4. 
Loss of LNX2 accelerates pre-osteoclast apoptosis. (A) BMMs were cultured with M-CSF 

alone (BMM) or M-CSF and RANKL (pOC) for two days. Cell proliferation rate was 

measured by BrdU incorporation ELISA. *** p < 0.001 vs BMM by one-way ANOVA. (B) 

and (C) BMMs were cultured with M-CSF and RANKL for two days to generate pre-

osteoclasts. The cells were then either untreated (oh) or were serum and cytokine starved for 

3 hours (3h). Apoptosis was assessed by (B) Cell Death Detection ELISA PLUS kit, which 

detects cytoplasmic histone-associated DNA fragmentation and (C) western blots using 

antibodies against cleaved Caspase-3 and PARP. Actin served as a loading control. Data in 

(A) and (B) were presented as mean ± S.D, n = 6, * p < 0.05, *** p <0.001 vs LUC-sh by 

one-way ANOVA. The experiments were repeated twice.
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Fig. 5. 
Loss of LNX2 in BMMs increases the Numb protein level. (A) The protein expression of 

Numb in LUC-sh and LNX2-sh1 transduced BMMs was detected by western blots. Actin 

served as a loading control. (B) Immunofluorescent staining of Numb in BMMs. A rabbit 

IgG control showed no labeling. The scale bar = 10 µm. The data were representatives of 

three independent experiments.
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Fig. 6. 
LNX2-deficiency results in decreased level and activity of Notch2. (A) BMMs were 

cultured with M-CSF alone or M-CSF and RANKL for three days. The level of Notch 2 

intracellular domain (NICD2) was detected by western blots. Actin served as loading 

controls. # marks the expected 77kd molecular weight of NICD2. (B) Immunofluorescent 

staining of the nuclear localization of NICD2 in control and LNX2 knocking-down BMMs. 

A rat IgG control showed no labeling. The scale bar = 10 µm. (C) The mRNA expression of 

Notch target gene, Hes1, was examined by Quantitative real-time RT-PCR. ** p < 0.01 vs 

LUC-sh by Student’s t-test, n = 3. The data were representatives of two independent 

experiments.
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