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Abstract

Genetic studies in human and mice have pinpointed an essential role of Notch signaling in

osteoblast and osteoclast differentiation during skeletal development and bone remodeling.

However, the factors and pathways regulating Notch activation in bone cells remain largely

unknown. In this in vitro study, we have provided evidence that two of the TspanC8 subfamily

members of tetraspanins, Tspan-5 and Tspan-10, are up-regulated during osteoclast differentiation

and knockdown of their expression by shRNAs dramatically inhibits osteoclastogenesis. Loss of

Tspan-5 and Tspan-10 in osteoclast lineage cells results in attenuation of ADAM10 maturation

and Notch activation. Therefore, these two tetraspanins play a critical role in osteoclast formation,

at least in part, by modulating Notch signaling pathway.
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Introduction

Bone resorption by osteoclasts and bone formation by osteoblasts are essential for skeletal

development and homeostasis. In adults, bone mass is maintained by a process called bone

remodeling, in which bone resorption is coupled to bone formation in such a way that the

amount of bone removed by osteoclasts is precisely replaced by new bone deposition by

osteoblasts [1]. Under pathological conditions, however, excessive bone resorption, due to

either increased osteoclast number or enhanced activity, leads to bone loss and is responsible

for metabolic bone diseases such as postmenopausal osteoporosis, rheumatoid arthritis,

Paget's disease of bone, and lytic tumor bone metastasis [2]. Thus, deciphering the cellular
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and molecular mechanisms of osteoclast differentiation and function is both biologically and

clinically important as it holds the promise of developing novel therapeutic targets for the

treatment of metabolic bone diseases.

Osteoclasts are highly specialized polykaryons that are capable of resorbing calcified

cartilage and bone matrix during skeletal growth and remodeling [3, 4]. They are formed by

fusion of mononuclear precursors of the monocyte/macrophage lineage under the control of

two key cytokines, receptor activator of nuclear factor kappa B (NF-κB) ligand (RANKL)

and macrophage colony-stimulating factor (M-CSF), which regulate the proliferation and

differentiation of osteoclast progenitors and the survival of mature cells. Other cell surface

receptors, especially immunoglobulin-like receptors and their associated adapter proteins,

potentiate osteoclast differentiation by enhancing RANKL-induced Ca2+ mobilization and

activation of NFATc1, the master transcription factor of osteoclastogenesis [5]. Recent

genetic studies in human and mice have revealed an essential role of Notch receptor

signaling in bone development and homeostasis [6, 7].

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

[8]. Both Notch receptors and ligands are expressed in osteoclast lineage cells. Deletion of

Notch receptors in osteoclast precursors enhances osteoclast formation and bone resorption,

suggesting an inhibitory role of Notch in osteoclastogenesis [9]. On the other hand,

activation of Notch signaling, especially Notch2, promotes osteoclast differentiation [10,

11]. These seemingly contradictory findings warrant further characterization of the spatio-

temporal and cell-context regulation of Notch signaling in osteoclasts.

Each Notch receptor is present at the cell surface as a heterodimer composed of N- and C-

terminal fragments. When the cognitive ligand binds to the extracellular domain of Notch, a

disintegrin and metalloprotease (ADAM), such as ADAM10, cleaves the juxtamembrane S2

proteolysis site of the Notch receptor [12]. The γ-secretase subsequently cleaves the S3 site

within the transmembrane domain and releases the Notch intracellular domain (NICD).

NICD then translocates to the nucleus, where it functions as a transcriptional co-activator of

Notch target genes, including members of the Hes (hairy and enhancer of split) and Hey

(Hes related with YRPW motif) families [13].

The tetraspanin family of proteins is composed of a group of 33 proteins characterized by

four-transmembrane passes with unique structural features [14]. These proteins interact with

one another and with other integral membrane proteins to form plasma membrane

microdomains, known as tetraspanin webs or tetraspanin enriched-microdomains (TEM)

[15]. Thereby, tetraspanins are involved in several cellular processes such as cell adhesion,

migration, cell fusion, and signal-modulation of membrane receptors [16, 17]. More

recently, the TspanC8 subgroup of tetraspanins, including Tspan-5, -10, -14, -15, -17, -33,

with eight cysteine residues within their second extracellular region have been shown to

promote Notch activation through regulation of ADAM 10 maturation and cell surface

expression in C elegans, Drosophila, and mammalian cells [18–20]. The tetraspanin CD9

has been found to regulate cell fusion during osteoclastogenesis, though contradictory

findings have been reported [21, 22]. It has been reported that Tspan-5 is up-regulated
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during osteoclast differentiation and that it promotes RANKL-induced osteoclast formation

[23]. However, whether Tspan-5 modulates Notch activation in osteoclast lineage cells has

not been determined.

In this study, we present evidence that the expression of Tspan-5 and Tspan-10 increases

during osteoclast differentiation. Down-regulation of the expression of these two genes by

sh-RNA mediated gene-silencing blunts osteoclastogenesis in vitro, in part because of

impaired Notch activation.

Materials and Methods

Antibodies and reagents

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

(182-12G5) (Millipore); rat anti-Notch1 (bTAN 20) and rat anti-Notch2 (C651.6DbHN)

(Developmental Studies Hybridoma Bank); Rabbit polyclonal anti-ADAM 10 (AB19026)

(Millipore); Rabbit polyclonal anti-Hes1 (ab157181) (abcam); mouse monoclonal anti-alpha

tubulin (Sigma). Alpha-MEM and Penicillin-Streptomycin-L-Glutamine (PSG) 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 [24]. Briefly,

whole bone marrow was isolated from tibiae and femora of 8–10 weeks C57BL/6 mice.

Bone marrow cells were plated in α-10 medium (α-MEM, 10% heat-inactivated fetal bovine

serum, 1 × PSG solution) containing 1/10 volume of CMG 14–12 (conditioned medium

supernatant containing recombinant M-CSF at 1μg/ml) [25] 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.

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/PBS and TRAP was

stained with NaK Tartrate and Napthol AS-BI phosphoric acid (Sigma-Aldrich) as described

previously [26].

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 from three independent cultures of each group 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 assays from Life Technologies: Tspan5

(Mm00497960_m1); Tspan10 (Mm01264401_m1); Acp5 (Mm00475698_m1); Hes1
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(Mm01342805_m1); Hey1 (Mm00468865_m1). Samples were amplified using the StepOne

Plus 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 mRNA

amounts was calculated by normalizing to the mitochondrial gene Mrps2 mRNA, which is

steadily expressed in both BMMs and osteoclasts, using the ΔCt method [27].

Lentivirus mediated shRNA expression

The LKO.1 lentiviral vectors expressing shRNA sequences targeting the mRNAs of murine

Tspan-5 (TRCN0000094994/NM_019571.1-2641s1c1 and TRCN0000094995/

NM_019571.1-862s1c1) and murine Tspan-10 (TRCN0000094620/NM_145363.1-648s1c1

and TRCN0000094621/ NM_145363.1-161s1c1) 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 using 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 [28].

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 SDS-PAGE gels

and transferred electrophoretically onto PVDF membrane by a semi-dry blotting system

(Bio-Rad). The membrane was blocked in 5% fat-free milk/Tris-buffered saline for 1 h 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, membranes were developed with

enhanced chemiluminescent detection reagents (Millipore).

Statistics

Data of 2-group comparisons were analyzed using a 2-tailed Student's t test. Data are

represented as mean ± SD.

Results

Expression of Tspan-5 and Tspan-10 is up-regulated during osteoclastogenesis in vitro

The Notch signaling pathway has been shown to regulate osteoclast differentiation either

directly on osteoclast precursors or indirectly through osteoblasts [9]. To identify

modulators of Notch signaling in osteoclast lineage cells, we examined the expression of

TspanC8 subfamily members of tetraspanins, which have been shown to promote ADAM10/

Notch activation in mammalian cells, in the course of osteoclast differentiation from bone

marrow macrophages in vitro. As shown in Figure 1, the mRNA expression of Tspan-5 and

Tspan-10, determined by real-time quantitative RT-PCR, increases during osteoclast

differentiation, reaching their highest levels in mature cells. Of the other TspanC8 subfamily

members (Tspan-14, -15, -17, and -33), Tspan-14 and Tspan-17 mRNAs were detectable but
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their expression remained steady in macrophages (BMM), pre-osteoclasts (pOC), and

mature osteoclasts (OC) (data not shown). These results suggest that Tspan-5 and Tspan-10

might be functionally important in osteoclast formation and/or function.

Knock-down of Tspan-5 expression in BMMs attenuates osteoclast differentiation via
decreasing Notch activation

To define the role of Tspan-5 and Tspan-10 in osteoclast lineage cells, we first knocked

down Tspan-5 expression in BMMs by lentiviral transduction of two shRNAs (Tsp5-sh1 and

Tsp5-sh2) which specifically target different sites of murine Tspan-5 mRNA. A shRNA

targeting firefly luciferase (Luc-sh) was used as a negative control. Real-time PCR analysis

showed that both shRNAs significantly reduced Tspan-5 expression in BMMs (Figure 2A).

Since Tsp5-sh2 was more potent than Tsp5-sh1 in inhibiting Tspan-5, we subsequently used

cells expressing this shRNA to examine the effects of Tspan-5 knockdown on

osteoclastogenesis. As demonstrated in Figure 2B, Tspan-5 deficiency dramatically

attenuated osteoclast formation after 4 and 5 days of culture of BMMs with RANKL and M-

CSF, as determined by histological staining for TRAP, an osteoclast differentiation marker.

This evidence was reinforced by the decrease of RANKL-induced TRAP (encoded by Acp5

gene) mRNA expression and Cathepsin K protein expression in Tspan-5 deficient

osteoclasts, as compared to control cells (Figure 2C and 2D). In consistence with recent

reports in other cells [18–20], down-regulation of Tspan-5 expression in osteoclast

precursors prevented ADAM10 maturation and Notch2 activation upon RANKL stimulation

(Figure 2E). In accordance with its role in regulating Notch activation in other cell types,

loss of Tspan-5 in macrophages decreased the expression of two Notch target genes, Hey1

and Hes1, as measured by real-time quantitative PCR (Figure 2F). Taken together, these

results reveal an important function of Tspan-5 in activating Notch signaling and promoting

RANKL-induced osteoclastogenesis.

Tspan-10 regulates ADAM10 maturation and Notch activation during osteoclastogenesis

Next we attempted to elucidate the function of Tspan-10, the expression of which was also

found up-regulated during osteoclastogenesis. By lenti-viral transduction, two specific

shRNAs greatly reduced Tspan-10 expression in macrophages and mature osteoclasts, as

revealed by quantitative real-time PCR (Figure 3A). Similar to the effects of Tspan-5 down-

regulation on osteoclastogenesis, loss of Tpasn-10 in osteoclast lineage cells impaired

osteoclast formation, as illustrated by a decreased number of TRAP positive multi-nucleated

osteoclasts in Tspan-10 knock-down cultures compared to cultured control cells (Figure 3B).

This result was further confirmed by diminished TRAP and Cathepsin K expression in

response to RANKL in Tspan-10 deficient osteoclast lineage cells as compared to control

cells (Figure 3C and 3D).

It has been recently reported that the TspanC8 subfamily members of tetraspanins promote

Notch activation via interacting with ADAM10 and regulating its maturation and trafficking

to the cell surface [20], where ADAM10 cleaves the juxtamembrane S2 proteolysis site of

Notch receptor. Earlier work by Verrier et al has shown expression and plasma membrane

localization of ADAM10 in osteoclasts [29]. To determine whether Tspan-10 regulates

Notch signaling through ADAM10 in osteoclast lineage cells we examined the protein level
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of ADAM10 in macrophages upon RANKL stimulation. As shown in Figure 4A, the low

molecular weight form of ADAM10, which corresponds to mature ADAM10 with a cleaved

prodomain, was diminished in Tspan-10 deficient cells compared to controls. Consistent

with the role of ADAM10 in Notch activation, the protein levels of NICD2 and Hes1 were

reduced in RANKL-stimulated Tspan-10 deficient cells compared to controls (Figure 4A).

In contrast to a previous report [9], we could not detect NICD1 protein in macrophages and

osteoclasts by western blot using an antibody from Developmental Studies Hybridoma Bank

(Figure 4B). The cell lysate from a human Merkel cell carcinoma cell line served as a

positive control of the antibody. A similar result was obtained using an anti-Notch1 antibody

from Cell Signaling Technologies, LLC (data not shown). This result, together with the

finding by Fukushima et al [10], indicate that Notch 2 is the major Notch receptor in

osteoclast lineage cells. Whether Notch1 activation was suppressed by downregulation of

Tspan-5 or Tspan-10 remain unclear. Furthermore, the mRNA expression of Notch target

genes, Hes1 and Hey1, was markedly decreased in Tspan-10 knocking down osteoclasts,

suggesting attenuation of the transcriptional activities of Notch. Collectively, the results

presented in this study indicate that Tspan-5 and Tspan-10 of tetraspanins play an important

role in osteoclastogenesis probably through the regulation of ADAM10 and Notch

activation.

Discussion

Recent genetic studies in humans and mice have uncovered an essential role of Notch

signaling in osteoblast and osteoclast differentiation during skeletal development and bone

remodeling in adults [11, 30, 31]. However, factors and pathways regulating Notch

activation in bone cells remain largely unknown. The sequential proteolytic cleavages

mediated by ADAM10 and a γ-secretase complex, respectively, are key steps in Notch

activation [12]. The TspanC8 subgroup of tetraspanins has been shown to activate Notch

signaling through their regulation of ADAM10 maturation and cell surface expression, a

mechanism conserved from C elegans, Drosophila, to mammalian cells [18–20]. In this

study, we have shown that two of the TspanC8 subfamily members, Tspan-5 and Tspan-10,

were up-regulated during osteoclast differentiation. Knockdown of their expression by

shRNAs dramatically inhibited osteoclastogenesis in vitro. Mechanistically, loss of Tspan-5

and Tspan-10 in osteoclast lineage cells was associated with attenuated ADAM10

maturation and Notch activation. Therefore, these two tetraspanins play a critical role in

osteoclast formation, at least in part, by modulating Notch pathway (Figure 5).

It should be noted that there is no evidence indicating that Notch target genes, such as Hes1

and Hey1, paly a direct role in osteoclast differentiation and function. In addition, the

reported functions of each Notch ligand and individual Notch receptor isoform on

osteoclastogenesis are controversial. While immobilized Notch ligand Delta-1 has been

reported to inhibit osteoclast differentiation in vitro [32], Notch ligand Jagged1 derived from

breast cancer cells has been shown to directly activate osteoclastogenesis in bone marrow

[33]. Loss of all three Notch receptors (Notch 1, 2, and 3), or Notch 1 alone, in osteoclast

precursors increases osteoclast formation, indicating that Notch signaling inhibits

osteoclastogenesis [9]. On the other hand, it has been shown that Notch 2 is required for

osteoclast differentiation [10, 11]. The spatio-temporal and cell-context regulations of Notch
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signaling in osteoclasts under both physiological and pathological conditions require further

investigation. In consistent with the finding by Fukushima et al [10], we have found that the

protein level of Notch2, as detected by western blots, is much higher than that of Notch1 in

osteoclast lineage cells. Thus, Notch2 is the major Notch receptor regulated by Tspan-5/10

in osteoclasts.

Iwai et al [23] have previously reported that the expression of Tspan-5 increases during

osteoclast differentiation from a monocytes/macrophage-lineage osteoclast precursor cell

line, RAW264.7. Consistent with our finding in primary cultures, inhibition of Tspan-5

expression in RAW264.7 cells by short-interfering RNAs blunts osteoclastogenesis. In the

present study, we further elucidated that loss of Tspan-5 in osteoclast lineage cells

attenuated Notch activation. In addition to Tspan-5 and Tspan-10, Tspan-14 and Tspan-17

of the TspanC8 subfamily are also expressed in macrophages but their levels remain the

same during osteoclast differentiation (data not shown). Despite high similarities in

structures and their interactions with ADAM10 among TspanC8 subfamily tetraspanins, the

inhibitory effects of Tspan-5 down-regulation on osteoclastogenesis and Notch activation

were not compensated by Tspan-10 or other subfamily members and vice versa, suggesting

that Tspan-5 and Tspan-10 may regulate Notch activation in osteoclasts independently.

Alternatively, they may form independent units or microdomains at the plasma membrane,

as other tetraspanins do [15]. Loss of either of them leads to decreased cell surface level of

ADAM10 and subsequent attenuation of Notch receptor processing and activation. Future

work will be needed to fully characterize the molecular action of Tspan-5 and Tspan-10 on

osteoclastogenesis and find whether Tspan-14 and Tspan-17 also play a role in osteoclast

differentiation through regulating ADAM10 and Notch signaling. Since the mechanisms by

which TspanC8 subfamily of tetraspanins activate Notch signaling are conserved from

Caenorhabditis. Elegans, Drosophila, to human cells [18, 19], it will be worthy to examine

the expression and functions of TspanC8 tetraspanins in human osteoclasts. Unfortunately,

detection of protein expression and examination of their localization of endogenous Tspan-5

and Tspan-10 have not been done at the moment, due to lack of suitable antibodies. It has

been shown that Notch stimulates proliferation in osteoblast precursors but inhibits their

final differentiation from mesenchymal stem cells to mature osteoblasts [30, 31, 34]. Thus, it

will be interesting to define the role of TspanC8 tetraspanins in Notch regulation in

osteoblasts and determine whether they play a role in bone remodeling and homeostasis

using genetically modified mouse models of TspanC8 subfalimy members.

Acknowledgments

The authors would like to thank Drs. Stavros C Manolagas and Charles A Obrien for their critic of the manuscript
prior to submission and Erin Hogan for her support in microscopic analysis. This work was supported by National
Institutes of Health Grants AR062012 and P01 AG13918. This work was also supported by the University of
Arkansas for Medical Sciences Tobacco Settlement Funds provided by the Arkansas Biosciences Institute.

References

1. Crockett JC, Rogers MJ, Coxon FP, Hocking LJ, Helfrich MH. Bone remodelling at a glance.
Journal of cell science. 2011; 124:991–998. [PubMed: 21402872]

2. Lazner F, Gowen M, Pavasovic D, Kola I. Osteopetrosis and osteoporosis: two sides of the same
coin. Human molecular genetics. 1999; 8:1839–1846. [PubMed: 10469835]

Zhou et al. Page 7

Calcif Tissue Int. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



3. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. Nature. 2003;
423:337–342. [PubMed: 12748652]

4. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast development and function. Nature
reviews. Genetics. 2003; 4:638–649. [PubMed: 12897775]

5. Nakashima T, Hayashi M, Takayanagi H. New insights into osteoclastogenic signaling mechanisms.
Trends in endocrinology and metabolism: TEM. 2012; 23:582–590. [PubMed: 22705116]

6. Engin F, Lee B. NOTCHing the bone: insights into multi-functionality. Bone. 2010; 46:274–280.
[PubMed: 19520195]

7. Regan J, Long F. Notch signaling and bone remodeling. Current osteoporosis reports. 2013; 11:126–
129. [PubMed: 23519781]

8. Kopan R, Ilagan MX. The canonical Notch signaling pathway: unfolding the activation mechanism.
Cell. 2009; 137:216–233. [PubMed: 19379690]

9. Bai S, Kopan R, Zou W, Hilton MJ, Ong CT, Long F, Ross FP, Teitelbaum SL. NOTCH1 regulates
osteoclastogenesis directly in osteoclast precursors and indirectly via osteoblast lineage cells. The
Journal of biological chemistry. 2008; 283:6509–6518. [PubMed: 18156632]

10. Fukushima H, Nakao A, Okamoto F, Shin M, Kajiya H, Sakano S, Bigas A, Jimi E, Okabe K. The
association of Notch2 and NF-kappaB accelerates RANKL-induced osteoclastogenesis. Molecular
and cellular biology. 2008; 28:6402–6412. [PubMed: 18710934]

11. Simpson MA, Irving MD, Asilmaz E, Gray MJ, Dafou D, Elmslie FV, Mansour S, Holder SE,
Brain CE, Burton BK, Kim KH, Pauli RM, Aftimos S, Stewart H, Kim CA, Holder-Espinasse M,
Robertson SP, Drake WM, Trembath RC. Mutations in NOTCH2 cause Hajdu-Cheney syndrome,
a disorder of severe and progressive bone loss. Nature genetics. 2011; 43:303–305. [PubMed:
21378985]

12. Christian LM. The ADAM family: Insights into Notch proteolysis. Fly. 2012; 6:30–34. [PubMed:
22513479]

13. Hori K, Sen A, Artavanis-Tsakonas S. Notch signaling at a glance. Journal of cell science. 2013;
126:2135–2140. [PubMed: 23729744]

14. Hemler ME. Tetraspanin functions and associated microdomains. Nature reviews. Molecular cell
biology. 2005; 6:801–811. [PubMed: 16314869]

15. Yanez-Mo M, Barreiro O, Gordon-Alonso M, Sala-Valdes M, Sanchez-Madrid F. Tetraspanin-
enriched microdomains: a functional unit in cell plasma membranes. Trends in cell biology. 2009;
19:434–446. [PubMed: 19709882]

16. Hemler ME. Tetraspanin proteins promote multiple cancer stages. Nature reviews. Cancer. 2014;
14:49–60. [PubMed: 24505619]

17. Bailey RL, Herbert JM, Khan K, Heath VL, Bicknell R, Tomlinson MG. The emerging role of
tetraspanin microdomains on endothelial cells. Biochemical Society transactions. 2011; 39:1667–
1673. [PubMed: 22103505]

18. Dornier E, Coumailleau F, Ottavi JF, Moretti J, Boucheix C, Mauduit P, Schweisguth F,
Rubinstein E. TspanC8 tetraspanins regulate ADAM10/Kuzbanian trafficking and promote Notch
activation in flies and mammals. The Journal of cell biology. 2012; 199:481–496. [PubMed:
23091066]

19. Dunn CD, Sulis ML, Ferrando AA, Greenwald I. A conserved tetraspanin subfamily promotes
Notch signaling in Caenorhabditis elegans and in human cells. Proceedings of the National
Academy of Sciences of the United States of America. 2010; 107:5907–5912. [PubMed:
20220101]

20. Haining EJ, Yang J, Bailey RL, Khan K, Collier R, Tsai S, Watson SP, Frampton J, Garcia P,
Tomlinson MG. The TspanC8 subgroup of tetraspanins interacts with A disintegrin and
metalloprotease 10 (ADAM10) and regulates its maturation and cell surface expression. The
Journal of biological chemistry. 2012; 287:39753–39765. [PubMed: 23035126]

21. Ishii M, Iwai K, Koike M, Ohshima S, Kudo-Tanaka E, Ishii T, Mima T, Katada Y, Miyatake K,
Uchiyama Y, Saeki Y. RANKL-induced expression of tetraspanin CD9 in lipid raft membrane
microdomain is essential for cell fusion during osteoclastogenesis. Journal of bone and mineral
research : the official journal of the American Society for Bone and Mineral Research. 2006;
21:965–976.

Zhou et al. Page 8

Calcif Tissue Int. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



22. Takeda Y, Tachibana I, Miyado K, Kobayashi M, Miyazaki T, Funakoshi T, Kimura H, Yamane
H, Saito Y, Goto H, Yoneda T, Yoshida M, Kumagai T, Osaki T, Hayashi S, Kawase I, Mekada E.
Tetraspanins CD9 and CD81 function to prevent the fusion of mononuclear phagocytes. The
Journal of cell biology. 2003; 161:945–956. [PubMed: 12796480]

23. Iwai K, Ishii M, Ohshima S, Miyatake K, Saeki Y. Expression and function of transmembrane-4
superfamily (tetraspanin) proteins in osteoclasts: reciprocal roles of Tspan-5 and NET-6 during
osteoclastogenesis. Allergology international : official journal of the Japanese Society of
Allergology. 2007; 56:457–463. [PubMed: 17965585]

24. Zhou J, Ye S, Fujiwara T, Manolagas SC, Zhao H. Steap4 plays a critical role in osteoclastogenesis
in vitro by regulating cellular iron/reactive oxygen species (ROS) levels and cAMP response
element-binding protein (CREB) activation. The Journal of biological chemistry. 2013;
288:30064–30074. [PubMed: 23990467]

25. Takeshita S, Kaji K, Kudo A. Identification and characterization of the new osteoclast progenitor
with macrophage phenotypes being able to differentiate into mature osteoclasts. Journal of bone
and mineral research : the official journal of the American Society for Bone and Mineral Research.
2000; 15:1477–1488.

26. Jilka RL, Hangoc G, Girasole G, Passeri G, Williams DC, Abrams JS, Boyce B, Broxmeyer H,
Manolagas SC. Increased osteoclast development after estrogen loss: mediation by interleukin-6.
Science (New York, N.Y.). 1992; 257:88–91.

27. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nature
protocols. 2008; 3:1101–1108.

28. Ye S, Fowler TW, Pavlos NJ, Ng PY, Liang K, Feng Y, Zheng M, Kurten R, Manolagas SC, Zhao
H. LIS1 regulates osteoclast formation and function through its interactions with dynein/dynactin
and Plekhm1. PloS one. 2011; 6:e27285. [PubMed: 22073305]

29. Verrier S, Hogan A, McKie N, Horton M. ADAM gene expression and regulation during human
osteoclast formation. Bone. 2004; 35:34–46. [PubMed: 15207739]

30. Canalis E, Parker K, Feng JQ, Zanotti S. Osteoblast lineage-specific effects of notch activation in
the skeleton. Endocrinology. 2013; 154:623–634. [PubMed: 23275471]

31. Hilton MJ, Tu X, Wu X, Bai S, Zhao H, Kobayashi T, Kronenberg HM, Teitelbaum SL, Ross FP,
Kopan R, Long F. Notch signaling maintains bone marrow mesenchymal progenitors by
suppressing osteoblast differentiation. Nature medicine. 2008; 14:306–314.

32. Yamada T, Yamazaki H, Yamane T, Yoshino M, Okuyama H, Tsuneto M, Kurino T, Hayashi S,
Sakano S. Regulation of osteoclast development by Notch signaling directed to osteoclast
precursors and through stromal cells. Blood. 2003; 101:2227–2234. [PubMed: 12411305]

33. Sethi N, Dai X, Winter CG, Kang Y. Tumor-derived JAGGED1 promotes osteolytic bone
metastasis of breast cancer by engaging notch signaling in bone cells. Cancer cell. 2011; 19:192–
205. [PubMed: 21295524]

34. Engin F, Yao Z, Yang T, Zhou G, Bertin T, Jiang MM, Chen Y, Wang L, Zheng H, Sutton RE,
Boyce BF, Lee B. Dimorphic effects of Notch signaling in bone homeostasis. Nature medicine.
2008; 14:299–305.

Zhou et al. Page 9

Calcif Tissue Int. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1.
The expression of Tspan-5 and Tspan-10 is up-regulated during osteoclast differentiation.

Total RNAs were purified from three independent cultures of macrophages (BMM), pre-

osteoclasts (pOC), and mature osteoclasts (OC), respectively. Quantitative real-time RT-

PCR analysis of the expression of Tspan-5 (A) and Tspan-10 (B) mRNA during osteoclast

differentiation was performed using TaqMan assay primers from Life Technologies. ** p <

0.01 vs BMM by Student's t-test.
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Fig. 2.
Knock-down of Tspan-5 expression markedly inhibits osteoclast formation and Notch

activation. (A) BMMs were transduced with recombinant lenti-viruses expressing a control

shRNA targeting fire fly luciferase (LUC-sh) or two Tspan-5-targeting shRNAs (Tsp5-sh1

and Tsp5-sh2), respectively. After selecting with 6 μg/ml puromycin for 3 days, total RNAs

were isolated from three independent BMM cultures of each group. Quantitative real-time

RT-PCR analysis of the expression of Tspan-5 was performed. * p < 0.05, ** p < 0.01 vs

LUC-sh by Student's t-test. (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 the osteoclast marker gene, TRAP (encoded by Acp5) was

measured by quantitative real-time PCR using TaqMan assay primer from Life

Technologies., 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. (E) The

protein level of ADAM10, NICD2 was detected by western blots. Tubulin served as a

loading control. (F) The mRNA expression of Notch target genes, Hes1 and Hey1, in BMMs

was measured by quantitative real-time PCR using TaqMan assay primers from Life

Technologies., n = 3, ** p <0.01 vs LUC-sh by Student's t-test.
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Fig. 3.
Knocking down of Tspan-10 expression attenuates osteoclast formation. (A) BMMs were

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

luciferase (LUC-sh) or two Tspan-10-targeting shRNAs (Tsp10-sh1 and Tsp10-sh2),

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

M-CSF alone (BMM) or with M-CSF plus RANKL for 5 days (mOC). Total RNAs were

isolated from three independent cultures of each group. Quantitative real-time RT-PCR

analysis of the expression of Tspan-10 was performed. * p < 0.05, ** p < 0.01 vs LUC-sh by

Student's t-test. (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 gene, TRAP (encoded by Acp5), was measured

by quantitative real-time PCR using TaqMan assay primers from Life Technologies., 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.
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Fig. 4.
Loss of Tspan-10 in osteoclast lineage cells impairs ADAM10 maturation and Notch

activation. (A) Lentiviral transduced BMMs were either cultured with M-CSF alone or M-

CSF plus RANKL for the indicated time. The protein level of ADAM10, NICD2 and Hes1

was detected by western blots. Tubulin served as a loading control. (B) The protein level of

Notch1 in bone marrow macrophages (BMM) and osteoclasts (OC) was detected by western

blots using an antibody from Developmental Studies Hybridoma Bank. The cell lysate from

a human Merkel cell carcinoma cell line served as a positive control of the antibody.

Tubulin served as a loading control. (C) The mRNA expression of Notch target genes, Hes1

and Hey1, in BMMs was measured by quantitative real-time PCR using TaqMan assay

primers from Life Technologies., n = 3, ** p <0.01 vs LUC-sh by Student's t-test.
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Fig. 5.
A working model of the role of Tspan-5 and -10 in Notch activation and osteoclastogenesis.
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