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Abstract 

Rab44 is an atypical Rab GTPase that contains some additional domains such as the EF-

hand and coiled-coil domains as well as Rab-GTPase domain. Although Rab44 genes have 

been found in mammalian genomes, no studies concerning Rab44 have been reported yet. 

Here, we identified Rab44 as an upregulated protein during osteoclast differentiation. Knock-

down of Rab44 by small interfering RNA promotes RANKL-induced osteoclast differentia-

tion of the murine monocytic cell line, RAW-D or of bone marrow-derived macrophages 

(BMMs). In contrast, overexpression of Rab44 prevents osteoclast differentiation. Rab44 

was localized in the Golgi complex and lysosomes, and Rab44 overexpression caused an 

enlargement of early endosomes. A series of deletion mutant studies of Rab44 showed that 

the coiled-coil domain and lipidation sites of Rab44 is important for regulation of osteoclast 

differentiation. Mechanistically, Rab44 affects nuclear factor of activated T-cells c1 

(NFATc1) signaling in RANKL-stimulated macrophages. Moreover, Rab44 depletion 

caused an elevation in intracellular Ca2+ transients upon RANKL stimulation, and particu-

larly regulated lysosomal Ca2+ influx. Taken together, these results suggest that Rab44 neg-

atively regulates osteoclast differentiation by modulating intracellular Ca2+ levels followed 

by NFATc1 activation. 
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nase; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; 

CTSK, cathepsin K; TRAP, tartrate-resistant acid phosphatase; MMP, matrix metallopro-

teinase; siRNA, small interfering RNA; LAMP1, lysosomal associated membrane protein 1; 

NGS, normal goat serum; MEM, minimum essential medium; DAPI,4′,6-diamidino-2-phe-

nylindole; PBS, phosphate buffered saline; SDS-PAGE, sodium dodecyl sulfate-polyacryla-

mide gel electrophoresis; M-CSF, macrophage colony-stimulating factor; Oscar, osteoclast-

associated receptor; RT-PCR, real-time polymerase chain reaction; MNC, multinucleated 

cell; DC-STAMP, transmembrane 7 superfamily member 4; OC-STAMP, osteoclast stimu-

latory transmembrane protein; CTR, calcitonin receptor; EGFP, enhanced green fluorescent 

protein; TRPML, transient receptor potential channel mucolipin; CRACR2A, Ca2+ release–

activated Ca2+ channel regulator 2A; STIM1, stromal interaction molecule 1; BMMs, bone 

marrow-derived macrophages.  
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Introduction 

The Rab GTPase family controls intracellular membrane trafficking by switching be-

tween active GTP-bound and inactive GDP-bound forms [1]. Comprehensive genomics and 

phylogenetic analyses have revealed that 247 eukaryotic genomes contain approximately 

8,000 Rabs, and that the human genome encodes 66 Rabs [2]. At present, the Rab database 

is publicly available as “Rabifier” at www.RabDB.org [3,4]. Among the Rab GTPase family 

members, Rab 1–43 are the conventional small GTPase Rab proteins as with a molecular 

weight of about 20~30 kDa. By contrast, Rab44 and Rab45 are atypical Rab-GTPases that 

contain some additional domains such as the EF-hand and coiled-coil domains as well as 

Rab-GTPase domain [5]. Several studies have shown that Rab45 is a self-interacting protein 

localized in the perinuclear region of the cells [6], and that it is implicated in p38-mediated 

apoptosis of chronic myeloid leukemia progenitor cells [7]. Rab44 is a “large Rab GTPase” 

that is evolutionarily conserved from the basal metazoan to the mammalian [2]. The deduced 

amino acid sequences of Rab44 cDNA show that human Rab44 encodes an N-terminal EF-

hand domain, a mid-region containing coiled-coil domain, and a C-terminal Rab-GTPase 

domain, while mouse Rab44 lacks an N-terminal EF-hand domain. Although Rab44 genes 

have been found in mammalian genomes, studies concerning Rab44 have not yet been re-

ported. Here, we discovered that the expression of Rab44 is upregulated during osteoclast 

differentiation, as deduced by DNA microarray analysis. 

Osteoclasts are bone-resorbing multinucleated cells formed by the fusion of mononu-

clear progenitors of the monocyte/macrophage lineage [8,9]. Osteoclast differentiation of 

macrophages is mediated by mainly receptor activator of nuclear factor κ-B ligand 

(RANKL). RANKL stimulation activates the following 6 essential signaling pathways; nu-

clear factor of activated T cells cytoplasmic-1 (NFATc1), nuclear factor kappa B (NF-κB), 
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phosphatidylinositol 3-kinase (PI3K)/Akt, Jun N-terminal kinase (JNK), extracellular signal-

regulated kinase (ERK), and p38 mitogen-activated protein kinase (MAPK) [10-12]. Upon 

bone resorption, osteoclasts configure a lysosome-related organelle, termed as the ruffled 

border, which constructs an acidic extracellular microenvironment, and simultaneously re-

leases many acid hydrolases, including cathepsin K (CTSK), tartrate-resistant acid phospha-

tase (TRAP, also known as ACP5), and matrix metalloproteinase (MMP)-9 [13,14]. Re-

cently, our research group has shown that Rab27A regulates transport of cell surface recep-

tors, thereby modulating multinucleation and lysosome-related organelles in the osteoclasts 

[15]. Although it is speculated that osteoclasts have a specific system for the regulation of 

the unique organelle, their regulatory mechanisms remain poorly understood. 

In this study, we have shown by knockdown using small interfering RNA (siRNA) and 

overexpression systems that Rab44 negatively regulates osteoclast differentiation by modu-

lating intracellular calcium levels followed by NFATc1 activation. 

 

Materials and Methods 

 

Antibodies and reagents 

Recombinant RANKL was prepared as described previously [16]. Rat monoclonal anti-

LAMP1 (Cat. No.1921-01) were purchased from Southern Biotechnology Inc, (Birmingham, 

AL, USA). Rabbit polyclonal anti-c-fms (Cat. No. sc-692) and mouse monoclonal anti-

NFATc1 (Cat. No. sc-7294) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Rabbit polyclonal anti-GFP (Cat.No. 598) from MBL (Nagoya, Japan). Rabbit polyclonal 

anti-RANK (Cat. No. 4845S), rabbit monoclonal anti-phospho-p38 (Cat. No. 4511S, 

Thr180/Tyr182), rabbit polyclonal anti-p38 MAPK (Cat. No. 9212S), rabbit monoclonal 
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anti-phospho-IκBα (Cat. No. 2859S, Ser32), rabbit polyclonal anti-phospho-JNK (Cat. No. 

9251S, Thr183/Tyr185), rabbit monoclonal anti-phospho-Akt (protein kinase B) (Cat. No. 

4060S, Ser473), rabbit monoclonal anti-Akt (Cat. No. 4691S), rabbit polyclonal anti-phos-

pho-Erk1/2 (Cat. No. 9101S, Thr202/Tyr204), rabbit polyclonal anti-Erk1/2 (Cat. No. 

9102S), rabbit monoclonal anti-GAPDH (Cat. No. 2118S), Alexa Fluor 488 goat anti-rabbit 

IgG and Alexa Fluor 488 goat anti-rat IgG were from Cell Signaling Technology (Danvers, 

MA, USA). Rat monoclonal anti-LAMP1 (Cat. No. 553792), mouse monoclonal anti-EEA1 

(Cat. No. 610457), mouse monoclonal anti-GM130 (Cat. No. 610823) were from BD Bio-

sciences (Franklin Lakes, NJ, USA). Mouse monoclonal anti-KDEL (Cat. No. ADI-SPA-

827) was from Enzo Life Sciencese (Farmingdale, NY, USA). Alexa Fluor 546 goat anti-

mouse was from Molecular Probes/Invitrogen (Eugene, OR, USA). Reagents were purchased 

as follows: Fluo 4-AM was purchased from Dojindo (Tokyo, Japan). Fura Red AM, Vibrant 

Dil Cell-Labeling Solution, 4′,6-diamidino-2-phenylindole (DAPI) and LysoSensor Yel-

low/Blue dextran were from Thermo Fisher (Waltham, MA, USA). Ionomycin, and ML-SA1 

were from WAKO (Osaka, Japan). Bafilomycin A1 was from BioViotica (Liestal, Switzer-

land). Other reagents, including the protease inhibitor cocktail, were from Sigma-Aldrich 

(Tokyo, Japan). The Osteo Assay Stripwell Plate was from Corning, Inc. (Corning, NY, 

USA). 

 

Cell culture 

Osteoclasts were differentiated from RAW-D cells, a subclone of the RAW264.7 murine 

macrophage cell line, in α- minimum essential medium (MEM) containing 10% fetal bovine 

serum with RANKL (100 ng/mL) at 37 °C in 5% CO2 for the indicated time periods. RAW-

D cells were kindly provided by Prof. Toshio Kukita (Kyushu University, Japan). Isolation 
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of BMMs was carried out according to a previously described method [16]. Briefly, marrow 

cells from the femurs and tibias of mice were cultured overnight in α-MEM containing 10% 

FBS in the presence of M-CSF (50 ng/mL) at 37 °C in 5% CO2 . Non-adherent cells were 

harvested to stroma-free bone marrow cell culture system containing 50 ng/mL M-CSF. After 

three days, the adherent cells were harvested as bone marrow macrophages (BMMs). BMMs 

were replated and further cultured in the presence of M-CSF (30 ng/mL) and RANKL (100 

ng/mL) for 72 h. 

 

Immunofluorescence microscopy 

Cells were cultured on cover glasses and fixed with 4.0% paraformaldehyde in phosphate 

buffered saline (PBS) for 30 min at 25 °C. The fixed cells were then washed with PBS for 5 

min twice, and permeabilized with 0.2% Triton X-100 in PBS for 15 min. The cells were 

blocked with 5% normal goat serum (NGS) in PBS for 1 h, and subsequently incubated over-

night at 4 °C with primary antibodies. Following this, the cells were washed with PBS 3 

times, and then stained by second antibodies such as Alexa Fluor 488 goat anti-rabbit IgG or 

Alexa Fluor 488 goat anti-rat IgG, or Alexa Fluor 546 goat anti-mouse IgG, or nuclear stain-

ing with DAPI was then performed. The samples were subjected to microscopy using a laser-

scanning confocal imaging system (LSM800; Carl Zeiss, AG, Jena, Germany). 

 

Quantitative real-time polymerase chain reaction (RT-PCR) analysis 

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse 

transcription was performed using oligo(dT) 15 primer (Promega, Madison, WI, USA) and 

Revertra Ace (Toyobo, Osaka, Japan). Quantitative RT-PCR was performed using a Light-

Cycler 480 (Roche Diagnostics, Mannheim, Germany). cDNA was amplified using Brilliant 
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III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technology, La Jolla, CA, USA). 

The following primer sets were used: 

GAPDH, forward: AAATGGTGAAGGTCGGTGTG and reverse: TGAAGGGGTCGTT-

GATGG; 

Rab44, forward: AGAGACCACACACACTCTC and reverse: CTCCTG-

TAAGTCTGTTCTTG; 

NFATc1, forward: TCATCCTGTCCAACACCAAA and reverse: 

TCACCCTGGTGTTCTTCCTC; 

RANK, forward: CTTGGACACCTGGAATGAAGAAG and reverse: AGGGCCTT-

GCCTGCATC; 

c-fms, forward: TTGGACTGGCTAGGGACATC and reverse: GGTTCAGACCAAGCGA-

GAAG; 

DC-STAMP, forward: CTAGCTGGCTGGACTTCATCC and reverse: 

TCATGCTGTCTAGGAGACCTC; 

OC-STAMP, forward: TGGGCCTCCATATGACCTCGAGTAG and reverse: 

TCAAAGGCTTGTAAATTGGAGGAGT; 

CTSK, forward: CAGCTTCCCCAAGATGTGAT and reverse: AGCACCAACGAGAG-

GAGAAA; 

Integrin β3, forward: TGTGTGCCTGGTGCTCAGA and reverse: AG-

CAGGTTCTCCTTCAGGTTACA; 

Src, forward: AGAGTGCTGAGCGACCTGTGT and reverse: GCAGAGATGCTGCCTT-

GGTT; 

CTR, forward: CGCATCCGCTTGAATGTG and reverse: TCTGTCTTTCCCCAG-

GAAATGA; 
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MMP9, forward: TATTTTTGTGTGGCGTCTGAGAA and reverse: 

GAGGTGGTTTAGCCGGTGAA; 

c-Fos, forward: CCAGTCAAGAGCATCAGCAA and reverse: AAGTAGTGCAGCCCG-

GAGTA. 

 

Western blot analysis 

Cells were rinsed twice with ice-cold PBS, and lysed in a cell lysis buffer [50 mM Tris-HCl 

(pH 8.0), 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM 

PMSF, and proteinase inhibitor cocktail]. For the phosphorylated protein, phosphatase inhib-

itors (20 mM sodium fluoride and 2 mM orthovanadate) were added into the cell lysis buffer. 

The protein concentration was measured using BCA Protein Assay Reagent (Thermo Pierce, 

Rockford, IL, USA). An equal amount of protein (5 μg) was applied to each lane. After so-

dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the proteins were 

electroblotted onto a polyvinylidene difluoride membrane. The blots were blocked with 5% 

nonfat milk solution containing Tris-buffered saline (TBS)/ 0.1% Tween 20 for 1 h at 25 °C, 

probed with various antibodies overnight at 4 °C, washed, incubated with horseradish perox-

idase-conjugated secondary antibodies (Cell Signaling Technology, Danvers, MA, USA), 

and finally detected with ECL-Prime (GE Healthcare Life Sciences, Tokyo, Japan). The im-

munoreactive bands were analyzed by LAS4000-mini (Fuji Photo Film, Tokyo, Japan). 

 

Small interfering RNA (siRNA) 

siRNA experiments in RANKL-stimulated RAW-D cells or BMMs were performed as de-

scribed previously [15]. The target sequence of murine Rab44 siRNA was: UCU-

AAGGACUGUUUGGCUGGAUCGG. RAW-D cells or BMMs plated on dishes or plates 
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were cultured in the presence of 500 ng/mL RANKL (for RAW-D cells) or 500 ng/mL 

RANKL and 30 ng/mL M-CSF (for BMMs) in antibiotic-free media for 1 day. The next day, 

the siRNA was transfected into RAW-D cells or BMMs using Lipofectamine RNAiMAXTM 

transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-

structions. The cells were incubated with 10 pmol of siRNA for 24 h. For TRAP staining, the 

cells were incubated for the indicated days. 

 

TRAP staining 

Cells were fixed with 4% paraformaldehyde at 4 °C for 60 min and then treated with 0.2% 

Triton X-100 in PBS at room temperature for 5 min. Finally, cells were incubated with 0.01% 

naphthol AS-MX phosphate (Sigma-Aldrich) and 0.05% fast red violet LB salt (Sigma-Al-

drich, Tokyo, Japan) in the presence of 50 mM sodium tartrate and 90 mM sodium acetate 

(pH 5.0) for TRAP activity. TRAP-positive red-colored cells with three or more nuclei were 

considered as mature osteoclasts. 

 

Bone resorption assay 

Bone resorption assay was performed by the method of as described previously [17]. Briefly, 

RAW-D cells were seeded onto Osteo Assay Stripwell Plates coated with thin calcium phos-

phate films (Corning, New York, USA), and incubated with RANKL (500 ng/mL) for 1 day. 

BMMs were plated on dentin slices and cultured for a day with 30 ng/mL M-CSF and 500 

ng/mL RANKL. Consequently, cells were incubated with siRNA (control or Rab44-spe-

cific), and then cultured for 6 days until multinucleated osteoclasts were formed in the pres-

ence of 500 ng/mL RANKL (RAW-D cells) or 30 ng/mL M-CSF and 500 ng/mL RANKL 
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(BMMs). After incubation, osteoclasts from RAW-D cells were dissolved in 5% sodium hy-

pochlorite. Dentin slices were sonicated in 70% isopropanol to remove cells. Resorption pits 

on dentin slices were visualized using 1% toluidine blue staining. Images of the resorption 

pit were taken with a reverse phase microscope (Olympus, Tokyo, Japan). The ratios of the 

resorbed areas to the total areas were calculated using the Image J software 

(http://rsbweb.nih.gov/ij/) as described previously [16,18]. 

 

Single cell Ca2+ oscillations measurements 

Ca2+ oscillations were measured by a method described previously [19,20] with some modi-

fications. Cells were stimulated with RANKL (100 ng/mL) for 24 h, and subsequently trans-

fected with either control siRNA or Rab44-specific siRNA for 24 h in the presence of 

RANKL. For measurements, cells were washed with α-MEM twice and then loaded with 3 

μM Fluo 4-AM, 3 μM Fura Red-AM for 1 h in serum-free α-MEM. Cells were washed twice 

with Hank’s balanced salt solution (HBSS) and subjected to confocal laser-scanning micros-

copy (Nikon A1R; Nikon, Japan). An excitation wavelength of 488 nm was used. The emis-

sion wavelengths of 500~530 nm and 600~680 nm were used for Fluo 4-AM and Fura Red 

AM, respectively. Fluorescence intensities were acquired simultaneously at 5 s intervals. To 

measure single cell Ca2+ oscillations, the ratio of the fluorescence intensity of Fluo 4-AM to 

Fura Red AM was calculated. The ratio of basal level was divided by the maximum ratio 

acquired at adding 10 μM ionomycin, 20 μM ML-SA1, and was indicated as the percent of 

maximum ratio, respectively. 

 

Retrovirus construction and expression of mouse Rab44 in RAW-D cells 
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The full length cDNA of mouse Rab44 was generated by PCR using cDNA derived from 

bone-marrow macrophages incubated with M-CSF and RANKL for 48 h. The Rab44 mutant 

cDNAs were produced by PCR. The primers were used for EGFP (for in-Fusion) forward: 

AATTAGATCTCTCGAGATGGTGAGCAAGGGCGAGGAGCT and reverse: GTGAG-

CACTGAGGGCCTTGTACAGCTCGTCCATGCCGAG ;  

EGFP for Δcoiled-coil reverse: GTGTCCTCTTGTCACCTTGTACAGCTCGTCCATGCC 

GAG ;  

Rab44 WT forward: GACGAGCTGTACAAGGCCCTCAGTGCTCACATGCAGGA  and 

reverse: ATTCGTTAACCTCGAGTCAGTGGCAGCAGCCAGCTCTCTT ; 

Δcoiled-coil forward: GACGAGCTGTACAAGGTGACAAGAGGACACTTGGATACT 

GC  and reverse: ATTCGTTAACCTCGAGTCAGTGGCAGCAGCCAGCTCTCTT ; 

ΔRab forward: GACGAGCTGTACAAGGCCCTCAGTGCTCACATGCAGGA and re-

verse: ATTCGTTAACCTCGAGCAAGAA GACGACATGGTAGAGGTAGTC ; 

C723A forward: GACGAGCTGTACAAGGCCCTCAGTGCTCACATGCAGGA and re-

verse: ATTCGTTAACCTCGAGTCAGTGGCAGGCGCCAGCTCTCTT ; 

C723A/C724A forward: GACGAGCTGTACAAGGCCCTCAGTGCTCACATGCAGGA 

and reverse: ATTCGTTAACCTCGAGTCAGTGGGCGGCGCCAGCTCTCTTG . The 

cDNAs were amplified by PCR using PrimeSTAR GXL DNA polymerase (Takara, Tokyo) 

with 40 cycles of denaturation at 94 °C for 10 sec, annealing at 60 °C except for EGFP and 

WT (62 °C) for 30 sec, and extension at 72 °C for 3 min. To express EGFP-Rab44 fusion 

protein, the amplified fragments were fused with a linearized pMSCVpuro-EGFP, which was 

kindly provided by Prof Kosei Ito (Nagasaki University, Japan), using In-Fusion cloning kit 

(Clontech, Mountain View, CA, USA). A control vector was composed by only EGFP 

cDNA. All vectors placed EGFP at its N terminus. Vectors were transfected into HEK293T 
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cells by using the Lipofectamine 2000 kit (Life Technologies, Gaitherburg, MD, USA), ac-

cording to the manufacturer’s instructions. After incubation at 37 °C in 5% CO2 for 48 h, the 

virus-containing supernatants were collected and used to infect to RAW-D cells. Rab44 over 

expressing cells were selected by puromycin (3 μg/mL) in α-MEM and every 3 days the 

medium was changed with new one. About 2 weeks later, several cloned cells were obtained.  

 

Lysosomal pH measurement 

The endolysosomal pH in macrophages was determined using our previous method of Yana-

gawa et al. [21] with some modifications. Briefly, cells were stimulated with RANKL (100 

ng/mL) for 24 h, and subsequently transfected with either a control siRNA or a Rab44-spe-

cific siRNA, and concomitantly incubated with LysoSensor Yellow/Blue dextran (250 

μg/mL) for 24 h in the presence of RANKL. For calibration curve, RAW-D cells were incu-

bated for 1.5 h with bafilomycin A1 (1 μM) in MES buffer (5 mM NaCl, 115 mM KCl, 1.2 

mM MgSO4, 25 mM MES) of pH 4.5, 5.0, 5.5, 6.0, and 7.0 respectively. Then cells were 

washed with HBSS and the fluorescence intensities were acquired by ARVO (PerkinElmer, 

MA, USA). The excitation wavelengths of 355 nm and the emission wavelengths of 460 nm 

or 535 nm were used. The ratio of the fluorescence of 535 nm to 460 nm and the calibration 

curve were used for calculating lysosomal pH. 

 

Statistical analysis 

Quantitative data are presented as mean ± standard deviation (SD). The Tukey-Kramer 

method was used to identify differences between concentrations when a significant differ-

ence (*P < 0.05 or **P < 0.01) was determined by analysis of variance (ANOVA). 
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Results 

Rab44 is upregulated during osteoclast differentiation 

Our previous study indicated that when bone marrow-derived macrophages (BMMs) 

are cultured with macrophage colony-stimulating factor (M-CSF) and RANKL for 3 days on 

a plastic surface or a dentin slice, the macrophages cultured on the plastic surface were rap-

idly differentiated into osteoclasts compared to these on the dentin slice [15]. Comparing the 

mRNA levels of osteoclasts cultured under the two different conditions, DNA microarray 

analysis showed that 1,363 genes were upregulated and 881 genes were downregulated 

among a total of 40,130 genes. Among several upregulated genes, including osteoclast 

marker genes osteoclast-associated receptor (Oscar), MMP9, and NFATc1, we identified 

Rab44, which has never been reported earlier (Fig. 1A). 

To confirm whether Rab44 is up-regulated during osteoclast differentiation, we meas-

ured the mRNA level of Rab44 in the murine monocytic cell line, RAW-D, by quantitative 

real-time polymerase chain reaction (RT-PCR) analysis. Two days after stimulation with 

RANKL, the Rab44 level in RANKL-stimulated RAW-D cells was 170-fold higher than that 

in unstimulated cells, and it remained at more than a 100-fold higher even after 3 days of 

stimulation (Fig. 1B). Similar results were observed in the native bone marrow-derived mac-

rophages (BMMs). The expression levels of Rab44 gradually increased in the RANKL-stim-

ulated-BMMs (Fig S1A). These results indicate that Rab44 expression significantly increases 

during the differentiation of macrophages into osteoclasts. 

 

Rab44 knockdown promotes osteoclast differentiation 

To examine the biological function of Rab44 during osteoclast differentiation, we per-

formed knockdown experiments siRNA transfection. Three days after treatment with 
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RANKL, the knockdown efficacy in RANKL-stimulated RAW-D cells was determined (Fig. 

1C). Depletion of Rab44 by siRNA reduced its expression level by approximately 80% com-

pared with control siRNA (Fig 1C). TRAP staining revealed that, upon stimulation with 

RANKL for 3 days, Rab44 knockdown enhanced multinucleated cell (MNC) formation in 

osteoclasts compared with the control (Fig. 1D). The number of TRAP-positive and MNCs 

was significantly increased in Rab44-knockdown osteoclasts compared with that in control 

cells (Fig. 1E). On counting the nuclear number of control and Rab44-knockdown osteo-

clasts, Rab44-knockdown osteoclasts containing more than 10 nuclei accounted for approx-

imately 40 % of the total number, whereas control osteoclasts accounted for 3% only (Fig. 

1F). Similar results were found in BMMs wherein the knockdown of Rab44 by siRNA de-

creased its expression by approximately 60% compared with the control siRNA (Fig. S1B). 

TRAP staining showed that Rab44-knockdown osteoclasts derived from BMMs were bigger 

in size compared to the control osteoclasts (Fig. S1C). The number of TRAP-positive multi-

nucleated cells was higher in Rab44-depleted BMMs than that of the control cells at three 

days (Fig. S1D). 

To test whether Rab44-depleted osteoclasts show enhanced maturation, we analyzed 

the mRNA levels of some osteoclast marker genes in control and Rab44-knockdown osteo-

clasts. Quantitative RT-PCR analysis of RANKL-stimulated RAW-D cells showed that 

mRNA levels of transmembrane 7 superfamily member 4 (DC-STAMP), osteoclast stimula-

tory transmembrane protein (OC-STAMP), CTSK, calcitonin receptor (CTR), and integrin 

β3 were significantly higher in Rab44-depleted osteoclasts than in control cells (Fig. S2A). 

However, the levels of Src and c-Fos were indistinguishable between the control and Rab44-

knockdown cells (Fig. S2A). Similarly, in the BMM-derived osteoclasts, increased mRNA 

levels of DC-STAMP, OC-STAMP, CTR, CTSK, and integrin β3 were observed. However, 
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c-Fos levels were significantly lower in the Rab44-depleted osteoclasts than in the control 

cells (Fig. S2B). These results indicate that Rab44-knockdown osteoclasts exhibit enhanced 

maturation with occasional exceptions. 

We further analyzed bone resorption activity of control and Rab44-depleted osteoclasts 

by pit formation assay. Upon comparing the resorption pit areas, Rab44-knockdown osteo-

clasts displayed a marked increased resorbing activity, while the control osteoclasts showed 

a moderate resorbing activity (Fig. S3A). The calculated resorption area resorbed by Rab44-

knockdown osteoclasts was significantly larger than that by the control osteoclasts (Fig. 

S3B). In the BMM-derived osteoclasts, bone resorption assay using dentin slices revealed 

that the Rab44-depleted osteoclasts displayed a markedly increased resorbing activity com-

pared with the control osteoclasts (Fig. S3C). The resorption area of Rab44-knockdown os-

teoclasts was markedly larger than that of the control osteoclasts (Fig. S3D). These results 

indicate that Rab44-knockdown leads to an increased resorbing activity. Considering that 

Rab44 knockdown causes multinucleation and an enhanced marker gene expression, and 

bone-resorbing activity, we concluded that Rab44 deficiency promotes osteoclast differenti-

ation and function. 

 

Rab44 overexpression prevents osteoclast differentiation  

To assess whether Rab44 overexpression inhibits osteoclast differentiation, we trans-

fected RAW-D cells with a vector encoding Rab44-enhanced green fluorescent protein 

(EGFP) or EGFP alone (control). Western blot analysis using anti-GFP antibody revealed 

that EGFP-Rab44 was a major band with a molecular mass of approximately 120 kDa (Fig. 

2A). The mRNA expression levels of Rab44 in EGFP-Rab44-expressing RAW-D cells were 

markedly higher than those in control cells (Fig. 2B). Upon RANKL stimulation, TRAP 
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staining showed that Rab44-overexpressing osteoclasts were of markedly smaller size com-

pared to control osteoclasts (Fig. 2D). The number of TRAP-positive MNCs derived from 

Rab44-overexpressing macrophages was markedly lower than that in control cells (Fig. 2E). 

To exclude the possibility of off-target effects of siRNA, we further performed knockdown 

rescue experiments using Rab44-expressing RAW-D cells. Upon transfection with siRNA, 

the mRNA expression level of Rab44 in Rab44-siRNA and EGFP-Rab44 overexpressing 

cells was significantly lower than that in control siRNA-and EGFP-Rab44-overexpressing 

cells (Fig. 2C). Furthermore, we confirmed that Rab44 depletion partially recovered MNC 

formation in Rab44-overexpressing cells compared to the control, which continued to display 

reduced MNC formation in Rab44-expressing cells (Fig. 2F, G). Upon measuring the bone 

resorption activity by pit formation assay, Rab44-overexpressing osteoclasts had a markedly 

reduced activity, whereas the control-expressing osteoclasts exhibited an optimal activity 

(Fig. S2E and F). 

To examine whether Rab44-overexpressing osteoclasts exhibit impaired maturation, 

we examined the mRNA levels of several osteoclast marker genes in control and Rab44-

overexpressing osteoclasts (Fig. S4). Quantitative RT-PCR analysis revealed that mRNA 

levels of all marker genes, including DC-STAMP, OC-STAMP, CTSK, MMP9, receptor ac-

tivator of nuclear factor κ-B (RANK), and colony stimulating factor 1 receptor (c-fms) were 

significantly lower in Rab44-overexpressing osteoclasts compared to control cells (Fig. S4). 

These results imply that Rab44 expression induces to prevent all marker gene expression in 

Rab44-expressing osteoclasts compared to the control osteoclasts. Taken together, these data 

indicate that Rab44 overexpression inhibits osteoclast differentiation. 
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EGFP-Rab44 is localized in the Golgi complex and lysosomes, and Rab44 overexpres-

sion causes an enlargement of early endosomes 

To explore the subcellular localization of Rab44 in RAW-D cells, we compared the 

localization of EGFP-Rab44 against several organelle marker proteins. EGFP-Rab44 was 

partially co-localized with GM130 (Golgi) and LAMP1 (late endosomes/lysosomes), but not 

with KDEL (endoplasmic reticulum; ER) and EEA1 (early endosomes) (Fig. 3). These data 

indicate that Rab44 is localized in the Golgi complex, late endosomes and lysosomes in 

RAW-D cells. 

During morphological observation, we noticed that Rab44 overexpression causes en-

largement of EEA1-positive early endosomes. Confocal microscopic analysis using 3D-im-

age software revealed that the number of EEA1-positive compartments was significantly in-

creased following overexpression of Rab44 compared with control cells (Fig. 4A). Moreover, 

the size of EEA1-positive early endosomes in Rab44-overexpressing RAW-D cells was 

slightly larger than that in control EGFP-expressing cells, although there was no statistically 

significant difference between them (Fig. 4A). However, such morphological alterations 

were not observed in LAMP-1-positive late endosomes/lysosomes or GM130-positive Golgi 

complex between control and Rab44-overexpressing cells (Fig. 4B and C). 

 

The coiled-coil domain and lipidation sites of Rab44 is important for regulation of os-

teoclast differentiation 

The deduced amino acid sequences of Rab44 cDNA show that human Rab44 encodes an N-

terminal EF-hand domain, a mid-region coiled-coil domain, and a C-terminal Rab-GTPase 

domain, while mouse Rab44 lacks the N-terminal EF-hand domain. At the C-terminus, 

Rab44 contains possible lipidation sites at 723 and 724 residues. We, therefore, constructed 
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some mutants, such as coiled-coil domain deletion (Δcoiled-coil), Rab domain deletion 

(ΔRab), and point mutants (C723A, C723A/C724A) as well as the wild-type (WT) (Fig. 5A). 

The mRNA levels of the transfected mutants in RAW-D cells were remarkably different (Fig. 

5B). When we confirmed the protein levels of these mutants, we found that the ΔRab protein 

was undetected, but its mRNA was detectable, suggesting that this mutant was degraded as 

a misfolded protein (Fig. 5C). The localization of the point mutant C723A or C723A/C724A 

was dispersed throughout the cytoplasm, while that of WT or Δcoiled-coil cells was detected 

in punctate structures in the cells (Fig. 5D). Upon RANKL stimulation, TRAP staining re-

vealed that WT-overexpressing osteoclasts were of markedly smaller size compared to con-

trol (EGFP) osteoclasts (Fig. 5E). The Δcoiled-coil mutant-overexpressing osteoclasts dis-

played a similar to that of control osteoclasts (Fig. 5E). the mutants of C723A, C723A/C724A 

expressing cells were of moderately smaller size (Fig. 5E). Indeed, the number of TRAP-

positive MNCs expressing Δcoiled-coil mutant was markedly increased than that in WT-

overexpressing osteoclasts (Fig. 5F). However, the ΔRab had inhibitory effects on osteoclast 

differentiation, although the detailed mechanisms are currently unknown (Fig. 5E). These 

results indicate that the lipidation sites at 723 and 724 are important, and the coiled-coil do-

main of Rab44 is essential for regulation of osteoclast differentiation, and that the Rab do-

main is required for protein expression. 

 

Rab44 modulates NFATc1 signaling in RANKL-stimulated macrophages 

To analyze molecular mechanisms regulating activation of Rab44-overexpressing osteo-

clasts, we investigated signaling of control and Rab44-overexpressing RAW-D macrophages 

following stimulation with RANKL (Fig. 6). Importantly, western blot analysis revealed that 

NFATc1 expression level was markedly decreased in Rab44-overexpressing RAW-D cells 
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compared with cells expressing the control (EGFP) (Fig. 6A). In addition, the protein levels 

of c-fms, M-CSF receptor, and RANK, RANKL receptor, in Rab44-expressing RAW-D cells 

were lower than in control cells (Fig. 6A). The phosphorylation levels of p-38, IκBα and JNK 

were slightly decreased in Rab44-expressing RAW-D cells compared to the control cells, 

although the phosphorylation levels of Akt and Erk were indistinguishable between control 

and Rab44-expressing RAW-D macrophages (Fig.6B). Conversely, upon transfection with 

siRNA for 2 days, the NFATc1 expression level in Rab44-knockdown osteoclasts was ap-

parently higher than that in control cells (Fig. 6 C). Moreover, we examined the signaling 

pathways of the control and Rab44-knockdown BMMs following stimulation with M-CSF 

(Fig 6D). The phosphorylation levels of p-38 were slightly increased in Rab44-depleted 

BMMs at 5 or 10 min compared to the control cells. Conversely, the phosphorylation levels 

of Akt and Erk were slightly increased in Rab44-depleted BMMs. (Fig. 6 D). These results 

indicate that overexpression of Rab44 predominantly affects the NFATc1 expression levels; 

however, other signaling pathways were also slightly affected. 

Rab44 regulates lysosomal Ca2+ influx and acidic pH in the endosomes/lysosomes 

Because NFATc1 is amplified by transient intracellular Ca2+oscillations, we assumed 

that Rab44-knockdown RAW-D cells exhibit elevated intracellular Ca2+ fluxes following 

stimulation with RANKL. When we measured the intracellular Ca2+ levels in macrophages 

treated with RANKL, confocal laser-scanning microscopic analysis revealed that the Ca2+ 

levels were significantly higher in Rab44-knockdown cells than in control cells (Fig. 7A-C). 

To examine the effects of compounds other than RANKL on Ca2+ fluxes, we tested ionomy-

cin, a selective Ca2+ ionophore (Fig. 7D, E). Treatment with ionomycin enhanced the intra-

cellular Ca2+ influx in Rab44-knockdown cells compared with control cells (Fig. 7D, E). 

Considering that Rab44 is localized in the Golgi complex and late endosomes/lysosomes, we 
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evaluated calcium release from the lysosome by using mucolipin synthetic agonist 1 (ML-

SA1), which is a specific agonist for the lysosomal calcium channels including transient re-

ceptor potential channel mucolipins (TRPML1-3) [22,23]. Treatment of Rab44-depleted 

cells with ML-SA1 significantly increased Ca2+ fluxes compared to control group (Fig. 7F, 

G). Since the lysosomal Ca2+ levels are regulated by acidic pH, we measured the endoso-

mal/lysosomal pH within the cells by incubation with LysoSensor. Rab44-knockdown cells 

showed a lower endosomal/lysosomal pH than control cells. (Fig. 7H). These results indicate 

that Rab44 knockdown enhanced lower pH in the endosomes and lysosomes. Taken together, 

these findings indicate that Rab44 knockdown enhances the Ca2+-NFATc1 signaling pathway 

in osteoclasts and increases Ca2+ oscillations by mainly regulating lysosome-operated Ca2+-

influx. 

 

Discussion 

In this study, we have demonstrated the increase in Rab44 expression during osteoclast 

differentiation. Rab44-knockdown osteoclasts showed multinucleated and giant cells, in-

creased expression of osteoclast differentiation marker genes, and increased bone resorbing 

activity. Conversely, Rab44 overexpression prevented osteoclast differentiation with de-

creased expressions of osteoclast differentiation marker genes. The EGFP-Rab44 protein was 

localized in the Golgi complex and lysosomes, and Rab44 overexpression caused an enlarge-

ment of early endosomes. Among several mutants that were constructed, osteoclasts express-

ing Δcoiled-coil mutant displayed a phenotype similar to that of the control osteoclasts indi-

cating that the coiled-coil domain of Rab44 is essential for regulation of osteoclast differen-

tiation. Among the 6 major signaling pathways involved in the osteoclast differentiation, 



22 

Rab44 mostly affected NFATc1 signaling in RANKL-stimulated macrophages. Upon treat-

ment with RANKL, the intracellular Ca2+ levels were significantly higher in Rab44-depleted 

cells than those in control cells, and particularly regulated lysosomal Ca2+ influx. Thus, it is 

likely that Rab44 negatively regulates osteoclast differentiation and function by modulating 

intracellular Ca2+ influx followed by NFATc1 activation.  

Although Rab44 was mainly localized in the Golgi complex and lysosomes, Rab44 over-

expression caused an enlargement of early endosomes. Similar results in macrophages have 

been observed with Rab20, which is localized in many components of the endocytic pathway, 

including the ER, Golgi apparatus, and phagosomes [24]. Rab20 overexpression induces a 

dramatic enlargement of early and late endosomes, suggesting that this enlargement might 

be a result of homotypic fusion promoted by Rab20 [24]. In addition to morphological 

changes, Rab44 functionally affected the acidic pH in the endosomes/lysosomes. These re-

sults indicate that Rab44 probably modulates lysosomal functions. Considering that Rab44 

overexpression causes an enlargement of early endosomes, it is likely that Rab44 regulates 

the endocytic pathways among the Golgi-endosomes-lysosomes. 

Several lines of evidence indicate that lysosomal Ca2+ levels depend on lysosomal pH 

[25]. Regulation of lysosomal Ca2+ levels is governed by TRPMLs, which are permeable to 

monovalent cations and to Ca2+ among other divalent cations [26,27]. Importantly, their cur-

rent is regulated by luminal pH. Our results show that Rab44 affects lysosomal pH and Ca2+ 

influx. Consistent with our findings, a recent study has shown that lysosomal Ca2+ influx is 

essential for osteoclast differentiation [23]. Deficiency of TRPML1 in mice or pharmacolog-

ical inhibition of lysosomal Ca2+ influx by ML-SA1 markedly reduced osteoclast differenti-

ation owing to lack of RANKL-induced cytosolic Ca2+ oscillations [23]. Thus, it is possible 

that Rab44 directly regulates lysosomal Ca2+ influx during osteoclastogenesis. 
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The finding that Rab44 regulates intracellular Ca2+ levels may be explained by their 

genetic structure. In general, Rab44 encodes EF-hand motifs, a coiled-coil domain, and a Rab 

GTPase domain. Rab44 containing the EF-hand motifs are conserved in vertebrates, includ-

ing human, rat etc. However, because mouse Rab44 lacking the EF-hand motif functions in 

the regulation of intracellular Ca2+ levels, the other domain(s) still function regulation of 

intracellular Ca2+ levels. This notion is consistent with that of the Δcoiled-coil mutant. There-

fore, the observation that the Δcoiled-coil mutant lacks the inhibitory effects on osteoclast 

differentiation implies that coild-coil domain may be involved in the regulation of intracel-

lular Ca2+ levels. 

So far, several large Rab GTPases have been identified, including Rab 44, Rab45 and 

CRACR2A (Ca2+ release–activated Ca2+ channel regulator 2A) [5]. Among these, the gene 

structure and function of Rab44 are reminiscent of those of CRACR2A. CRACR2A is a 

lymphocyte-specific large Rab GTPase that contains multiple functional domains, including 

EF-hand motifs, a coiled-coil domain, and a Rab-GTPase domain [28]. Moreover, studies 

using gene silencing in cells and knockout mice indicate that CRACR2A deficiency impairs 

the Ca2+-NFAT signaling pathway in mouse T cells [28,29]. CRACR2A has been shown to 

be directly associated with Orai1 channels and stromal interaction molecule 1 (STIM1) 

[30,31]. Several lines of evidence indicate that when the Ca2+sensor STIM1 recognizes de-

pletion of ER-stored Ca2+ levels, it translocates to the ER–plasma membrane junctions, in-

ducing plasma membrane Ca2+ entry through the Orai1 channels [32-35]. Therefore, Rab44 

may interact with a Ca2+-regulating protein(s). Given that Rab44 and its binding proteins 

regulates lysosomal Ca2+ entry, it is of importance to determine the similarities or differences 

between Rab44 and CRACR2A, and to further investigate the Rab44 binding protein(s) like 

Orai1 and STIM1. 
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In conclusion, this study shows that Rab44 negatively regulates osteoclast differentia-

tion by modulating intracellular Ca2+ levels followed by NFATc1 activation. 
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Figure Legends 

 

Figure 1 - Upregulation of Rab44 during osteoclastogenesis and knockdown of Rab44 

in RAW-D-derived osteoclasts. 

A  List of upregulated transcripts in osteoclasts cultured under rapid differentiation con-

ditions compared to those under slow differentiation conditions. Bone marrow-macrophages 
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were cultured on plastic plate (rapid differentiation conditions) and dentin (slow differentia-

tion conditions) for 72 h in the presence of M-CSF (30 ng/mL) and RANKL (50 ng/mL). 

Total RNA from these cells was analyzed by Affymetrix Microarray system. 

B Quantitative RT-PCR analysis of Rab44mRNA expression levels in RANKL-stimu-

lated RAW-D cells. The data are represented as mean ±SD of values from three independent 

experiments. **P < 0.01; compared with the control cells. 

C Knockdown efficacy was evaluated by measuring the Rab44 mRNA levels. After in-

cubation with RANKL (100 ng/mL) for 24h, cells were transfected with control or Rab44-

specific siRNA (10 pmol) for an additional 24 h in the presence of RANKL. **P < 0.01; 

compared with the control cells. 

D  RAW-D cells were transfected with either control or Rab44-specific siRNA. Follow-

ing stimulation with RANKL (100 ng/mL) for 72 h, osteoclasts were analyzed by TRAP-

staining. Bars, 200 μm. 

E The number of TRAP-positive multinucleated osteoclasts per viewing field was 

counted. **P < 0.01; compared with the control cells. 

F Total nucleus number of TRAP positive multinucleated osteoclasts, but not TRAP neg-

ative mononucleated cells following a 72 h culture, was counted and classified per viewing 

field. 

 

Figure 2 - Overexpression of Rab44 in RAW-D cells 

A RAW-D cells were transduced with either retrovirus vector containing EGFP-tagged 

Rab44 or only EGFP (control). The cultured cells were harvested at day 3 and lysates were 

subjected to western blot analysis with anti-GFP antibody or anti-β actin antibody as a con-

trol. 
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B Quantitative RT-PCR analysis of the Rab44 mRNA expression levels in RAW-D cells 

expressing EGFP or EGFP-Rab44 after 4days stimulation with RANKL. The data are repre-

sented as mean ± SD of values from five independent experiments. **P < 0.01; compared 

with the control cells. 

C Knockdown efficacy was evaluated by measuring by Rab44mRNA levels in EGFP-

Rab44-expressing RAW-D cells transfected together with control or Rab44 siRNA after 4 

days RANKL stimulation. **P < 0.01; compared with the control cells. 

D The EGFP and EGFP-Rab44-overexpressing RAW-D cells were cultured with 

RANKL (100 ng/ml) for the 4 days. The cells were fixed and stained for TRAP. Bars, 200 

μm. 

E The number of TRAP-positive MNCs in control and Rab44-overexpressing cells was 

counted at indicated day. **P < 0.01; compared with the control cells. 

F Rab44-overexpressing RAW-D cells were transfected with control or Rab44-specific 

siRNA for 24 h, and stimulated with RANKL (100 ng/ml) for the 4 days. The cells were 

fixed and stained for TRAP. Bars, 200 μm. 

G The number of TRAP-positive MNCs in Rab44-overexpressing cells transfected with 

control or Rab44 siRNA was counted at the indicated day. **P < 0.01; compared with the 

control cells. 

 

Figure 3 - Subcellular localization of EGFP-Rab44-overexpressing RAW-D cells. 

The cells on cover glasses were fixed, permeabilized with 0.2% Triton X-100 in PBS, and 

then allowed to react with antibodies against (A) KDEL (marker for ER), (B) GM130 (marker 

for the Golgi complex), (C) LAMP1 (marker for late endosomes/lysosomes), and (D) EEA1 
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(marker for early endosomes). After washing, the samples were incubated with a fluores-

cence-labeled secondary antibody and then were visualized by confocal laser microscopy. 

Bar: 10 μm. 

 

Figure 4 - Comparison of organelle size between EGFP-Rab44-overexpressing and con-

trol RAW-D cells. 

The cells on cover glasses were fixed, permeabilized with 0.2% Triton X-100 in PBS, and 

then allowed to react with antibodies against (A) EEA1 (B) LAMP1, and (C) GM130 on the 

cover glasses. After washing, the samples were incubated with a fluorescence-labeled sec-

ondary antibody and then were visualized by confocal laser microscopy. The data are repre-

sentative of five independent experiments. Bar: 10 μm. The number of these organelles as 

particles per a cell was quantified from images obtained by confocal microscopy using 

IMARIS 6.0 software (Bitplane, Zurich, Switzerland). Data are the means and standard de-

viation from three independent experiments. The particle size was measured by (μm3) using 

IMARIS and classified. **P < 0.01, compared with the control cells. 

 

Figure 5- Effects of expression of Rab44 mutants on osteoclast differentiation 

A Schematic representation of mouse Rab44 and its mutants used in this study. Rab44 

consists of a coiled-coil domain, and a Rab domain. Lipidation sites are at amino acid resi-

dues of 723 and 724  

B Quantitative RT-PCR analysis of Rab44 mRNA expression levels of osteoclasts ex-

pressing EGFP-tagged Rab44 mutants.  

C Cell lysates (same protein amounts) were subjected to SDS-PAGE followed by west-

ern blotting with antibodies against GFP or GAPDH (control). 
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D Typical EGFP fluorescence images of RAW-D cells expressing EGFP-Rab44 mu-

tants and WT. The cells on cover glasses were fixed, and then allowed to DAPI staining. 

Bars, 10 μm.  

E Typical TRAP-staining images of osteoclasts expressing EGFP-Rab44 mutants, WT 

and EGFP alone as a control. RAW-D cells expressing the control or Rab44 were cultured 

with RANKL (100 ng/mL) for 4 days. TRAP staining was performed. Bars, 200 μm. 

F The number of TRAP-positive MNCs per viewing field was counted. **P < 0.01, 

compared with the WT cells. 

 

Figure 6- Effects of Rab44 on NFATc1 signaling in RANKL-stimulated macrophages 

A Control or Rab44-expressing RAW-D cells were cultured with RANKL (100 ng/ml) 

for 1 day. Cell lysates (same protein amounts) were subjected to SDS-PAGE followed by 

western blotting with antibodies against NFATc1, c-fms, RANK, and GAPDH (control). 

B Control or Rab44-expressing RAW-D cells were pre-incubated for 2 h in serum free 

media in the absence of RANKL. After adding RANKL, the cells were incubated for the 

indicated times, consequently harvested. Cell lysates (same protein amounts) were subjected 

to SDS-PAGE followed by western blotting with antibodies to p-p-38, p-38, p-IκBα, IκBα, p-

JNK, JNK, p-Akt, Akt, p-Erk, Erk, and GAPDH (control). 

C The protein levels of NFATc1 in the control and Rab44-knockdown cells after RANKL 

stimulation. Control or Rab44-knockdown cells were cultured with RANKL (100 ng/mL) for 

2-4 days. Cell lysates (same protein amounts) were subjected to SDS-PAGE followed by 

western blotting with antibodies against NFATc1, and GAPDH (control). 

D The control or Rab44-knockdown bone marrow-macrophages (BMMs) were pre-incu-

bated for 2 h in serum free media in the absence of M-CSF. After adding M-CSF (50 ng/mL), 
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the cells were incubated for the indicated time periods, and subsequently harvested. Cell ly-

sates (equivalent protein amounts) were subjected to SDS-PAGE followed by western blot-

ting with antibodies to p-p-38, p-38, p-Akt, Akt, p-Erk, Erk, and GAPDH (control). 

 

Figure 7- Effects of Rab44 on lysosomal Ca2+ influx and acidic pH in the endosomes/ly-

sosomes 

A Ca2+ oscillations in control and Rab44-knockdown RAW-D cells after RANKL treat-

ment. Cells were stimulated with RANKL (100 ng/mL) for 24 h, and then transfected with 

control or Rab44 siRNA for further 24 h. The cells were washed and then loaded with 3 μM 

Fluo 4-AM, or 3 μM Fura Red AM for 1 h in serum-free α-MEM. The cells were then washed 

and analyzed by confocal laser-scanning microscopy. Data show the results obtained from 4 

cells. 

B Mean wave height of Ca2+ oscillations in control and Rab44-knockdown RAW-D 

cells after RANKL-treatment. Each column indicates mean± SD. Results are representative 

of 10 cells. **P < 0.01. compared with the control cells. 

C Mean frequency of Ca2+ oscillations in the control and Rab44-knockdown cells after 

RANKL-treatment. Each wave height 0.05 or more (ratio) were counted. Each column indi-

cates mean± SD. Results are representative of 10 cells. **P < 0.01. 

D, F Effects of ionomycin or ML-SA1 on the RANKL-induced Ca2+ levels. Cells were 

stimulated with RANKL for 24 h, and then was transfected with control or Rab44 siRNA for 

24 h. Subsequently, cells were loaded with 3 μM Fluo 4-AM, or 3 μM Fura Red AM for 1 h 

in serum-free α-MEM. Cells were stimulated with 10 μM ionomycin (D) or 20 μM ML-SA1 

(F), and consequently analyzed by confocal laser-scanning microscopy. Results are repre-

sentative of 30 cells, and are expressed as mean ± SD for 5 independent experiments 
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Arrow indicates the point of addition of 10 μM ionomycin (D) or 20 μM ML-SA1 (F). 

E, G  Mean wave height of Ca2+ oscillations in the control and Rab44-knockdown cells 

after RANKL-treatment in the absence (-) or presence (+) of 10 μM ionomycin (E) or 20 μM 

ML-SA1 (G). Each column indicates mean± SD. Number of cells studied was 30 cells. **P 

< 0.01. Results are representative of 5 independent experiments. 

H Measurement of lysosomal pH in control and Rab44-knockdown cells. Cells were 

stimulated with RANKL for 24 h, and then was transfected with control or Rab44 siRNA, 

and concomitantly incubated with LysoSensor yellow/blue dextran in control or Rab44-

knockdown cells for 24 h. After washing with PBS, the fluorescence in each cell type was 

measured by the emission intensity ratio at 430 and 535nm using an excitation at 340 nm. 

**P < 0.01. compared with the control cells. 

 

Supplement Figure Legends 

 

Figure S1- Effects of Rab44 on osteoclastogenesis of bone marrow-derived macro-

phages (BMMs). 

A Quantitative RT-PCR analysis for Rab44 mRNA expression levels in the bone marrow-

macrophages (BMMs) stimulated with M-CSF (30 ng/mL) and RANKL (100 ng/mL) at 0–

3 days. The data are represented as mean ±SD of values from three independent experiments. 

**P < 0.01; compared with the control cells. 

B Knockdown efficacy of BMM-derived osteoclasts was evaluated by measuring the 

Rab44 mRNA levels. After incubation with M-CSF (30 ng/mL) and RANKL (100 ng/mL) 

for 24h, the cells were transfected with control or Rab44-specific siRNA (10 pmol) for an 
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additional 24 h in the presence of M-CSF and RANKL. **P < 0.01; compared with the con-

trol cells. 

C BMMs were transfected with either control or Rab44-specific siRNA. Following stim-

ulation with M-CSF (30 ng/mL) and RANKL (100 ng/mL) for 72 h, osteoclasts were ana-

lyzed by TRAP-staining. Bars, 200 μm. 

D The number of TRAP-positive multinucleated osteoclasts per viewing field was 

counted. **P < 0.01; compared with the control cells. 

 

Figure S2- Comparison of mRNA levels of various osteoclast marker proteins in Rab44-

knockdown and control cells. 

A, RAW-D cells were cultured with RANKL (100 ng/mL) for 2 days. After mRNA isolation 

from these cells, RT-PCR was performed. **P < 0.01, compared with the control cells. 

B, Bone marrow-derived macrophages (BMMs) were cultured with M-CSF (30 ng/mL) and 

RANKL (100 ng/mL) for 4 days. RT-PCR was performed on the mRNA isolated from these 

cells. **P < 0.01; compared with the control cells. 

 

Figure S3- Effects of Rab44 on the bone resorbing activity of osteoclasts. 

A, E RAW-D cells were seeded onto Osteo Assay Stripwell Plates with RANKL (500 

ng/mL) for 7 days. Photographs of the bone resorbing activity of each osteoclast. Bars, 400 

μm. 

B, F The resorption area was determined using Image J software. (significance compared 

with control or transfected cells. **P < 0.01). 

C Bone marrow-derived macrophages (BMMs) were seeded onto dentin slices with M-

CSF (30 ng/mL) and RANKL (500 ng/mL) for 7 days. Images of the bone resorbing activity 
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of each osteoclast. Bars, 100 μm.  

D The resorption area was determined using Image J software. (significance compared 

with the control transfected cells, **P < 0.01).  

 

Figure S4- Comparison of mRNA levels of various osteoclast marker proteins in Rab44-

overexpressing and control cells. 

RAW-D cells were cultured with RANKL (100 ng/ml) for 3 days. After isolation of mRNA 

in these cells, RT-PCR was performed. **P < 0.01, compared with the control cells. 
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Supplement Figure 2 (Continued)
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