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Abstract

Lysosomal Ca2+ emerges as a critical component of receptor-evoked Ca2+ signaling and plays a 

crucial role in many lysosomal and physiological functions. Lysosomal Ca2+ release is mediated 

by the transient receptor potential (TRP) family member TRPML1, mutations that cause the 

lysosomal storage disease mucolipidosis type 4. Lysosomes play a key role in osteoclast function. 

However, nothing is known about the role of lysosomal Ca2+ signaling in osteoclastogenesis 

and bone metabolism. In this study, we addressed this knowledge gap by studying the role of 

lysosomal Ca2+ signaling in osteoclastogenesis, osteoclast and osteoblast functions, and bone 

homeostasis in vivo. We manipulated lysosomal Ca2+ signaling by acute knockdown of TRPML1, 

deletion of TRPML1 in mice, pharmacological inhibition of lysosomal Ca2+ influx, and depletion 

of lysosomal Ca2+ storage using the TRPML agonist ML-SA1. We found that knockdown and 
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deletion of TRPML1, although it did not have an apparent effect on osteoblast differentiation 

and bone formation, markedly attenuated osteoclast function, RANKL-induced cytosolic Ca2+ 

oscillations, inhibited activation of NFATc1 and osteoclastogenesis-controlling genes, suppressed 

the formation of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells (MNCs), 

and markedly reduced the differentiation of bone marrow–derived macrophages into osteoclasts. 

Moreover, deletion of TRPML1 resulted in enlarged lysosomes, inhibition of lysosomal secretion, 

and attenuated the resorptive activity of mature osteoclasts. Notably, depletion of lysosomal 

Ca2+ with ML-SA1 similarly abrogated RANKL-induced Ca2+ oscillations and MNC formation. 

Deletion of TRPML1 in mice reduced the TRAP-positive bone surfaces and impaired bone 

remodeling, resulting in prominent osteopetrosis. These findings demonstrate the essential role of 

lysosomal Ca2+ signaling in osteoclast differentiation and mature osteoclast function, which play 

key roles in bone homeostasis.
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Introduction

Bone remodeling is a basic and essential process in maintaining bone homeostasis, which is 

delicately controlled by a balance between the activity of osteoclasts and osteoblasts.(1) The 

major function of osteoclasts in bone homeostasis is demineralization of the bone matrix. 

Abnormal differentiation of osteoclasts or aberrant activity of mature osteoclasts are the 

major causes of bone disorders, including osteoporosis and osteopetrosis.(2) Considering that 

fully matured osteoclasts no longer have the ability to replicate and mature osteoclasts have 

a relatively short lifespan, modulating the differentiation of precursor cells into osteoclasts to 

induce bone resorptive activity has been regarded as key to treating bone disorders caused by 

the disruption of bone homeostasis. Bone homeostasis can also be modulated by altering the 

function of the bone-forming osteoblasts.

Ca2+ signaling is the main pathway mediating osteoclastogenesis and bone remodeling.(3–5) 

A key regulator of osteoclast differentiation and function is the receptor activator of NF-κB 

ligand (RANKL) that acts on the RANK receptor.(6) Long-term RANKL treatment (24 to 

72 hours) induces cytosolic Ca2+ ([Ca2+]i) oscillations that require several components of 

the Ca2+ signaling pathway.(7–10) The core Ca2+ signaling pathway activated by Gq, Gi, 

and tyrosine kinase-coupled receptors entails the activation of phospholipase C to hydrolyze 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] and generation of inositol triphosphate 

(IP3) in the cytosol. IP3 activates the IP3 receptors Ca2+ channels to release Ca2+ from the 

endoplasmic reticulum (ER), which is followed by stromal interaction molecule (STIM) 

1-dependent activation of the plasma membrane store-operated Orai1 and TRPC Ca2+ 

influx channels.(11) The increase in [Ca2+]i levels inhibits the Ca2+ influx channels and 

activates both the ER-localized sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) 

and the plasma membrane-localized plasma membrane Ca2+-ATPase (PMCA) Ca2+ pumps 

to restore basal [Ca2+]i level.(12) This cycle is repeated to evoke Ca2+ oscillations.
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Another, much less defined and understood component of the Ca2+ signal is Ca2+ 

release from intracellular organelles, primarily the lysosomes.(13) With identification of 

the lysosomal Ca2+ release channels, recent studies began to reveal the features and roles 

of lysosomal Ca2+ homeostasis. Two Ca2+ permeable channels have been identified in the 

lysosomes: the two pore channels (TPCs) TPC1 and TPC2; and transient receptor potential 

mucolipin subfamily 1 (TRPML1), also known as MCOLN1, a member of the TRP channel 

superfamily.(14) The TPCs are required for nicotinic acid adenine dinucleotide phosphate 

(NAADP)-mediated Ca2+ release from endosomes and lysosomes,(13) whereas TRPML1 is 

the primary channel mediating lysosomal Ca2+ release.(14)

TRPML1 plays crucial roles in lysosomal trafficking and various lysosomal functions.
(15,16) Loss-of-function mutations in MCOLN1 cause mucolipidosis type IV (MLIV), 

a lysosomal storage disorder.(17) MLIV cells are characterized by dysfunction of the 

lysosomes due to lysosomal accumulation of unprocessed lipids and polysaccharides.(18,19) 

Consequently, MLIV cells display defects in the fusion of late endosomes to lysosomes, 

lysosomal degradation, lysosomal exocytosis,(20–22) phagocytosis,(23) membrane repair,(24) 

and metabolic sensing,(25) all of which are essential cellular functions for bone remodeling. 

However, the role of lysosomal Ca2+ signaling and TRPML1 in bone remodeling remains 

unclear.

The binding of RANKL to the RANK receptor initiates a signaling cascade that 

mediates the differentiation of hematopoietic stem cells into osteoclasts.(6) A key step 

in the cascade is the RANKL-evoked Ca2+ oscillations through co-stimulatory signals 

of the Fc receptor common γ subunit (FcRγ) and the DNAX-activating protein 12 

(DAP12).(4) [Ca2+]i oscillations subsequently activate nuclear factor of activated T cells, 

cytoplasmic 1 (NFATc1), which orchestrates the late stage of osteoclastogenesis.(3) 

Numerous studies revealed that RANKL-induced [Ca2+]i oscillations involve mobilization 

of internal Ca2+ stores,(7,8,26) with the main Ca2+ store assumed to be exclusively that 

in the ER.(27) However, recent work revealed that the ER Ca2+ store communicates with 

the lysosomal Ca2+ store to trigger the Ca2+ signal and modulate its functions.(28,29) 

Osteoclast precursor cells and mature osteoclasts are rich in lysosomes and the role and 

function of the osteoclastic lysosomal Ca2+ store in cell differentiation and function is 

unknown. Elucidating the role of the lysosomal Ca2+ stores in RANKL-mediated Ca2+ 

oscillations, NFATc1 activation and osteoclastogenesis is essential for understanding bone 

homeostasis. In the present study, we determined the role of lysosomal Ca2+ signaling 

in osteoclastogenesis and bone remodeling in vivo, using a mouse model of MLIV, 

generated by deletion of TRPML1. Multiple assays of osteoclast differentiation and function 

and analysis of bone structure reveal the crucial role of lysosomal Ca2+ signaling in 

osteoclastogenesis and bone-resorptive activity, which are essential processes in bone 

remodeling.

Materials and Methods

Animals and reagents

All animal experiments were conducted according to protocols approved by the Institutional 

Animal Care and Use Committee of Wonkwang and Yonsei Universities. Mice (C57BL/
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6×129SV mixed background) were housed at 3 to 4 animals per cage under specific 

pathogen-free conditions (12/12 hours light/dark cycles, 22±2°C temperature, and 50% 

to 60% humidity). Mice were euthanized by brief exposure to CO2 and cervical 

dislocation. TRPML1−/− mice were generated as described.(30) TRPML1−/− mice and 

matching littermates (4 to 8 weeks old) were used in all experiments. Proximal femoral 

bones were removed and used to prepare bone marrow–derived macrophages (BMMs) 

and bone sections. BMMs were cultured in α-modified minimum essential medium (α-

MEM; Gibco BRL, Grand Island, NY, USA), supplemented with 10% fetal bovine serum 

(FBS) and incubated in 5% CO2 atmosphere. Soluble RANKL and macrophage colony 

stimulating factor (M-CSF) were purchased from KOMA Biotech (Seoul, Republic of 

Korea). Glycyl-phenylalanine-2-naphthylamide (GPN), bafilomycin A1, Fura-2/AM, ML-

SA1, cyclopiazonic acid (CPA), and anti-LAMP1 were purchased from Sigma Aldrich (St. 

Louis, MO, USA). Anti-TRPML1 was obtained from Abcam (Cambridge, MA, USA). 

Anti-NFATc1 and -β-actin antibodies were obtained from Santa Cruz Biotechnology, Inc. 

(Santa Cruz, CA, USA).

Acute knockdown of TRPML1, using retroviral system

RNAi oligonucleotides (TRPML1, 5′-CCTCACACTGAAATTCCAC-3′ and GFP as 

negative control, 5′-CATGGAT GAACTATACAAA-3′; Integrated DNA Technologies, 

Coralville, IA, USA) were inserted into the retroviral short hairpin RNA vector (pSUPER-

retro-puro; OligoEngine, Seattle, WA, USA). These retroviral vectors were transiently 

transfected into the packaging cell line, Plate-E (Cell Biolabs, San Diego, CA, USA), 

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and incubated for 24 hours. 

Supernatants containing virus particles were harvested and used for acute knockdown of 

TRPML1. Cultured BMMs were infected with the virus and incubated for 2 days before 

treatment with RANKL for the indicated times to induce osteoclastogenesis.

Preparation of BMMs and evaluation of osteoclast formation

Murine BMMs were prepared from the proximal femoral bones of 4-week-old to 8-week-old 

mice, as described.(26) Briefly, the bone marrow was flushed out with α-MEM and collected. 

After removal of red blood cells, whole marrow cells were plated on non-coated Petri 

dishes with low concentration of M-CSF (10 ng/mL). BMMs were collected on the next 

day, seeded on culture dishes, and supplemented with 30 ng/mL M-CSF. BMMs were then 

stimulated with RANKL (50 ng/mL) for the indicated times to induce the differentiation of 

BMMs to osteoclasts.

Osteoclast formation was evaluated by seeding BMMs on 24-well culture dishes at a 

density of 1.2×105 cells per well and culturing under the conditions detailed in “Animals 

and reagents” and subsequent cytochemical staining for tartrate resistant acid phosphatase 

(TRAP), as described.(31) Briefly, cells were fixed with 10% formalin and permeabilized 

with 1:1 mixture of methanol and acetone. The cells were then treated with TRAP staining 

buffer (Sigma Aldrich, St. Louis, MO, USA) for 30 min at 37°C.
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Measurement of secreted TRAP activity

BMMs were seeded on 24-well culture dishes at a density of 1.2×105 cells per well. The 

following day, cells were treated with RANKL (50 ng/mL) for a total of 9 days. Every 3 

days, the culture medium was collected and exchanged with fresh medium. The collected 

medium, which contained the secreted TRAP, was used to measure TRAP activity. To 

calculate the percentage of secreted TRAP, at the end of each incubation interval of 3, 6, and 

9 days, cells in parallel wells, which were seeded and incubated under the same conditions, 

were lysed and used for measuring total TRAP, in addition to measuring secreted TRAP 

in the medium. Secreted TRAP is calculated as a percentage of the respective total and is 

presented as fold change relative to 3-day wild-type (WT) without RANKL. TRAP activity 

was determined by incubating the samples with p-nitrophenyl phosphate (Sigma-Aldrich, St. 

Louis, MO, USA) for 30 min at 37°C and measuring optical density (OD) at 405 nm.

[Ca2+]i measurement

[Ca2+]i was determined using Ca2+-sensitive fluorescence dye Fura-2, as described.(26) 

Briefly, BMMs were plated on cover glass at 80% confluence and incubated for 48 hours 

with or without RANKL (50 ng/mL). The cells were then loaded with Fura-2 by incubation 

with 5 μM Fura-2 AM for 50 min at 37°C. The cover glasses were assembled into a 

perfusion chamber, and cells were continuously perfused with HEPES-buffered medium 

containing 10 mmol/L HEPES, 140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1 

mmol/L CaCl2, and 10 mmol/L glucose, adjusted to pH 7.4 and 310 mOsm (designated as 

HEPES buffer). Test compounds were diluted with the HEPES buffer. Fura-2 fluorescence 

was measured using excitation wavelengths of 340 and 380 nm and the emission wavelength 

of 510 nm using a charge coupled device (CCD) camera. Captured images were digitized 

and analyzed using MetaFluor software (Molecular Devices Corporation, Downingtown, PA, 

USA). The fluorescence is presented as F340/F380 ratio.

RT-PCR and real-time qPCR

BMMs were incubated with RANKL for the indicated time and total RNA was extracted 

with Trizol (Invitrogen, Carlsbad, CA, USA). One microgram of total RNA was transcribed 

to first-strand cDNA with random hexamers. Real-time qPCR was performed using the 

VeriQuest SYBR Green qPCR master mix (Affymetrix, Santa Clara, CA, USA) and 

StepOnePlus Real-Time PCR system (Applied Biosystems, Inc., Foster City, CA, USA). 

Results were normalized to those of the housekeeping gene GAPDH. Primers used in this 

study are the following; (TRPML1: forward 5′-ATC TAC CTG GGC TAT TGC TTC TGT 

G-3′, reverse 5′-TGT CGT TC CGT TGA TGA GTG A-3′; TRAP forward 5′-CTG GAG 

TGC ACG ATG CCAGCG ACA-3′, reverse 5′-TCC GTG CTC GGC GAT GGA CCA 

GA-3′; c-Fos forward 5′-CTG GTG CAG CCC ACT CTG GTC-3′, reverse 5′-CTT TCA 

GCA GAT TGG CAA TCT C-3′; Oscar forward 5′-CTG CTG GTA ACG GAT CAG CTC 

CCC AGA-3′, reverse 5′-CCA AGG AGC CAG AAC CTT CGA AAC T-3′; GAPDH 

forward 5′-TGC CAG CCT CGT CCC GTA GAC-3′, reverse 5′-CCT CAC CCC ATT TGA 

TGT TAG-3′).
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Pit formation assay

BMMs were seeded on Osteo assay plates (Corning, Corning, NY, USA) coated with a 

proprietary hydroxyapatite mineral surface. Following RANKL stimulation of the BMMs 

for the indicated time, the plates were washed with sodium hypochlorite solution. Pits 

formed on the surface of the hydroxyapatite mineral were measured and analyzed by ImageJ 

software (NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/).

Western blot

BMMs were seeded onto 60-mm dishes at a density of 1×106 cells/dish. Following 

incubation under the indicated conditions, cells were lysed in RIPA buffer (25 mM Tris-

HCL pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing 

protease inhibitors. The cell lysates were centrifuged at 14,000g for 10 min at 4°C. Proteins 

in the supernatants were separated by SDS-PAGE and transferred onto polyvinylidene 

fluoride (PVDF) membranes. Membranes were incubated over-night with antibodies against 

NFATc1 (1:1000), TRPML1 (1:1000), and β-actin (1:2000) and immunoreactive proteins 

were detected using an enhanced chemiluminescence (ECL) detection system.

Visualizing lysosomes in live cells

BMMs were seeded on 35-mm cover-glass-bottom dishes and incubatedwithor without 

RANKL (50 ng/mL)for 48 hours. The cells were then loaded with 1 μM Lysotracker 

(Invitrogen, Carlsbad, CA, USA) for 30 min and used to visualize the lysosomes. Images 

were captured by confocal microscopy and the lysosomal perimeters in randomly captured 

fluorescence images were measured.

Histological analysis

Tibias were isolated and immediately fixed in 4% paraformaldehyde in phosphate-buffered 

saline (PBS), and were then decalcified in EDTA. Processed tissues were embedded in 

paraffin and sectioned to 12 μm thickness. Tissue sections were stained for TRAP. Briefly, 

tissue sections were sequentially deparaffinized, rehydrated, permeabilized, and treated with 

TRAP staining buffer for 30 min at 37°C. Tissue sections were counterstained using Fast 

Green (Sigma Aldrich, St. Louis, MO, USA) and mounted after brief dehydration and 

clearing.

Bone analysis by μCT

Proximal femoral bones and tibias were isolated from 8-week-old TRPML1−/− and WT 

littermates. To avoid differences resulting from setting up the threshold or resolution, 

samples from WT and TRPML1−/− bones were set in one polystyrene holder. Bone 

density was then measured by three-dimensional μCT (SkyScan-1076 high resolution in 

vivo μCT system; SkyScan, Aartselaar, Belgium). Each parameter, including bone volume 

(BV), bone volume per tissue volume (BV/TV), bone mineral density (BMD), trabecular 

number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and structure 

model index (SMI) were calculated by CT analyzer (CTAn) analysis, using cone beam 

reconstruction software.
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Dynamic histomorphometry of bone formation

Dynamic histomorphometry was performed as described.(26) Briefly, 4-week-old mice were 

injected twice with calcein (15 mg/kg intraperitoneally), 2 days apart. Calcein-injected mice 

were euthanized on day 4, and un-decalcified bones were embedded in methyl methacrylate. 

Longitudinal sections (10 μm thick) of the tibias and femurs were prepared and new bone 

formation was assessed by recording calcein fluorescence by confocal microscopy (model 

LSM 700; Zeiss, Inc., Thornwood, NY, USA). The bone formation rate (BFR/BS, μm3/μm2/

day), mineralizing surface (MS/BS, %), and mineral apposition rate (MAR, μm/day) were 

then evaluated.

In vitro osteoblastogenesis assay

Murine bone marrow–derived mesenchymal stromal (BMSC) cells were isolated from the 

femurs of 4-week-old to 6-week-old mice, as described.(32) Briefly, bone marrow was 

flushed out with culture medium (α-MEM) and plated in 48-well plates at a density of 

1.5×105 cells. After 6 days of incubation, the cells were treated with 10 mM β-glycerol 

phosphate and 50 μg/mL L-ascorbic acid (both from Sigma Aldrich, St. Louis, MO, USA) 

to induce osteoblastogenesis. For alkaline phosphate (ALP) staining, cells were fixed with 

70% ethanol for 15 min at room temperature, and then treated for 15 min with a staining 

solution containing 1% N,N-dimethyl formamide, 0.01% naphthol AS-MX (Sigma Aldrich, 

St. Louis, MO, USA) phosphate, and 0.06% fast blue BB. To measure ALP activity, 

culture media was removed, cells were washed with PBS and incubated in lysis buffer 

(Tris-HCl, 150 mM NaCl, 1% Triton X-100) for 1 hour at room temperature. The lysates 

were incubated with 100 μL of ALP substrate (Sigma Aldrich, St. Louis, MO, USA), and 

absorbance resulting from ALP activity was measured at the wavelength of 405 nm.

Statistical analysis

Results were analyzed using SPSS version 14.0 (SPSS Inc., Chicago, IL, USA) and data 

presented as mean±SD of the stated number of observations obtained from the indicated 

number of independent experiments. Statistical differences were analyzed by one-way 

ANOVA followed by Tukey’s post hoc test. Values of p < 0.05 were considered statistically 

significant (*p < 0.05, **p < 0.01).

Results

Acute deletion of TRPML1 suppresses TRAP-positive MNC formation

TRPML1 is one of the lysosomal Ca2+ release channels that initiates the receptor-evoked 

Ca2+ signal, which is required for many lysosomal functions(15) that are crucial for 

the differentiation and physiological functions of osteoclasts.(3,33) Among them are the 

RANKL-elicited [Ca2+]i oscillations that activate the Ca2+/calmodulin–dependent protein 

kinase, the phosphatase, calcineurin, and NFATc1.(3) Moreover, lysosomal exocytosis by 

membrane fusion of lysosomes with the ruffled border membrane mediates acidification of 

the bone surface and releases lysosomal hydrolases that are critical for the demineralization 

of the bone matrix.(33–35) Yet the importance and role of lysosomal Ca2+ signaling in 

osteoclastogenesis and bone remodeling have not been examined. To address this biological 
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question, we manipulated lysosomal Ca2+ signaling by acute knockdown and chronic 

deletion of TRPML1 in mice. We first examined whether TRPML1 is expressed in BMMs 

and the expression level of TRPML1 in response to RANKL-induced osteoclastogenesis. 

Figure 1A, B show that TRPML1 is expressed in BMMs and the expression does not change 

in response to RANKL stimulation. We then acutely knocked down TRPML1 (Fig. 1C) 

and evaluated osteoclast formation induced by RANKL-mediated differentiation of BMMs 

in culture into osteoclasts. Figure 1D shows that knockdown of TRPML1 reduced TRAP-

positive MNC formation by about 50% (n=3) compared to control (shGFP). These findings 

indicated acute requirement for lysosomal Ca2+ release for osteoclastogenesis and prompted 

us to determine the in vivo role of TRPML1 in RANKL-mediated osteoclastogenesis, using 

TRPML1−/− mice.

Lysosomal Ca2+ is required for RANKL-induced [Ca2+]i oscillations

We used pharmacological agents to examine the role of lysosomal Ca2+ in RANKL-induced 

[Ca2+]i oscillations. Figure 2A, B show that rupturing the lysosomes by exposing to 200 

μM GPN and depleting lysosomal Ca2+ by inhibiting the lysosomal V-type H+ pump with 

100 nM bafilomycin A1, efficiently inhibited the [Ca2+]i oscillations. To directly examine 

the involvement of TRPML1 in RANKL-induced [Ca2+]i oscillations, BMMs from WT 

and TRPML1−/− mice were cultured for 48 hour in the presence of RANKL. Figure 2C 

shows that deletion of TRPML1 resulted in 47% and 26% reduction in the frequency 

and amplitude of the Ca2+ spikes, respectively. Reduction in the frequency and amplitude 

of Ca2+ oscillations can be secondary to reduction in ER Ca2+ content or inhibition of 

store-operated Ca2+ influx. The results in Fig. 2D, E exclude these possibilities. Thus, 

releasing the ER Ca2+ pool by inhibiting the SERCA pump with CPA (25 μM) in the 

absence of extracellular Ca2+ showed no difference between WT and TRPML1−/− BMMs, 

both untreated (Fig. 2D) and treated with RANKL (Fig. 2E). Similarly, deletion of TRPML1 

had no effect on the store-mediated Ca2+ influx, assayed by Ca2+ re-addition (Fig. 2D, E). 

Together, the results in Fig. 2 indicate that lysosomal Ca2+ mobilization is essential for 

RANKL-induced [Ca2+]i oscillations.

Lysosomal Ca2+ is required for RANKL-mediated osteoclastogenesis

Reduction in RANKL-induced [Ca2+]i oscillations in TRPML1−/− BMMs may affect 

RANKL-mediated activation of NFATc1 expression and osteoclastogenesis. Indeed, as 

shown in Fig. 3A, B, deletion of TRPML1 suppressed RANKL-mediated NFATc1 

expression and reduced TRAP-positive MNC formation by 46% relative to WT BMMs. 

Accordingly, deletion of TRPML1 reduced the expression of RANKL-mediated induction of 

the osteoclastic gene differentiation, TRAP, c-Fos, and Oscar (Fig. 3C).

Depletion of lysosomal Ca2+ impairs RANKL-mediated osteoclastogenesis similar to 
deletion of TRPML1

To further probe the role of lysosomal Ca2+ homeostasis in osteoclastogenesis, we depleted 

lysosomal Ca2+ with the TRPML activator ML-SA1.(36) The specificity of ML-SA1 in the 

BMMs is shown in Fig. 4A. Treating the cells with 20 μM ML-SA1 resulted in oscillatory 

Ca2+ signals only in WT BMMs and had no effect in TRPML1−/− cells. Importantly, Fig. 

4B shows that exposing RANKL-treated WT BMMs to ML-SA1 reduced the frequency of 
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Ca2+ oscillations similar to that observed in TRPML1−/− BMMs, while having no effect on 

Ca2+ oscillations in TRPML1−/− BMMs. This further establishes the specificity of ML-SA1 

and allowed us to test the effect of depleting lysosomal Ca2+ on osteoclastogenesis. Notably, 

Fig. 4C shows that depleting lysosomal Ca2+ with ML-SA1 suppressed RANKL-induced 

TRAP-positive (TRAP+) MNC formation by about 42% in WT BMMs, while having no 

effect in TRPML1 deficient BMMs. These findings provide additional evidence for the 

importance of lysosomal Ca2+ in RANKL-induced [Ca2+]i oscillations and differentiation of 

osteoclasts.

Impaired lysosomal size and bone-resorptive activity in TRPML1−/− BMMs

The human mucolipidosis type 4 (MLIV) disease and the MLIV mouse model are typified 

by impaired lysosomal function and trafficking.(21) Recently, we reported that the lysosomes 

in secretory cells fuse with secretory organelles resulting in enlarged lysosomal hybrids.(37) 

To determine if the same occurs in the secretory BMMs, we measured lysosomal size in 

undifferentiated and RANKL-differentiated WT and TRPML1−/− BMMs. The lysosomes 

were visualized in live cells treated with or without RANKL for 2 days, loaded with 

Lysotracker, and the perimeter of the lysosomes was measured. Figure 5A shows that 

the lysosomes are significantly larger in TRPML1−/− compared to WT BMMs, whereas 

RANKL treatment slightly increased the size of the lysosomes in both WT and TRPML1−/− 

BMMs.

The enlarged size of the lysosomes in TRPML1−/− BMMs may impair lysosomal secretion, 

which is essential for osteoclast function and bone remodeling.(38) To test this, we evaluated 

lysosomal secretion during bone resorption by measuring TRAP secretion in RANKL-

stimulated WT and TRPML1−/− BMMs grown on hydroxyapatite-coated plates for 9 days. 

TRAP activity in the culture media was measured every 3 days. Figure 5B shows that 

after 6 days in culture, RANKL-stimulated TRAP secretion is significantly reduced in 

TRPML1−/− BMMs (WT 4.505±0.376 fold, TRPML1−/− 2.894±0.688 fold, p < 0.05, n=3). 

TRAP secretion was similar in WT and TRPML1−/− BMMs at 3 and 9 days, when the bone 

resorption was low.

The effect of impaired lysosomal secretion on bone resorption, due to impaired lysosomal 

Ca2+ signaling, is shown in Fig. 5C. WT and TRPML1−/− BMMs were seeded on 

hydroxyapatite-coated plates and the area of the pits formed by mature osteoclasts was 

evaluated. Deletion of TRPML1 resulted in 0.51±0.133 fold (p < 0.05, n=6) reduction in 

pit formation. Hence, impaired lysosomal Ca2+ signaling diminishes both differentiation of 

osteoclasts and the resorbing function of mature osteoclasts.

Reduced osteoclast number and defective bone remodeling in TRPML1−/− mice

Analysis of RANKL-mediated osteoclastogenesis showed that inhibition of lysosomal Ca2+ 

signaling resulted in impaired osteoclastic differentiation and function. To determine the 

in vivo consequences of impaired lysosomal Ca2+ signaling, we evaluated the proportion 

of TRAP+ surface in bone surface as an indicator of in vivo osteoclastogenesis. Figure 

6A shows that deletion of TRPML1 significantly reduced the osteoclast positive surface 

(Oc.S/BS) by 0.64±0.107 fold (p < 0.01, n=4), indicating reduced osteoclast population. The 
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effect of reduced number of osteoclasts on bone remodeling and quality was determined 

by imaging the bone microstructure by high-resolution μCT. Figure 6B shows that bone 

volume, trabecular bone volume per tissue volume (BV/TV), trabecular number (Tb.N), and 

trabecular thickness (Tb.Th) are increased, whereas trabecular spacing (Tb.Sp) and structure 

model index are reduced without a change in bone mineral density (BMD) in TRPML1−/− 

mice, indicating abnormal bone remodeling in vivo. Thus, all parameters, except BMD, 

indicate osteopetrosis in TRPML1−/− mice.

Abnormally increased osteoblast function in TRPML1−/− mice may contribute to 

osteopetrosis. To test this hypothesis, we measured bone formation in vivo according to 

the calcein method, and osteoblast differentiation in vitro. The results in Fig. 7 show 

that bone formation rate (BFR/BS), mineral apposition rate (MAR), mineralizing surface 

(MS/BS) (Fig. 7A) and osteoblastic differentiation (Fig. 7B, C) are not altered by deletion of 

TRPML1.

Discussion

A growing body of evidence indicates that lysosomal Ca2+ homeostasis and signaling 

is essential for many lysosomal functions,(39) including membrane trafficking, lysosomal 

exocytosis, and receptor evoked Ca2+ signaling.(40) Physiological receptor stimulation 

induces Ca2+ oscillations rather than peak/plateau type response, which is a pathological 

Ca2+ signal.(41) Lysosomal Ca2+ release is the trigger for Ca2+ release from ER during 

Ca2+ oscillations,(42) and thus, lysosomal Ca2+ release is involved in the receptor-dependent 

Ca2+ signal and Ca2+-regulated cell functions. Lysosomal Ca2+ release is mediated by 

the TRP family channel, TRPML1.(20–22,43,44) Hence, TRPML1 function is expected to 

regulate lysosomal function. Another function of the lysosomes that require lysosomal Ca2+ 

release, which is of particular significance to the present work, is lysosomal exocytosis, 

which is required for surface membrane remodeling, as observed in osteoclast activation,
(45) phagocytosis,(23) and membrane repair.(46) Osteoclastogenesis and bone remodeling 

is regulated by RANKL interaction with RANK and generation of [Ca2+]i oscillations 

in the early stage of osteoclastogenesis. Subsequent fusion of lysosomes with the ruffled 

membrane mediates bone resorptive activity of mature osteoclasts.(45) It was thus of 

interest to determine the role of lysosomal Ca2+ homeostasis and function in osteoclast 

differentiation and function and the consequent bone metabolism, in an effort to further 

understand the molecular mechanism of these processes.

Ca2+ signaling by RANKL acting on osteoclasts has been studied extensively,(3,4,7,8) 

including by us,(26) which showed that the key events in RANKL-induced Ca2+ 

oscillations involve the interaction of the regulator of G-protein signaling 10 (RGS10) with 

phosphatidylinositol 3,4,5-triphosphate (PIP3) and PLCγ2 with immune receptor tyrosine 

activation motif (ITAM) proteins, leading to Ca2+ release from the ER and subsequent Ca2+ 

influx by the store-operated Ca2+ channels.(47,48) In this study, we extend this conclusion by 

providing multiple lines of evidence, which show that lysosomal Ca2+ release is essential 

for the RANKL-induced [Ca2+]i oscillations, probably by sensitizing and triggering the ER-

mediated Ca2+ release. Thus, depletion of lysosomal Ca2+ content by bursting the lysosomes 

with GPN, inhibiting the lysosomal H+ pump to collapse the lysosomal pH, sustainably 
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activating TRPML1 with ML-SA1, and deleting TRPML1 inhibits the RANKL-mediated 

Ca2+ oscillations.

Disruption of RANKL-mediated Ca2+ oscillations by deletion of TRPML1 inhibited 

all downstream functions involved in osteoclastogenesis and bone remodeling. This 

included induction and activation of NFATc1, activation of genes involved in osteoclast 

differentiation, and formation of MNCs. In MLIV and in TRPML1 knockout mice, the 

disease includes achlorhydria, aberrant neuromuscular junctions, neurodegeneration,(49–52) 

and chronic pancreatitis.(37) The neurodegeneration can have multiple effects on various 

tissues. Therefore, it is important to show that the results obtained upon acute knockdown 

of TRPML1 in vitro replicated those obtained by inhibition of osteoclastogenesis in 

vivo by deletion of TRPML1. Indeed, acute deletion of TRPML1 in BMMs suppressed 

TRAP+MNC formation (Fig. 1).

In addition to its role in osteoclastogenesis, lysosomal Ca2+ signaling regulates the function 

of mature osteoclasts. Lysosomal exocytosis plays an important role in several membrane 

trafficking events, such as plasma membrane repair(46) and phagocytosis,(23) which require 

lysosomal Ca2+ release. Lysosomal exocytosis is also an important step in osteoclastic 

bone resorption, requiring fusion of lysosomes with the ruffled membrane and secretion of 

lysosomal hydrolases to the bone surface.(45) Our findings show that lysosomal exocytosis is 

impaired in mature TRPML1−/− osteoclasts, which probably contributed to the impairment 

of bone resorption. When bone resorption and exocytosis are relatively slow (at 3 and 9 days 

in culture), differences between WT and TRPML1−/− cells were not observed, but at high 

bone resorption period (day 6 in culture), lysosomal exocytosis in TRPML1−/− osteoclasts 

was reduced. Several altered lysosomal functions likely account for the reduced exocytosis. 

The lysosomes in TRPML1−/− osteoclasts are markedly enlarged (Fig. 5), as occurs in 

lysosomal storage diseases,(53) which impairs lysosomal trafficking. Once at the plasma 

membrane, lysosomal fusion requires lysosomal Ca2+ release. The lack of lysosomal Ca2+ 

release is expected to prevent lysosomal fusion with the ruffled membrane.

The impaired osteoclastogenesis and mature osteoclast function due to aberrant lysosomal 

Ca2+ signaling resulted in osteopetrosis without a change in bone mineral density (Fig. 

6). Osteopetrosis is a heterogeneous disease with multiple phenotypes.(54) Bone density is 

affected by the function of both osteoclasts and osteoblasts and is regulated by many factors. 

The processes that determine bone density appear to be independent of lysosomal Ca2+ 

signaling and function. However, this requires further in-depth probing.

Notably, the phenotype reported here is specific to MLIV. In MLIV, the function of 

osteoclasts was impaired whereas the function of osteoblasts and bone formation remained 

unaltered (Fig. 7), resulting in osteopetrosis. In mucolipidosis type II the function 

of osteoblasts and osteoblastogenesis is markedly impaired, whereas osteoclastogenesis 

is dramatically increased and their bone resorbing function is unaltered, resulting in 

osteoporosis.(55) The etiology of the two mucolipidoses is different; mucolipidosis type 

II is a metabolic disease with altered lysosomal hydrolytic functions, whereas MLIV 

is associated with impaired lysosomal trafficking. This may account for the opposite 

phenotypes of these two lysosomal storage diseases.
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The findings presented in this study reveal the critical roles of lysosomal Ca2+ signaling 

in all aspects of osteoclast functions and bone metabolism, and unravel a new aspect of 

the regulation of bone remodeling. Our findings should have implications for management 

of MLIV. Patients with MLIV present muscle weakness that is in part due to impaired 

neuromuscular junctions(52) and in part due to impaired muscle repair(24) and loss of 

mobility at an early age. Our findings indicate that defective skeletal structure could be 

an additional contributor to the loss of mobility and muscle function.
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Fig. 1. 
Acute deletion of TRPML1 inhibits osteoclastogenesis. (A, B) BMMs in primary culture 

were incubated with 50 ng/mL RANKL for the indicated times and the levels of TRPML1 

mRNA (A) and protein (B) were analyzed. (C) BMMs were treated with shTRPML1, and 

shGFP as a negative control, for 72 hours, and the level of TRPML1 mRNA (left blots) 

and protein (right blots) were determined. (D) Osteoclastogenesis was induced by treating 

BMMs that were treated with shGFP or shTRPML1 with 50 ng/mL RANKL for 3 days. 

Shown are representative images (Scale bar = 100 μm) from 3 experiments. Depletion 

of TRPML1 suppressed osteoclastogenesis as revealed by reduced TRAP staining and 

multinucleated cells. *p < 0.05.
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Fig. 2. 
RANKL-induced [Ca2+]i oscillations are attenuated by deletion of TRPML1 and inhibition 

of lysosomal Ca2+ storage without affecting ER Ca2+ content. (A, B) Bursting lysosomes 

with GPN (200 μM) and inhibition of lysosomal Ca2+ influx by treatment with bafilomycin 

A1 (100 nM) eliminate RANKL-induced Ca2+ oscillations in BMMs cultured with RANKL 

for 48 hours. (C) RANKL-induced [Ca2+]i oscillations were measured in BMMs isolated 

from WT and TRPML1−/− mice and cultured for 48 hours in the presence of RANKL. Cells 

were continuously perfused with HEPES buffer throughout the experiments. The columns 

show the average frequency and amplitude of the Ca2+ oscillations. **p < 0.01. (D, E) 

ER Ca2+ content was evaluated in WT (black traces) and TRPML1−/− BMMs (red traces) 

following 48 hours of incubation with (E) or without (D) RANKL (50 ng/mL). ER Ca2+ 
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was measured by releasing it to the cytoplasm by exposing the BMMs to 10 μM of the 

SERCA pump inhibitor, CPA. Ca2+ influx mediated by store-operated Ca2+ channels was 

then evaluated by addition of 1 mM Ca2+ to the perfusate. The traces are the mean±SD of at 

least 3 experiments.
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Fig. 3. 
Aberrant NFATc1 activation and RANKL-mediated osteoclastogenesis in TRPML1−/− mice. 

BMMs isolated from WT and TRPML1−/− mice were cultured and used for the experiments 

below. (A) RANKL-mediated NFATc1 expression is suppressed in TRPML1−/− BMMs. 

β-actin was used as a loading control. (B) Deletion of TRPML1 reduces RANKL-mediated 

MNC formation. The number of TRAP-positive MNCs, which are identified by the presence 

of more than 3 nuclei and cell size larger than 100 μm in diameter, present in each well 

were counted. The columns are the mean±SD of 5 experiments. (Scale bar = 100 μm). 

(C) Deletion of TRPML1 alters expression of differentiation marker genes for RANKL-

mediated osteoclastogenesis. Results are presented as fold increase compared to WT cells 

treated with DW. *p < 0.05, **p < 0.01.
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Fig. 4. 
Depletion of lysosomal Ca2+ by activation of TRPML1 abrogates RANKL-induced [Ca2+]i 

oscillations and osteoclastogenesis. (A, B) BMMs from WT and TRPML1−/− mice were 

cultured for 48 hours with (B) or without (A) RANKL stimulation (50 ng/mL). The cells 

were then exposed to the specific TRPML activator, ML-SA1 (20 μM), to selectively deplete 

lysosomal Ca2+. The columns are the mean±SD of Ca2+ oscillation frequency recorded in 

7 experiments. (C) BMMs from WT and TRPML1−/− mice were cultured with and without 

RANKL and in the presence or absence of 20 μM MA-SA1 for 3 days. The cultures were 

then stained for TRAP and TRAP+ MNCs were counted. The columns show the mean±SD 

from 3 experiments. (Scale bar = 200 μm). **p < 0.01.
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Fig. 5. 
Deletion of TRPML1 enlarges osteoclastic lysosome size and impairs bone resorption. (A) 

BMMs isolated from WT and TRPML1−/− mice were cultured with and without RANKL 

for 2 days, as indicated. The lysosomes were then loaded with Lysotracker and imaged by 

confocal microscopy by random selection of images. Lysosome sizes were then analyzed 

based on lysosome circumference. The figure shows representative images (Scale bar = 10 

μm) and lysosome size under each condition. The results are from 3 experiments and 4 

images were randomly chosen from each experiment. (B) Effects of TRPML1 deficiency 

on the TRAP secretion was determined by its release into culture medium. The media 

were collected at the indicated times and used to measure TRAP activity. TRAP secretion 

was normalized to the activity of total TRAP collected by lysing the cells. Fold change 

in TRAP activities compared to WT without RANKL, is shown as the mean±SD of 3 

experiments. *p < 0.05, **p < 0.01 respectively. (C) Bone-resorptive activity of WT and 
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TRPML1−/− osteoclasts was evaluated by seeding BMMs on hydroxyapatite-coated dishes 

and culturing for 6 days with or without RANKL. After removal of the cells, pits formed 

by mature osteoclasts were measured using ImageJ software. Images of RANKL-treated WT 

and TRPML1−/− cells are shown. (Scale bar = 100 μm). Pit area relative to RANKL-treated 

WT cells is shown as the mean±SD of 3 experiments.
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Fig. 6. 
Pathological osteoclast function and bone remodeling in TRPML1−/− mice. For the in vivo 

experiments, proximal femoral bones and tibias were isolated from WT and TRPML1−/− 

mice and used for histological analysis and μCT. (A) Bone sections were stained for TRAP. 

The Oc.S/BS (%) was analyzed, and results are presented as fold change relative to WT. 

(Scale bar = 100 μm). Dashed line demarcates the E.P. (B) μCT images of proximal femur 

obtained from WT and TRPML1−/− mice. Each parameter, including BV, BV/TV, BMD, 

Tb.N, Tb.Th, Tb.Sp, and SMI were calculated and are presented. *p < 0.05, **p < 0.01. 

(Scale bar = 500 μm). Oc.S/BS = osteoclast surface; E.P = epiphyseal plate; T.O = TRAP+ 

osteoclasts; T.B = trabecular bone; BV = bone volume; BV/TV = bone volume per tissue 

volume; BMD = bone mineral density; Tb.N = trabecular number; Tb.Th = trabecular 

thickness; Tb.Sp = trabecular separation; SMI = structure model index.
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Fig. 7. 
Deletion of TRPML1 has no effect on bone formation in vivo and osteoblastogenesis in 

vitro. (A) Active bone formation assayed by the calcein method showing similar formation 

in WT and TRPML1−/− mice. The columns on the right present the BFR/BS, MAR, and 

MS/BS (n = 3 mice). (B, C) Osteoblastogenesis in vitro was evaluated by measuring 

total ALP activity (B), and intracellular ALP in fixed and stained cells of differentiated 

osteoblasts (C) (n = 83). BFR/BS = bone formation rate; MAR = mineral apposition rate; 

MS/BS = mineralizing surface.
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