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ABSTRACT 

Skeletal pathologies are frequently observed in lysosomal storage disorders, yet the relevance of 

specific lysosomal enzymes in bone remodeling cell types is poorly defined. Two lysosomal 

enzymes, i.e. Ctsk (cathepsin K) and Acp5 (also known as tartrate-resistant acid phosphatase), 

are long known as molecular marker proteins of differentiated osteoclasts. However, whereas 

the cysteine protease Ctsk is directly involved in the degradation of bone matrix proteins, the 

molecular function of Acp5 in osteoclasts is still unknown. Here we show that Acp5, in concert 

with Acp2 (lysosomal acid phosphatase), is required for dephosphorylation of the lysosomal 

mannose 6-phosphate targeting signal to promote the activity of specific lysosomal enzymes. 

Using an unbiased approach we identified the glycosaminoglycan-degrading enzyme Arsb 

(arylsulfatase B), mutated in mucopolysaccharidosis type VI (MPS-VI), as an osteoclast marker, 

whose activity depends on dephosphorylation by Acp2 and Acp5. Similar to Acp2/Acp5-/- mice, 

Arsb-deficient mice display lysosomal storage accumulation in osteoclasts, impaired osteoclast 

activity and high trabecular bone mass. Of note, the most prominent lysosomal storage was 

observed in osteocytes from Arsb-deficient mice, yet this pathology did not impair production of 

Sost and Fgf23. Since the influence of enzyme replacement therapy (ERT) on bone remodeling 

in MPS-VI is still unknown, we additionally treated Arsb-deficient mice by weekly injection of 

recombinant human ARSB from 12 to 24 weeks of age. We found that the high bone mass 

phenotype of Arsb-deficient mice and the underlying bone cell deficits were fully corrected by 

ERT in the trabecular compartment. Taken together, our results do not only demonstrate that the 

function of Acp5 in osteoclasts is linked to dephosphorylation and activation of lysosomal 

enzymes, they also provide an important proof-of-principle for the feasibility of ERT to correct 

bone cell pathologies in lysosomal storage disorders. This article is protected by copyright. All 

rights reserved
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Introduction 

Osteoclasts are highly specialized multinucleated cells, which are generated by fusion of 

hematopoietic progenitors in a process initiated by two major cytokines, i.e. M-Csf and Rankl 

(1, 2). It was previously reported that Rankl activates Tfeb (transcription factor EB), a 

transcription factor inducing lysosomal gene expression, and that Tfeb inactivation in 

osteoclasts impairs their resorptive activity to trigger a high bone mass phenotype (3). The 

relevance of lysosome biogenesis for osteoclast function is supported by the fact that two 

specific lysosomal enzymes, Ctsk and Acp5, serve as molecular markers of differentiated 

osteoclasts (4, 5). However, while Ctsk is directly involved in the degradation of bone matrix 

proteins, the molecular mechanism of Acp5 action in osteoclasts remains to be clarified. The 

participation of Acp5 in physiological bone resorption is supported by genetic evidence in mice 

and humans. More specifically, Acp5-/- mice are growth-retarded due to impaired endochondral 

ossification and thickening of subchondral bone (6). They were also found to display reduced 

clearance of bacteria and functionally impaired dendritic cells (7, 8). Mutations in human ACP5 

were reported to cause spondyloenchondrodysplasia, a rare disorder associated with bone 

dysplasia and autoimmunity (9, 10). However, the skeletal manifestations in these patients are 

less severe than in other forms of osteopetrosis, and the osteopetrotic phenotype of Acp5-/- mice 

is rather moderate compared to other models, such as mice lacking M-Csf, Rankl, Clc-7 or 

Tcirg1 (11-14). One possible explanation is a functional redundancy between Acp5 and Acp2, 

since we have previously observed that mice lacking both genes display more severe 

osteopetrosis and hepatosplenomegaly (15).   

Lysosomes are required for degradation and recycling of numerous macromolecules 

(16). The inherited deficiency of single lysosomal enzymes causes lysosomal storage disorders, 

which are often associated with various defects of skeletal development and growth, 

summarized as dysostosis multiplex (17, 18). Mucopolysaccharidoses (MPS) represent a 

subgroup of lysosomal storage disorders, which are caused by the single loss of eleven different 
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enzymes involved in the breakdown of glycosaminoglycans (GAGs). This results in lysosomal 

accumulation of non-degradable intermediate forms of specific GAGs, i.e. chondroitin sulfate 

(CS), dermatan sulfate (DS), heparan sulfate (HS), or keratan sulfate (KS) (19). Depending on 

the mutated enzyme and the type of accumulating GAGs distinct organs are specifically affected 

in the different MPS types. For instance, mutations in the IDUA gene (coding for -L-

iduronidase required for DS and HS degradation) cause severe neurological and skeletal 

manifestation in individuals with MPS-I, whereas mutations in the SGSH gene (coding for 

sulfamidase required for HS and KS degradation) cause neurological deficits in MPS-IIIA 

patients, without profoundly affecting the skeleton (20, 21). In contrast, MPS-VI, caused by 

mutations of the ARSB gene (coding for arylsulfatase B involved in CS and DS degradation) is 

primarily associated with skeletal defects, but lacks neurological manifestation (22). 

One of the leading treatment options for some forms of MPS is enzyme replacement 

therapy (ERT), i.e. weekly (or biweekly) infusion of the missing recombinant enzyme modified 

with mannose 6-phosphate (M6P) residues to allow M6P receptor-mediated cellular uptake and 

lysosomal delivery (23, 24). ERT has been proven to attenuate disease progression in the 

respective individuals, yet it appeared to have limited therapeutic efficacy on the skeletal 

abnormalities, since existing defects of skeletal growth and craniofacial bones were not 

obviously corrected (25). Moreover, although effects of ERT on potential disturbances of bone 

remodeling in individuals with MPS have not been analyzed so far, it was generally assumed 

that the responsible skeletal cell types are poorly accessible to the circulating recombinant 

enzymes (26). 

Here we show that Acp5, in concert with Acp2, promotes osteoclast activity by M6P 

dephosphorylation of Arsb and other lysosomal enzymes. Both, Acp2/Acp5-/- and Arsb-deficient 

mice, display lysosomal storage accumulation in osteoclasts, impaired osteoclast activity and 

high trabecular bone mass. Importantly, the trabecular bone phenotype of Arsb-deficient mice 

was fully corrected by ERT, which was molecularly explained by the ability of osteoclasts to 

 
 

  
 A

cc
ep

te
d

   A
rt

ic
le

 

 

 

 

 

 

 

 

  

 
 
 



This article is protected by copyright. All rights reserved 

6 

 

endocytose recombinant ARSB in an M6P receptor-independent manner. Our results reveal that 

Arsb is a physiologically relevant substrate of Acp2/Acp5, which is required for skeletal 

turnover and which can be administered systemically to correct trabecular bone pathologies. 

 

Materials and Methods 

Animals 

Mice lacking Acp2 or Acp5 have been described previously (15). Genotyping for the Acp2 

mutation was performed by PCR (5´-CCC CTC TGC CTC ACC TCT CTG-3´ and 5´-GGC 

AAC TAG CAG GGA TGG CCG-3´) amplifying a genomic fragment of 400 bp (wildtype 

allele) or 1500 bp (mutant allele). Genotyping for the Acp5 mutation was performed by PCR 

(5´-AGC GCT TTC CTG ACT GAG CTG C-3´ and 5´-AAC CGT GCA GAC GAT GGG CG-

3) amplifying a genomic fragment of 1000 bp (wildtype allele) or 2000 bp (mutant allele). Ctsk-

deficient mice (27) were obtained from the European Mutant Mouse Archive (EMMA; ID 

#10406). Genotyping for the Ctsk mutation was performed by PCR (5´- GCC ACA CCC ACA 

CCC TAG AAG-3´ and 5´- ACA AGT GTA CAT TCC CGT ACC-3) amplifying a genomic 

fragment of 350 bp (wildtype allele) or 1500 bp (mutant allele). Arsb+/m mice were obtained 

from the Jackson Laboratory (#005598). Offspring from heterozygous matings was genotyped 

by sequencing of a PCR amplicon (primers 5´-GCT ATA TCA CGG GCA CTA ATC C-3´ and 

5´-TAT CGA ATC CTC GGC GTG T-3´) for the presence of mutation c.379G>T in exon 2. 

After initially confirming that the observed abnormalities are found to the same extent in male 

and female Arsbm/m mice, we focused on female mice for the remaining analysis. We also 

analyzed heterozygous Arsb+/m mice and found no significant alterations compared to wildtype 

littermates. Hyp mice were obtained from the Jackson Laboratory (#000528), and their 

genotyping was performed by genomic PCR. More specifically, while the presence of the Phex 

exon 21 was detected using 5´-CGA CCA GGA TGA GGG AAG AAA G -3´ and 5´-CAC TTG 

TTC TCT GGC AGC TTC TG-3´ (486 bp product), the Hyp mutation was detected by 5’-CAG 
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GGG ACT GTC CAC AAG GGG G-3’ and 5’-GGG TGC AAA GGT GTT GTG AAT GGA A-

3’ (669 bp product). All mice were kept in a specific pathogen-free environment with a 12-hour 

light/dark cycle, 45% to 65% relative humidity and 20°C to 24°C ambient temperature in open 

or individually ventilated cages with wood shavings bedding and nesting material in groups not 

surpassing 6 animals. The mice had access to tap water and standard rodent chow (1328P, 

Altromin Spezialfutter GmbH & Co. KG, Lage, Germany) ad libitum. All animal experiments 

were approved by the animal facility of the University Medical Center Hamburg-Eppendorf and 

by the “Amt für Gesundheit und Verbraucherschutz” (43/15, Org529). To rule out any influence 

unrelated to genotype, we generally analyzed littermate mice from heterozygous matings. 

Depending on the models (single versus combined deficiency) we analyzed the corresponding 

mice from three to six independent litters. 

 

Skeletal analysis 

Staining of skeletons from 4 weeks old mice with alcian blue and alizarin red was performed 

using standard protocols (28). To determine the length of the lumbar spine and the long bones, 

all mice were analyzed by contact Xray. Dissected skeletons were fixed in 3.7% PBS-buffered 

formaldehyde for 18 hours, before they were stored in 80% ethanol. The lumbar vertebral bodies 

L1 to L4 and one tibia were dehydrated in ascending alcohol concentrations and then embedded 

in methylmetacrylate as described previously (29). Sections of 4 µm thickness were cut in the 

sagittal plane and stained by toluidine blue or von Kossa/van Gieson staining procedures. 

Histomorphometry was performed according to the ASBMR guidelines using the OsteoMeasure 

system (Osteometrics Inc.) (30). For µCT scanning we used a µCT 40 desktop cone-beam 

microCT (Scanco Medical) with a voxel size of 10 µm.  
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Primary bone cells 

For osteoclastogenesis, bone marrow was flushed out of the femora from 12 weeks old mice 

with alpha-MEM (minimal essential medium) containing 10% fetal bovine serum (alpha-

MEM/FBS). Cells were then plated at a density of 5 x 106 cells per ml, and after 24 hours the 

adherent cells were cultured in alpha-MEM/FBS containing 10% fetal bovine serum and 10 nM 

1,25-dihydroxyvitamin-D3. Beginning at day 4 after seeding M-Csf and Rankl (both from 

Peprotech) were added to a final concentration of 20 ng/ml and 40 ng/ml, respectively. TRAP 

staining was performed at day 7 of differentiation as described using Naphtol ASMX-Phosphate 

(Sigma-Aldrich) as a substrate (29). For resorption assays, bone marrow cells were seeded onto 

dentin slices of 1 mm thickness. After 10 days of differentiation, the resorbed areas were 

visualized and quantified as described (29). Primary osteoblasts were isolated by sequential 

collagenase digestion from the calvariae of 5 days old mice and differentiated in the presence of 

50 µg/ml ascorbic acid and 10 mM ß-glycerophosphate for 20 days.  

 

Expression analysis 

RNA was isolated using the RNeasyMini kit (Qiagen), and DNase digestion was performed 

according to manufacturer’s instructions. Concentration and quality of RNA were measured 

using a NanoDrop ND-1000 system (NanoDrop Technology). Expression analysis by qRT-PCR 

was performed using a StepOnePlus system and predesigned TaqMan gene expression assays 

(Applied Biosystems). Gapdh expression was used as an internal control. Relative quantification 

was performed according to the CT method, and results were expressed in the linear form 

using the formula 2-CT. For genome-wide expression analysis we used the IVT Labeling Kit 

(Affymetrix). Gene Chips (Affymetrix MG 430 2.0) were washed in an Affymetrix Fluidics 

Station 450, and microarrays were scanned with the Affymetrix Gene Chip Scanner 7G. 

Annotations were analyzed with interactive query analysis at www.affymetrix.com, and data 

sets were submitted to GEO (GSE94691). 
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Enzyme activity assays 

The enzymatic activities of lysosomal enzymes in protein extracts and serum-free media of 

cultured cells were assayed by estimation of 4-nitrophenol or 4-methylumbelliferone liberated 

from the enzyme-specific substrate. The activities of β-hexosaminidase, β-galactosidase, -

mannosidase, ß-glucuronidase, Arsb, Acp2 and Acp5 were determined as described previously 

(31-33). The Ctsk activity was assayed using 20 µM Z-Leu-Arg-7-amino-4-methylcoumarin 

(Enzo Life Sciences) in 100 mM Na-citrate (pH 5.0), 100 mM NaCl, 1 mM EDTA, 5 mM 

dithiothreitol (DTT) and 1% DMSO. The assay was stopped by addition of 0.4 M glycine/NaOH 

buffer (pH 10.4) after 17 hours and the fluorescence of samples and standard solutions of 7-

amino-4-methylcoumarin were read with excitation at 355 nm and emission at 460 nm.  

 

Western blot analysis 

Unless otherwise described, cells were lysed in 10 mM PBS (pH 7.4) containing 0.5% Triton X-

100 and protease inhibitors for 30 minutes at 4 °C. After centrifugation at 10,000 × g, 

supernatants were used for measurement of the protein content by the Bio-Rad® Protein Assay. 

Aliquots of cell extracts (25 μg protein) or recombinant ARSB (50 ng) were solubilized, 

separated by reducing SDS-PAGE (10% acrylamide) and transferred onto nitrocellulose 

membranes. Western blots were performed using antibodies against human ARSB (R&D, 

#MAB4415),  mouse Ctsk (Santa Cruz Biotechnology, #sc-48353), mouse Clc7 (kindly 

provided by Dr. T. Jentsch, MDC, Berlin, Germany (13), mouse Lamp1 (clone 1D4B, 

Hybridoma Bank, University of Iowa, USA), mouse Limp2 (kindly provided by Dr. M. 

Schwake, University Bielefeld, Germany (34) or calnexin (Canx, Enzo Life Sciences, ADI-

SPA-865), the latter serving as loading control, as previously described (33). The content of 

M6P-containing proteins in cell extracts were analyzed by western blotting using a single chain 

antibody fragment scFv M6P-1 as described (35). 
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Two-dimensional gel eletrophoresis 

Primary osteoclasts were washed three times with cold PBS, harvested and lysed in 500 µl 

initial buffer (8 M urea, 15 mM EDTA, 30 mM Tris, 50 mM DTT) supplemented with protease 

inhibitor cocktail and PhosphoStop (Roche). After addition of 2-hydroxyethyl disulfide (HED) 

to a final concentration of 20 mM cell lysates were homogenized on ice by ultrasonic treatment 

using 3 steps (amplitude 100%, 20 seconds). After incubation for 60 minutes at room 

temperature, samples were centrifuged at 15.000 x g for 5 minutes and supernatants were 

collected. Total proteins were precipitated and quantified using 2-D Quant Kit (GE Healthcare). 

Aliquots (25 µg protein) were then subjected to two-dimensional gel electrophoresis and blotted 

on nitrocellulose membrane as described (36).  

 

ARSB uptake assays  

To monitor cellular uptake of ARSB, cultured osteoblasts or osteoclasts were incubated for 4 

hours with serum-free Opti-MEM™ medium containing 10 µg/ml human recombinant ARSB 

(Naglazyme®, kindly provided by Dr. M. Vellard, BioMarin) in the presence or absence of 20 

mM M6P and/or 80 mM mannose (both from Sigma-Aldrich).  

 

Immunofluorescence microscopy  

Primary cultured osteoclasts grown on cover slips were fixed with 4% paraformaldehyde in PBS 

for 30 minutes. After washing with 50 mM ammonium chloride, cells were permeabilized with 

0.1% saponine in PBS for 10 minutes and blocked in PBS containing 0.1% saponine and 3% 

bovine serum albumin for 30 minutes. Subsequently, cells were incubated with primary 

antibodies against Lamp1 (clone 1D4B, Hybridoma Bank, University of Iowa, USA) for 2 

hours. After washing with 0.1% saponine in PBS, cells were incubated with secondary 

antibodies conjugated to Alexa Fluor® 488 (Thermo Fisher Scientific), and 4′,6-diamidino-2-
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phenylindole (DAPI) for 1 hour and embedded in Aqua-Poly/Mount. Fluorescence was detected 

and images were obtained using an Olympus digital scanning confocal microscope (FluoView 

F1000) and Adobe Photoshop software, respectively. 

 

Electron microscopy 

For ultrastructural analysis, tibiae were fixed with 4% paraformaldehyde and 1% glutaraldehyde 

in 0.1 M PBS (pH 7.4) overnight and decalcified for 3 to 4 weeks in 10% EDTA. Thereafter 100 

µm thick vibratome sections were prepared and postfixed in 1% OsO4, dehydrated and 

embedded in Epon™. Ultrathin sections (60 nm) were cut and mounted on copper grids. 

Sections were stained using uranyl acetate and lead citrate. Backscattered scanning electron 

microscopy (BSEM) was used to quantify the osteocyte lacunar area, as described previously 

(37).  

 

Serum analysis 

The serum concentrations of bone-specific collagen degradation products (CTX-1), Sost, Fgf23, 

PTH and Rankl were determined by ELISA (Immunodiagnostic Sytems, #AC-06F1; R&D 

systems, #MSST00; Kainos Laboratories, #CY-4000; Immutopics, #60-2305; R&D systems, 

#MTR00). Serum phosphorus was measured by the phosphomolybdate technology (Stanbio 

Laboratory, #0830). 

 

Treatment by ERT 

Mice received weekly intravenous injection of Naglazyme® at a dose of 1 mg/kg and in a 

volume of 150 µl, similar to what was been reported previously (38). Treatment was performed 

from 12 to 24 weeks of age. Littermate mice were allocated randomly to treatment groups, and 

endpoint measurements (µCT and histomorphometry) were performed in a blinded fashion. No 

unexpected or severe adverse events were observed. 
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Human bone biopsy specimen 

A transiliac crest biopsy was taken, with informed consent of the parents, during orthopedic 

surgery from a 13 years old boy with MPS-VI, who received ERT starting at 9 years of age. The 

biopsy specimen was embedded undecalcified into methylmetacrylate. Sections were stained by 

toluidine blue, von Kossa/van Gieson and Goldner staining procedures, as described (29). 

Histomorphometric analysis was performed using the OsteoMeasure system. The values were 

set into relation to the values measured in age-matched control biopsies from our previously 

published archive (39). 

 

Data analysis 

When comparing two groups, significance was calculated using unpaired, two-tailed Student’s t 

test (Microsoft Excel®). When comparing more than two groups, significance was calculated by 

one-way analysis of variance (ANOVA) with Tukey post hoc analysis (Graph Pad Prism®). No 

statistical method was used to predetermine sample size. All data are presented as mean + 

standard deviations. Statistical significance indicated by P value (*P<0.05, **P<0.005, 

***P<0.0005). 
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Results 

Acp2 and Acp5 synergize in bone resorption and Ctsk activation  

Since we have previously reported that the moderate osteopetrotic phenotype of Acp5-deficient 

mice is enhanced by additional deficiency of Acp2 (15), we analyzed the bone phenotype of 

wildtype, Acp2-/-, Acp5-/- and Acp2/Acp5-/- littermates by micro-computed tomography (µCT) 

(Fig. 1A,B). We found that femoral length and trabecular bone mass, but not cortical thickness, 

were significantly more affected in Acp2/Acp5-/- mice compared with single deficiency 

littermates, suggesting synergistic action of the two acid phosphatases in bone resorption (Fig. 

1C; Suppl. Fig. S1A). To confirm this hypothesis we plated primary bone marrow cells from 

mice of the respective genotypes on dentin chips and differentiated them into osteoclasts (Fig. 

1D,E). Although Acp5-/- and Acp2/Acp5-/- cells were negative in TRAP staining, we did not 

observe significant differences in the number or size of osteoclasts, yet the ex vivo resorptive 

activity was specifically impaired in Acp2/Acp5-/- cultures (Fig. 1F; Suppl. Fig. S1B,C). By 

qRT-PCR we found that Ctsk was transcriptionally activated in Acp2/Acp5-/- osteoclasts, in 

contrast to Clcn7, encoding the lysosomal 2Cl-/H+ exchanger Clc-7, which is required for 

acidification of the resorption lacuna (Fig. 1G) (13). Importantly however, the enzymatic 

activity of Ctsk was significantly reduced in Acp2/Acp5-/- osteoclasts, suggesting an impairment 

of Ctsk function (Fig. 1H).  

In various tissues, Acp2 and Acp5 were found to be essential for dephosphorylation of 

M6P targeting signals on lysosomal enzymes upon arrival in lysosomes (36, 40). Since Ctsk has 

a calculated isoelectric point (pI) of 8.6, in contrast to the majority of lysosomal enzymes with a 

pI in the acidic range, we hypothesized that its impaired activity in Acp2/Acp5-/- osteoclasts is 

related to an altered protein charge. Indeed, when we performed two-dimensional gel 

electrophoresis followed by Ctsk western blotting we observed a shift of Ctsk towards a more 

acidic pH in Acp2/Acp5-/- osteoclasts (Fig. 1I). Moreover, western blotting using an M6P-

specific single-chain antibody revealed that M6P-containing proteins were most abundant in cell 
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lysates from Acp2/Acp5-/- osteoclasts (Suppl. Fig. S2A). These data suggested that Acp2 and 

Acp5 are required for M6P dephosphorylation of lysosomal enzymes in osteoclasts, which is 

important for Ctsk activity. 

 

Arsb is an osteoclast differentiation marker and a substrate of Acp2/Acp5 

The detection of several M6P-containing proteins in Acp2/Acp5-/- osteoclasts suggested that 

additional physiologically relevant substrates of Acp2 and Acp5 might exist (Fig. 2A). This was 

further supported by electron microscopy, where we found that Acp2/Acp5-/- osteoclasts 

displayed accumulation of electron-lucent lysosomal structures, which were not detected in 

osteoclasts of Ctsk-deficient mice (Suppl. Fig. S2B). With the aim to identify other lysosomal 

enzymes expressed in differentiated osteoclasts, we utilized an unbiased approach, i.e. 

Affymetrix Gene Chip hybridization. Here we compared four stages during ex vivo 

osteoclastogenesis of wildtype bone marrow cells, thereby identifying Calcr (encoding the 

calcitonin receptor) (41) as the most strongly induced transcript between day 1 and day 7 of 

differentiation (Fig. 2B). With respect to lysosomal enzymes we observed the highest induction 

of Ctsk, Acp5 and Arsb, the latter also being three-fold induced between day 4 and 5, after 

addition of M-Csf and Rankl (Fig. 2C).  

To analyze if Arsb is dephosphorylated by Acp2 and Acp5 we incubated wildtype and 

Acp2/Acp5-/- osteoclasts with recombinant human ARSB for 4 hours and observed a similar 

uptake rate and lysosomal processing to the mature form regardless of the genotype (Fig. 2D). 

Importantly however, the lysosomal form of ARSB still contained M6P residues in Acp2/Acp5-/- 

cultures, but exhibited significantly reduced enzymatic activity compared to wildtype cells (Fig. 

2E). Likewise, the endogenous activity of Arsb was strongly reduced in Acp2/Acp5-/- osteoclasts 

despite increased mRNA levels, whereas decreased activities of the lysosomal enzymes ß-

galactosidase (Glb1), -mannosidase (Man2b1) and ß-glucuronidase (Gusb) were associated 

with reduced mRNA levels (Fig. 2F). Taken together, these experiments identified Arsb as a 
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further lysosomal osteoclast differentiation marker, whose activity, similar to Ctsk, depends on 

dephosphorylation by Acp2 and Acp5.  

 

High trabecular bone mass in Arsb-deficient mice  

Although MPS-VI patients with ARSB mutations are characterized by various abnormalities of 

skeletal growth and development, the function of Arsb in bone remodeling cell types is still 

unknown. By qRT-PCR we found that Arsb is highly expressed in kidney, bone and cultured 

osteoclasts (Fig. 3A), which led us to analyze a mouse model (thereafter termed Arsbm/m) 

carrying a nonsense mutation in the Arsb gene (c.379G>T), leading to a truncated protein 

(p.Glu127*) lacking the catalytic domain (42). These mice displayed shortening of all skeletal 

elements as a consequence of growth plate abnormalities, where epiphyseal chondrocytes, 

similar to articular chondrocytes, were characterized by lysosomal storage accumulation (Suppl. 

Fig. S3). At 12 weeks of age Arsbm/m mice additionally displayed a high bone mass phenotype, 

as evidenced by contact Xray (Fig. 3B) and undecalcified histology (Fig. 3C). Moreover, as 

assessed by µCT, we found that Arsbm/m had shortened femora, but also displayed increased 

trabecular bone mass compared to wildtype littermates (Fig. 3D).  

Histologically, we detected numerous cartilage remnants in spine sections from Arsbm/m 

mice, indicative of an osteopetrotic phenotype (Fig. 3E). We additionally observed that 

osteoclasts and osteocytes appeared enlarged in Arsbm/m sections, although eroded bone surfaces 

were present (Fig. 3F). Histomorphometric quantification revealed that the osteoclast surface per 

bone surface (OcS/BS) was not significantly different between 12 weeks old wildtype and 

Arsbm/m littermates, and the same was the case for serum CTX-1 levels as readout for bone 

resorption (Fig. 3G). Taking into account however, that the total number of osteoclasts, given 

their high bone mass phenotype, is increased in Arsbm/m mice, this finding suggested that the 

resorptive activity of individual osteoclasts is impaired by Arsb deficiency. To support this 

hypothesis we additionally determined Acp5 activities in the serum (to normalize for osteoclast 
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number) and found that the Acp5/CTX-1 ratio was indeed reduced in Arsbm/m mice (Fig. 3H). 

Overall these results supported our hypothesis that Arsb is required for osteoclast activity, 

although the osteopetrotic phenotype is less severe than reported for other mouse models (11-

14). 

 

The resorption defect of Arsb-deficient osteoclasts is corrected by mannose-dependent uptake of 

recombinant ARSB 

Similar to what was observed in Acp2/Acp5-/- mice, lysosomal storage accumulation was also 

detected in Arsbm/m osteoclasts by electron microscopy (Fig. 4A). Consistently, we detected 

increased immunoreactivity for the lysosome-associated membrane protein Lamp1 in primary 

Arsbm/m osteoclasts (Fig. 4B). That lysosome biogenesis is not diminished by Arsb deficiency 

was supported by western blotting and activity assays for specific lysosomal proteins, where we 

only observed the expected loss of Arsb activity in mutant cultures (Fig. 4C,D). We also 

compared osteoclastogenesis and dentin resorption of wildtype and Arsbm/m osteoclasts. Whereas 

the number of osteoclasts was not different between the genotypes, Arsbm/m osteoclasts 

displayed significantly reduced resorptive activity (Fig. 4E). Importantly, this deficit of Arsbm/m 

cells could be corrected, when the cells were cultured in the presence of recombinant human 

ARSB.  

The lysosomal delivery and M6P dephosphorylation of ARSB in Arsbm/m osteoclasts was 

demonstrated by western blotting using ARSB- and M6P-specific antibodies (Fig. 5A). 

Interestingly, whereas the endocytosis of recombinant ARSB by M6P receptors at the cell 

surface is the rationale for ERT in MPS-VI (23, 24), we unexpectedly observed that ARSB 

uptake was strongly inhibited by a molar excess of mannose, but only marginally by M6P (Fig. 

5B). Together with the differential expression of the mannose receptors Mrc1 and Mrc2 during 

osteoclastogenesis (Fig. 5C), these data revealed that osteoclasts internalize ARSB in an M6P-

independent manner. Most importantly however, our collective findings demonstrated that Arsb 
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deficiency impairs the activity of bone-resorbing osteoclasts, thereby causing a moderate 

osteopetrotic phenotype. 

 

Lysosomal storage in Arsb-deficient osteocytes does not fully impair their functions 

By electron microscopy we additionally found that Arsbm/m osteoblasts displayed 

lysosomal storage accumulation (Fig. 6A), which was even more pronounced in the terminally 

differentiated osteocyte population (Fig. 6B). Of note, we did not observe these abnormalities in 

Acp2/Acp5-/- mice, although ARSB uptake assays demonstrated that Acp2 and Acp5 are also 

required for dephosphorylation of M6P residues on ARSB in primary osteoblasts (Fig. 6C). To 

address the possibility that the high trabecular bone mass phenotype of Arsbm/m mice is partially 

explained by an activation of osteoblast function, we applied cellular and dynamic 

histomorphometry. Neither osteoblast surface and bone formation rate per bone surface 

(ObS/BS and BFR/BS), nor the mineral apposition rate (MAR) were different between 12 weeks 

old wildtype and Arsbm/m littermates (Fig. 6D). We additionally analyzed the osteogenic 

capacity of primary calvarial osteoblasts and found that Arsbm/m cells differentiated ex vivo for 

20 days displayed moderately reduced matrix mineralization (Fig. 6E). These data show that the 

high trabecular bone mass phenotype of Arsbm/m mice is not explained by an activation of 

osteoblast function. 

Since osteocytes control skeletal remodeling and serum phosphate homeostasis by the 

production of specific proteins, i.e. Sost and Fgf23 (43, 44), it was important to assess, if the 

lysosomal storage accumulation in Arsbm/m osteocytes impairs these functions. By qRT-PCR we 

observed reduced mRNA expression of Arsb, but not of marker genes for osteoblasts (Bglap, 

Ibsp) or osteocytes (Sost, Phex, Dmp1) in Arsbm/m femoral bones (Fig. 7A). Consistently, serum 

concentrations of Sost were not different between 12 weeks old wildtype and Arsbm/m 

littermates, and their elevation in 24 weeks old Arsbm/m mice is readily explained by the higher 

bone mass of these animals (Fig. 7B). We also determined the serum concentrations of Rankl 
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and PTH, yet in both cases we did not observe significant differences between the two groups 

(Suppl. Fig. S4). 

Since expression of Fgf23 is barely detectable under physiological conditions, we 

crossed Arsbm/m mice with Phex-deficient Hyp mice, displaying hypophosphatemia caused by 

transcriptional activation of Fgf23 (45). Our analyses of wildtype, Arsbm/m, Hyp+/d and 

Arsbm/m;Hyp+/d littermates revealed that the severe osteocyte pathology caused by Arsb 

deficiency did not influence the Hyp phenotype. More specifically, we observed severe osteoid 

enrichment in both, Hyp+/d and Arsbm/m;Hyp+/d mice (Fig. 7C). Consistently, excess production 

of Fgf23 and hypoposphatemia in Hyp mice was not influenced by Arsb deficiency (Fig. 7D). 

Taken together, these data do not only demonstrate that the majority of osteocytes in Arsbm/m 

mice are able to produce relevant regulatory proteins, they also show that GAG degradation in 

osteocytes depends on the activity of Arsb.  

 

Systemic delivery of ARSB corrects trabecular bone pathologies in Arsb-deficient mice 

We next addressed the question, if ERT would correct trabecular bone pathologies in Arsbm/m 

mice. We therefore administered recombinant human ARSB by weekly intravenous injection at 

a dose of 1 mg/kg (38). The treatment was started in 12 weeks old mice until the analysis was 

performed at 24 weeks of age. By quantifying bone lengths on contact Xrays we found that the 

length reduction of Arsbm/m bones was not corrected by ERT (Fig. 8A). We also did not observe 

an ERT influence on epiphyseal chondrocytes, since the growth plate width was still increased 

in treated Arsbm/m mice (Fig. 8B). Since MPS-VI patients typically display craniofacial bone 

abnormalities, which are not obviously affected by ERT, we further quantified enlargement of 

the jawbones by µCT (Fig. 8C). Here we observed significant jaw exostosis in Arsbm/m mice, 

which was however unaffected by the treatment (Fig. 8D). 

Importantly however, undecalcified histology and subsequent histomorphometry clearly 

demonstrated a treatment effect in the trabecular bone compartment (Fig. 9A). More 
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specifically, quantification of the bone volume per tissue volume (BV/TV) in spine and tibia 

sections revealed that the high trabecular bone mass phenotype of Arsbm/m mice was fully 

normalized by ERT (Fig. 9B). A strong therapeutic impact of systemic ARSB delivery was also 

found with respect to the osteocyte population. We observed that Arsbm/m mice displayed overall 

enlarged osteocyte lacunae, some of these without visible nuclei in undecalcified sections 

stained with toluidine blue (Fig. 9C,D). Although electron microscopy demonstrated that all of 

these lacunae contained osteocytes with strikingly enlarged, electron-lucent lysosomes, the 

quantification of these apparently empty osteocyte lacunae was an ideal readout for the 

influence of ERT on the osteocyte network. In fact, the increased number of apparently empty 

osteocyte lacunae in the trabecular bone of Arsbm/m mice was fully normalized by ERT (Fig. 

9E), which was supported by electron microscopy (Suppl. Fig. S5). In contrast, Arsbm/m 

osteocytes in cortical bone were not affected by the treatment, a discrepancy best explained by 

the higher rate of skeletal remodeling in the trabecular bone compartment. 

To directly analyze the influence of ERT on the osteocyte lacunar area we additionally 

applied backscattered scanning electron microscopy (BSEM) (Fig. 9F). Here we observed 

increased values in trabecular and cortical bone of untreated Arsbm/m mice, which were 

normalized by ERT only in the trabecular compartment (Fig. 9G). Similar findings were 

obtained through analysis of an iliac crest biopsy from a 13 years old boy with MPS-VI, who 

received ERT for 4 years. Here we found, that the bone volume per tissue volume was not 

elevated compared to 5 iliac crest bone biopsies from skeletal-intact donors (14.8 + 2.9 years of 

age). Importantly, the osteocyte lacunar area in the patient´s biopsy was specifically increased in 

the cortical bone compartment (Suppl. Fig. S6).  

One of the clinically relevant complications in MPS-VI patients is cervical cord 

compression, which often requires surgery (46). Since it is still debated, if ERT can influence 

this pathology, we finally quantified the width of the vertebral body C1 in the different groups 

of untreated and ERT-treated mice (Fig. 9H). We found that the C1 width was significantly 
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reduced in 24 weeks old Arsbm/m mice and that ERT prevented this phenotype (Fig. 9I). These 

latter findings essentially demonstrate that cervical cord compression is a consequence of 

impaired bone remodeling. Moreover, our collective findings revealed that all trabecular bone 

pathologies of Arsbm/m mice, including the osteopetrotic phenotype, are fully normalized by 

ERT. 
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Discussion 

Lysosome dysfunctions are often associated with skeletal manifestation, yet the cellular and 

molecular bases are poorly understood. The essential role of lysosomes for bone resorption was 

principally established, especially since Ctsk and Acp5 are long known as osteoclast 

differentiation marker proteins. Almost all newly synthesized lysosomal enzymes are 

transported from the Golgi apparatus to lysosomes in an M6P-dependent manner (16). M6P 

residues are generated by GlcNAc-1-phosphotransferase (encoded by the GNPTAB gene), 

whose loss-of-function causes mucolipidosis type II (ML-II), associated with hypersecretion of 

lysosomal enzymes (47). The impact of Gnptab deficiency on osteoclast function was first 

demonstrated by ultrastructural analysis of primary osteoclasts, where it was found that Gnptab-

deficient cells display defective lysosomal targeting and hypersecretion of Ctsk and Acp5 (48). 

We have previously studied the skeletal phenotype of a Gnptab-knockin mouse model of ML-II, 

where we identified an osteoporotic phenotype primarily explained by a higher number of 

functionally active osteoclasts (49). Supported by ex vivo studies these findings strongly 

suggested that the lack of M6P-dependent lysosomal targeting does not fully impair bone 

resorption. Although Acp5 was shown to mediate M6P dephosphorylation in many cell types, 

its mechanism of action in osteoclasts was still undefined. In the present study we followed up 

on previous data (15) and utilized mouse deficiency models to demonstrate that Acp2 and Acp5 

synergistically activate osteoclast-mediated bone resorption in vivo and in vitro. We additionally 

show that Acp2 and Acp5 are required for M6P dephosphorylation of lysosomal enzymes in 

osteoclasts, which is a prerequisite for maximum Ctsk activity in the acidified lumen of 

lysosomes. Using an unbiased approach we identified other genes encoding lysosomal enzymes 

with differential expression in primary osteoclasts and putative function in bone resorption. One 

of these enzymes was Arsb, whose functional analysis in bone remodeling cell types was the 

primary focus of the present study. 
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Arsb (N-acetylgalactosamine-4-sulfatase) is required to hydrolyze sulfate esters from 

specific GAG types, i.e. CS and DS. ARSB mutations are the cause of MPS-VI, also known as 

Maroteaux-Lamy syndrome, a rare but prototypical lysosomal storage disorder associated with 

lysosomal GAG accumulation in various cell types (50). Clinically, individuals with MPS-VI 

are mostly affected by skeletal abnormalities (dysostosis multiplex), which include impaired 

skeletal growth, craniofacial bone deformities and functional impairment of the joints (22). 

Additional complications include hepatosplenomegaly, cardiac anomalies and corneal clouding, 

yet the central nervous system is not affected. Until now, there are only few studies focusing on 

the putative role of Arsb in bone cells. It was shown that the targeted deletion of Arsb in mice 

causes some obvious skeletal abnormalities, as shown by Xray, together with subtle differences 

in craniofacial bones, i.e. decreased skull length (51). There are also conflicting data on the 

trabecular bone mass in vertebral bodies, which was found to be increased in a rat model of 

MPS-VI, but reduced in a feline model of the disease (52, 53). In the present study we utilized a 

mouse model carrying a nonsense mutation in exon 2 of the Arsb gene, which results in a 

truncated and inactive protein. Through the direct comparison of all parameters between Arsbm/m 

mice and their corresponding wildtype littermates we observed increased trabecular bone mass 

in vertebral bodies and long bones of Arsbm/m mice at the ages of 12 and 24 weeks. Since 

Arsbm/m mice additionally displayed key features of dysostosis multiplex, we regarded them as a 

valuable tool to study the impact of Arsb deficiency on different skeletal cell types. 

By a combination of bone-specific histomorphometry and cell culture experiments we 

were able to show that the high bone mass phenotype of Arsbm/m mice is a consequence of 

impaired osteoclast activity. Primary osteoclasts from wildtype and Arsbm/m mice were able to 

endocytose and proteolytically activate recombinant human ARSB in an M6P-independent 

manner. Of note, mannose-dependent uptake into macrophages has also been shown for other 

lysosomal enzymes, i.e. ß-glucocerebrosidase and acid sphingomyelinase, mutated in Gaucher 

and Niemann-Pick-A/B disease, respectively (54, 55). Since macrophages and osteoclasts are 

 
 

  
 A

cc
ep

te
d

   A
rt

ic
le

 

 

 

 

 

 

 

 

  

 
 
 



This article is protected by copyright. All rights reserved 

23 

 

derived from a common hematopoietic progenitor, these findings indicate that their lysosomal 

enzyme uptake is mediated by mannose receptors rather than M6P receptors as described for 

other cell types. We additionally found that endocytosed and proteolytically processed ARSB in 

Acp2/Acp5-deficient osteoclasts still contained M6P residues. The concomitant decrease of 

endocytosed ARSB activity in Acp2/Acp5-deficient osteoclasts, as well as of endogenous Arsb 

activity, demonstrates that M6P dephosphorylation by Acp2 and Acp5 is conducive for Arsb 

activity in osteoclasts. Thus, our data provide the first evidence that M6P residues do not only 

serve as a targeting signal for lysosomal enzymes, but that immediate M6P removal upon arrival 

in lysosomes by Acp2 and Acp5, is a requisite for full enzymatic activity, as shown here for 

Ctsk and Arsb, to guarantee lysosome function.  

Of note, although M6P residues were not dephosphorylated in Acp2/Acp5-deficient 

primary osteoblasts either, we did not observe lysosomal storage accumulation in Acp2/Acp5-

deficient osteoblasts or osteocytes in vivo, unlike it was the case in Arsb-deficient mice. One 

possible explanation for the differential impact of Acp2/Acp5- and Arsb deficiency on bone 

remodeling cell types is that bone resorption and matrix degradation largely depends on 

lysosomal activities, whereas osteocytic lysosomes may be less relevant for the cellular 

catabolism. Therefore, a residual Arsb activity (as a consequence of Acp2/Acp5-deficiency) 

might be sufficient to ensure the cellular turnover of GAG-carrying proteins in osteocytes, 

whereas a complete Arsb deficiency might cause lysosomal storage in this long-lived cell 

population. It remains to be established, if the storage material in Arsb-deficient osteocytes is 

primarily derived from intracellular proteins or cell-associated proteoglycans, or if Arsb 

participates in osteocyte-mediated bone matrix turnover. This question is best addressed by 

future experiments, where the response of wildtype and Arsb-deficient mice could be compared 

under conditions of calcium stress, which induce a process known as osteocytic osteolysis (56). 

In any case, it is important to state that the severe lysosomal storage accumulation in Arsb-
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deficient osteocytes did not impair their major functions in controlling bone remodeling or 

phosphate homeostasis, at least until the age of 24 weeks. 

The observed correction of the ex vivo defect of Arsbm/m osteoclasts by exogenous ARSB 

additionally led us to analyze the clinically relevant question, whether ERT would correct the 

osteopetrotic phenotype of Arsbm/m mice. ERT has been established as a leading treatment 

option for certain lysosomal storage disorders, including MPS-I, MPS-II and MPS-VI (23, 24). 

Until now it is still undefined, if potential defects of osteoblasts, osteoclasts and/or osteocytes in 

individuals with MPS are influenced by ERT, yet it was hypothesized that the skeleton is less 

accessible to systemically delivered recombinant enzymes in comparison to non-mineralized 

tissues (57). Therefore, since we observed a remarkable influence of ERT on the bone 

remodeling phenotype of Arsbm/m mice, our combined data can be regarded as an important 

proof-of-principle demonstrating that systemically delivered lysosomal enzymes can reach and 

enter bone remodeling cell types to correct their respective defects, at least in the case of MPS-

VI. These findings are not fully unexpected, as bone is a highly vascularized tissue with bone 

remodeling being controlled by various endocrine regulators (58). On the other hand, it was 

remarkable to observe that even the severe defects of Arsbm/m osteocytes were corrected by ERT, 

albeit in a compartment-specific manner. The differential impact of ERT on trabecular and 

cortical osteocytes is best explained by the higher remodeling rate in the trabecular compartment 

(59). Since osteocytes are terminally differentiated osteoblasts, their de novo generation in the 

presence of systemically delivered ARSB most likely prevents lysosomal GAG storage and 

enlargement of the osteocyte lacunar area. In cortical bone however, existing osteocytes are not 

continuously replaced, and therefore no ERT-mediated reduction of the osteocyte lacunar area 

was observed. 

In our opinion, the data obtained by analysis of Arsbm/m mice are not only interesting 

from a basic scientific perspective, they should also be considered as clinically relevant, at least 

for individuals with MPS-VI. First, they do not only show that bone remodeling in Arsbm/m mice 
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can be normalized by ERT, but also that ERT can prevent cervical cord compression, one of the 

most serious complications in MPS-VI patients. Importantly, there is still no consensus about 

the efficacy of ERT in terms of cervical cord compression, since there was no consistent 

monitoring of the respective individuals before the treatment was initiated (46). Second, while 

the pathological features of bone remodeling cell types in Arsbm/m mice were corrected by ERT, 

the cartilage-associated phenotypes (growth plate widening, bone length reduction) were not. It 

is established that skeletal growth and development largely depend on coordinated chondrocyte 

differentiation processes (60). Therefore, the common observation that key aspects of dysostosis 

multiplex (impaired skeletal growth, articular cartilage thickening) are not remarkably 

influenced by ERT is explained to a large extend by failure to correct chondrocyte-specific 

defects. It is likely that this failure is attributable to the avascular nature of cartilaginous tissues, 

but it is also possible that chondrocytes have reduced capacity to endocytose recombinant 

lysosomal enzymes. The Arsbm/m mice provide an excellent tool to address these questions, yet 

this requires additional studies, where the treatment has to be initiated in growing animals. 

In conclusion, by applying an unbiased approach to screen for lysosomal enzymes with a 

putative role in bone resorption, we identified Arsb as a key enzyme with a physiologically 

relevant function in skeletal turnover. We demonstrated that bone remodeling cell types are 

accessible to systemically delivered ARSB, and that ERT fully corrects all trabecular bone 

pathologies of Arsbm/m mice. It is now required to deepen the analysis of MPS-VI patients, 

comparing baseline and post-treatment pathologies, including parameters of bone remodeling. In 

addition, it should be addressed if the findings of the present study are specific for MPS-VI, or if 

they are of general relevance for all lysosomal storage disorders with skeletal manifestation. 
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Figure Legends 

 

Fig. 1. Acp2 and Acp5 synergize in bone resorption and Ctsk activation. (A) Representative 

µCT scans of femora from 12 weeks old wildtype (Acp2+/+/Acp5+/+), Acp2-/-, Acp5-/- and 

Acp2/Acp5-/- mice. Scale bar, 1 mm. (B) Representative µCT scans of the same femora depicting 

mineralized bone in red. Scale bar, 100 µm. (C) Quantification of femoral length and trabecular 

bone volume per tissue volume (BV/TV) in 12 weeks old wildtype (WT), Acp2-/-, Acp5-/- and 

Acp2/Acp5-/- mice (n ≥ 4 mice per genotype). (D) TRAP staining of wildtype, Acp2-/-, Acp5-/- 

and Acp2/Acp5-/- osteoclasts. Scale bar, 25 µm. (E) Dentin resorption by wildtype, Acp2-/-, Acp5-

/- and Acp2/Acp5-/- osteoclasts. Scale bar, 50 µm. (F) Quantification of osteoclast number (OcN) 

and resorbed dentin area in the same cultures (n ≥ 5 cultures per genotype). (G) mRNA 

expression for Acp2, Acp5, Ctsk and Clcn7 in wildtype and Acp2/Acp5-/- osteoclasts (n = 3 

cultures per genotype). (H) Relative enzyme activities of Acp2, Acp5 and Ctsk in the same 

cultures (n ≥ 4 cultures per genotype). (I) Western blot detecting Ctsk (arrows) in cell lysates 

from wildtype and Acp2/Acp5-/- osteoclasts after 2D-SDS-PAGE. Data are presented as mean + 

s.d. *P<0.05, **P<0.005 and ***P<0.0005 by one-way analysis of variance (ANOVA) with 

Tukey post hoc analysis (C,F) or two-tailed Student´s t-test (G,H). 

 

Fig. 2. Arsb is an osteoclast differentiation marker and a substrate of Acp2 and Acp5. (A) 

Western blot of cell lysates from wildtype and Acp2/Acp5-/- osteoclasts using an M6P-specific 

antibody. Calnexin (Canx) was used as a loading control. (B) Schematic presentation of the 

protocol used for osteoclast differentiation and the four time points subjected to Affymetrix 

Gene Chip hybridization. Differential expression of Calcr is shown below. (C) Heat map 

showing the signal log ratios (SLR) of genes encoding soluble lysosomal enzymes with 

increased expression between day 1 and day 7 of osteoclastogenic differentiation (left column). 

SLR values for day 4 to day 5 are shown in the right column. (D) ARSB and M6P western blot 

of cell lysates from wildtype (Acp2+/+/Acp5+/+) and Acp2/Acp5-/- osteoclasts incubated with 
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ARSB for 4 hours. Precursor and mature forms of ARSB are indicated by closed or open 

arrowheads, respectively. (E) Arsb activity assays in media (top) or cell lysates (bottom) after 4 

hours of ARSB administration (n = 6 cultures per genotype). (F) Relative enzyme activities 

(top) and mRNA expression (bottom) of Arsb, Hexb (ß-hexosaminidase), Glb1 (ß-

galactosidase), Man2b1 (-mannosidase) and Gusb (ß-glucuronidase) in wildtype and 

Acp2/Acp5-/- osteoclasts (n ≥ 3 cultures per genotype). Data are presented as mean + s.d. 

*P<0.05, **P<0.005 and ***P<0.0005 by two-tailed Student´s t-test (E,F). 

 

Fig. 3. Arsb-deficient mice display a moderate osteopetrotic phenotype. (A) Arsb expression in 

different tissues (Li, liver, Sp, spleen, He, heart, Ki, kidney, Lu, lung, Fa, fat, Bo, bone) or 

cultured bone cells (Obl, osteoblasts, Ocl, osteoclasts) at different stages of differentiation (n = 3 

samples per tissue or cell type). (B) Representative contact Xrays of 12 weeks old wildtype and 

Arsbm/m littermates. Scale bar, 5 mm. (C) Kossa/Gieson staining of spine sections from the same 

mice. Scale bar, 1 mm. (D) Representative µCT scans of femora from the same mice. Scale bar, 

100 µm. Quantification of femoral length, trabecular bone volume per tissue volume (BV/TV) 

and cortical thickness are given on the right (n ≥ 5 mice per genotype). (E) Toluidine blue 

staining of spine sections reveals the presence of cartilage remnants (arrow) in Arsb-deficient 

mice. Scale bar, 50 µm. Quantification is given on the right (n ≥ 5 mice per genotype). (F) 

Toluidine blue staining of spine sections demonstrates the presence of osteoclasts and eroded 

bone surfaces in wildtype and Arsb-deficient mice, whereas the latter ones also displayed 

enlarged or apparently empty osteocyte lacunae (arrows). Scale bar, 20 µm. (G) 

Histomorphometric quantification of the osteoclast surface per bone surface (OcS/BS) and 

serum CTX-1 levels in 12 weeks old wildtype and Arsbm/m mice (n ≥ 4 mice per genotype). (H) 

Serum Acp5 activities and CTX-1/Acp5 ratios in the same mice (n = 4 mice per genotype). Data 

are presented as mean + s.d. *P<0.05, and ***P<0.0005 by two-tailed Student´s t-test 

(D,E,G,H). 
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Fig. 4. Arsb-deficient osteoclasts display a resorption defect. (A) Representative electron 

microscopy images showing lysosomal storage vacuoles (arrows) in osteoclasts of 12 weeks old 

Arsbm/m mice. Scale bar, 5 µm. (B) Immunofluorescent staining of wildtype and Arsb-deficient 

osteoclasts with an antibody against the lysosomal membrane protein Lamp1. Nuclei were 

visualized by DAP staining. Scale bar, 20 µm. (C) Western blot of cell lysates from wildtype 

and Arsb-deficient osteoclasts using antibodies against the lysosomal proteins Limp2, Lamp1, 

Clc7 and Ctsk. Calnexin (Canx) was used as a loading control. (D) Enzymatic activities of Arsb, 

Acp5, ß-hexosaminidase and ß-galactosidase in lysates (left) and media (right) from wildtype 

and Arsb-deficient osteoclasts (n ≥ 3 cultures per genotype). (E) Dentin resorption by wildtype 

and Arsbm/m osteoclasts cultured with or without ARSB. Scale bar, 50 µm. Quantification of 

osteoclast number (OcN) and resorbed dentin area is given on the right (n = 6 cultures per 

group). Data are presented as mean + s.d. *P<0.05, and ***P<0.0005 by two-tailed Student´s t-

test (D) or one-way analysis of variance (ANOVA) with Tukey post hoc analysis (E).  

 

Fig. 5. Mannose-dependent lysosomal uptake of recombinant ARSB by Arsb-deficient 

osteoclasts. (A) ARSB and M6P western blot of cell lysates from Arsbm/m osteoclasts incubated 

with ARSB for 4 hours with or without M6P and/or mannose (Man). Precursor and mature 

forms of Arsb are indicated by closed or open arrowheads, respectively. (B) Arsb activity in cell 

lysates of wildtype and Arsbm/m osteoclasts incubated with ARSB for 4 hours in the absence (-) 

or presence (+) of M6P and/or mannose (Man) (n = 4 cultures per group). (C) Heat map 

showing the signal log ratios (SLR) of genes encoding M6P receptors (M6pr, Igfr2) and 

mannose receptors (Mrc1, Mrc2) between day 1 and day 7 or between day 4 and day 5 of 

osteoclastogenic differentiation in wildtype cultures. Signal intensities of Mrc1 and Mrc2 at the 

different time points are shown on the right. Data are presented as mean + s.d. Data represent 

mean + s.d. ***P<0.0005 by one-way analysis of variance (ANOVA) with Tukey post hoc 

analysis (B). 
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Fig. 6. Lysosomal storage in Arsb-deficient osteoblasts and osteocytes. (A) Representative 

electron microscopy images showing lysosomal storage vacuoles (arrow) in osteoblasts of 12 

weeks old Arsbm/m mice, which were not observed in 12 weeks old Acp2/Acp5-/- mice. Scale bar, 

5 µm. (B) Representative electron microscopy images showing lysosomal storage vacuoles in 

trabecular osteocytes of Arsbm/m mice. Scale bar, 5 µm. (C) ARSB and M6P western blot of cell 

lysates from wildtype and Acp2/Acp5-/- osteoblasts (day 20 of differentiation) incubated with 

ARSB for 4 hours. Precursor and mature forms of ARSB are indicated by closed or open 

arrowheads, respectively. Calnexin (Canx) was used as a loading control. (D) 

Histomorphometric quantification of osteoblast surface per bone surface (ObS/BS), bone 

formation rate per bone surface (BFR/BS) and mineral apposition rate (MAR) in 12 weeks old 

wildtype and Arsbm/m mice (n ≥ 5 mice per genotype). (E) Alizarin red staining of primary 

calvarial cultures from wildtype and Arsbm/m mice at day 20 of ex vivo osteogenic 

differentiation. Scale bar, 1 cm. Quantification of matrix mineralization is given below (n = 4 

cultures per genotype). Data are presented as mean + s.d. **P<0.005 by two-tailed Student´s t-

test (D,E). 

 

Fig. 7. Arsb-deficient osteocytes are not dysfunctional. (A) mRNA expression of Arsb, 

osteoblast (Bglap, Ibsp) and osteocyte (Sost, Phex, Dmp1) markers in femoral bones from 12 

weeks old wildtype and Arsbm/m mice (n ≥ 3 mice per genotype). (B) Serum Sost concentrations 

in 12 and 24 weeks old wildtype and Arsbm/m mice (n ≥ 3 per genotype). (C) Kossa/Gieson (top) 

and toluidine blue (botton) staining of trabecular bone in spine sections from 12 weeks old 

Hyp+/d and Arsbm/m;Hyp+/d littermates. Arrows indicate osteocyte enlargement caused by Arsb-

deficiency. Scale bar, 50 µm (top) and 20 µm (bottom). (D) Serum concentrations of Fgf23 and 

phosphate in the four groups of mice (n ≥ 3 per genotype). Data are presented as mean + s.d. 

*P<0.05, **P<0.005 and ***P<0.0005 by two-tailed Student´s t-test (A,B) or one-way analysis 

of variance (ANOVA) with Tukey post hoc analysis (D). 
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Fig. 8. Systemic delivery of ARSB does not correct defects of skeletal growth or development in 

Arsb-deficient mice. (A) Length of skeletal elements in wildtype, untreated and ERT-treated 

Arsbm/m mice at 24 weeks of age (n ≥ 4 mice per group). (B) Quantification of growth plate (GP) 

width in tibia sections from the same mice (n ≥ 4 mice per group). (C) Representative µCT 

images of the jawbones from 24 weeks old wildtype, untreated and ERT-treated Arsbm/m mice. 

The arrow indicates jaw exostosis. Scale bar, 500 µm. (D) Quantification of jaw exostosis in 24 

weeks old wildtype, untreated and ERT-treated Arsbm/m mice (n ≥ 4 mice per group). Data are 

presented as mean + s.d. *P<0.05, **P<0.005 and ***P<0.0005 by one-way analysis of 

variance (ANOVA) with Tukey post hoc analysis (A,B,D). 

 

Fig. 9. Systemic delivery of ARSB corrects trabecular bone pathologies in Arsb-deficient mice. 

(A) Representative Kossa/Gieson stainings of spine sections from wildtype, untreated and ERT-

treated Arsbm/m mice at 24 weeks. Scale bar, 1 mm. (B) Quantification of the trabecular bone 

volume per tissue volume (BV/TV) in spine and tibia sections from the same mice (n ≥ 4 mice 

per group). (C) Representative toluidine blue staining of trabecular bone demonstrates that 

enlarged and empty osteocyte lacunae (arrow) were only observed in untreated Arsbm/m mice. 

Scale bar, 50 µm. (D) Representative toluidine blue staining of cortical bone demonstrates that 

enlarged and empty osteocyte lacunae (arrows) in Arsbm/m mice were not affected by the 

treatment. Scale bar, 50 µm. (E) Number of (apparently) empty osteocyte lacunae per bone area 

(N.e.L./B.Ar) in trabecular and cortical bone from wildtype, untreated and ERT-treated Arsbm/m 

mice at 24 weeks. (n ≥ 4 mice per group). (F) Backscattered scanning electron microscopy 

images of trabecular bone from 24 weeks old untreated and ERT-treated Arsbm/m mice. Scale 

bar, 50 µm. (G) Quantification of the lacunar area (Lc.Ar.) in trabecular and cortical bone of the 

same mice (n ≥ 4 mice per group). (H) Representative µCT images of the cervical cord from 24 

weeks old wildtype, untreated and ERT-treated Arsbm/m mice. Scale bar, 100 µm. (I) 

Quantification of C1 width in 24 weeks old wildtype, untreated and ERT-treated Arsbm/m mice 
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(n ≥ 4 mice per group). Data are presented as mean + s.d. *P<0.05, **P<0.005 and 

***P<0.0005 by one-way analysis of variance (ANOVA) with Tukey post hoc analysis 

(B,E,G,I). 
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