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SUMMARY

To date, two lysosomal acid phosphatases are known to be phosphatase-deficient mice, vacuoles were frequently found
expressed in cells of the monocyte/phagocyte lineage: the which contained fine filamentous material. The vacuoles in
ubiquitously expressed lysosomal acid phosphatase (LAP) Acp5- and LAP/Acp5 doubly-deficient osteoclasts also
and the tartrate-resistant acid phosphatase-type 5 (Acp5). contained crystallite-like features, as well as osteopontin,
Deficiency of either acid phosphatase results in relatively suggesting that Acp5 is important for processing of this
mild phenotypes, suggesting that these enzymes may be protein. This is further supported by biochemical analyses
capable of mutual complementation. This prompted us to that demonstrate strongly reduced dephosphorylation of
generate LAP/Acp5 doubly deficient mice. LAP/Acp5 osteopontin incubated with LAP/Acp5-deficient bone
doubly deficient mice are viable and fertile but display extracts. Fibroblasts derived from LAP/Acp5 deficient
marked alterations in soft and mineralised tissues. They embryos were still able to dephosphorylate mannose 6-
are characterised by a progressive hepatosplenomegaly, phosphate residues of endocytosed arylsulfatase A. We
gait disturbances and exaggerated foreshortening of long conclude that for several substrates LAP and Acp5 can
bones. Histologically, these animals are distinguished by an substitute for each other and that these acid phosphatases
excessive lysosomal storage in macrophages of the liver, are essential for processing of non-collagenous proteins,
spleen, bone marrow, kidney and by altered growth including osteopontin, by osteoclasts.

plates. Microscopic analyses showed an accumulation of

osteopontin adjacent to actively resorbing osteoclasts of Key words: Bone resorption, Kupffer cells, Osteoclasts,

Acp5- and LAP/Acp5-deficient mice. In osteoclasts of Macrophages, Lysosomal storage, Osteopontin, Mouse

INTRODUCTION been identified in the lysosomal compartment (Clark et al.,
1989) of cells of the mononuclear phagocytic system (Drexler
Acid phosphatases (EC 3.1.3.2) are a family of enzymes thahd Gignac, 1994; Hayman et al., 2000).
can be differentiated according to structural, catalytic and LAP (Acp2 — Mouse Genome Informatics) was crucial to
immunological properties, tissue distribution and subcellulathe initial discovery of lysosomes by de Duve in 1963 and is
location. So far three isoenzymes of extracytoplasmic acidiwidely used as a biochemical marker for lysosomes. It is
phosphatases have been identified that belong to the groupsyinthesised as a membrane-bound precursor and transported to
orthophosphoric monoesterases with an acidic pH optimurthe plasma membrane (Hille et al., 1992). Before its delivery
(Drexler and Gignac, 1994). The highly homologous secretorto the lysosomes, the precursor recycles from the early
acid phosphatase of the prostate (PAP), which is specificalgndosomes to the cell membrane (Braun et al., 1989). In
expressed and secreted in this gland (Vihko et al., 1988ysosomes, the soluble mature LAP is released by limited
resembles the ubiquitiously expressed lysosomal acidroteolysis (Gottschalk et al., 1989). In vitro, LAP cleaves
phosphatase (LAP) in its sensitivity to inhibition by L-tartratevarious phosphomonoesters (e.g. adenosine monophosphate,
(de Araujo et al., 1976). In addition to the tartrate-sensitivéhymolphthaleinphosphate,p-nitrophenyl phosphate and
LAP, the tartrate-resistant type 5 acid phosphatase (Acp5) hghicose 6-phosphate) at an acidic pH 3.5-5.0 (Gieselmann et
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al., 1984), but neither its in vivo substrates nor its functionafor the other gene, were used for breeding in parallel. From these
role is known. LAP-deficient mice have recently beenmatings, 66 offspring were obtained with 15 mice doubly deficient for
generated in an effort to understand the physiological role dfap’~ andAcpS’. _ _

this isoenzyme. Lysosomal storage was found in podocytes angMice were genotyped using established Southern blot protocols for
tubular epithelial cells of the kidney. Lysosomal storage wa® tlzrggted-ap andAcp5gene loci (Saftig et al., 1997; Hayman et
detected in subsets of microglia, ependymal cells and astrogﬁil;l‘ ):

within the central nervous system, concomitant with thesypcellular fractionation on Percoll gradients

development of a progressive astrogliosis and microgligljer tissue samples were homogenised (20% wiv) in a Dounce
activation. Conspicuous alterations of bone structure becani®mogeniser (20 strokes) and postnuclear supernatants were prepared
apparent in mice older than 15 months, which resulted in i& 0.25 M sucrose buffered with 3 mM imidazole/HCI, 1 mM EDTA
kyphoscoliotic malformation of the lower thoracic vertebralpH 7.4. 0.2 ml of this supernatant was mixed to a final concentration
column (Saftig et al., 1997). of 30% Percoll solution (10 ml) in 0.25 M sucrose, 3 mM

The tartrate-resistant type 5 acid phosphatase Acimidazole/HQI, 1 mM EDTA pH 7.4 gnd centrifuged for 90 minutes
the purpl acd phosphatase famiy) isanother orhophosphor@ S, Imceaninionse, sucorote sepvogeisse, MDY
monoesterase, identified in the Iyso_somal compartment. Ac ohlmann et al.,, 1995) and acid phosphatase activity were
enzyme activity has been detected in the monocyte/phagocyi& ermined in each of 20 fractions collected.
system, i.e. alveolar macrophages and osteoclasts (Hayman et
al., 2000; Bevilacqua et al., 1991), and it is commonly used a&cid phosphatase assays
an osteoclast-specific marker (Minkin, 1982). Acp5 is aAliquots of the Percoll-enriched lysosomal fractions in 0.1% Triton
binuclear iron protein of unknown function, but it promotesX-100 were incubated with 1Q@ of 10 mM p-nitrophenylphosphate
the hydrolysis of nucleotides, arylphosphates andn 0.1 M sodium citrate, pH 4.5, and either| 8010 mM NaCl or 50
phosphoproteins, including osteopontin and bone sialoproteit! 40 mM tartrate. After incubation, the reaction was stopped by
in vitro (Vincent and Averill, 1990; Andersson and Ek- a?‘i'l't(')g” of 0.5 m('j Cif 0.4 Md gl%/ﬁmet/N?OtH’- F;:'—'b'tlotf' ﬁtﬁ)dsjorbatnc_;e

; ; ; ; nm was determined. The tartrate-inhibitable activity

Ryklander, 1995). To explore the physiological action of thls.\"l‘vas determined as described (Waheed et al, 1985). After

protein, Acps-deficient mice were generated (Hayman et al|“r‘nmunoprecipitation of enriched lysosomal fractions with an anti-

1996). The_se mice mgt_ure ”O”“fi”y but exhibit dev_el()pmemfﬂteroferrin antibody (Echetebu et al., 1987), tartrate-resistant acid

and modelling deformities of the limb bones and axial skeletogposphatase (Acp5) activity of the dissolved immunoprecipitate was

suggesting that Acp5 participates in the early stages Qfetermined.

endochondral ossification and maintains integrity and turnover

of the adult skeleton by contributing to bone matrix resorptioffEndocytosis of  [¥3S] or [¥2P] arylsulfatase A

(Hayman et al., 1996). In addition, it has recently been showfibroblasts which are deficient for both mannose 6-phosphate

that these mice have disordered macrophage inflammatof§ceptors (Kasper et al., 1996) that were transfected with human

responses and reduced clearance of the microbial pathog@isulfatase-A (ASA) were grown to confluency on 10 ¢m dishes and

Staphylococcus aureSune et l, 2000) opalled ouemight Wil 55 MBd Smatrionine or L1 Med

L A-Il;he fgr}f“og"?" relakltlonshl_pl)_hbezjv.vf(faen t?egysoiomal pfrﬁf::? pecific antibody had been coupled and endocytosis of labelled ASA
and Acpo IS unknown. 1he difierent phenotypes o ‘in the presence and absence of 5 mM mannose 6-phosphate has been

and Acp5-deficient mice clearly_ |_nd|cate t_hat these tWQyescribed previously (Sandholzer et al., 2000).

lysosomal phosphatases have distinct functions. The rather

mild phenotype of LAP-deficient and of Acp5-deficient miceRadiographs and bone preparations

suggests that the phosphatases may in part substitute fdice were anaesthetised and subjected to radiography (high

each other. To delineate functions that are shared by bothsolution, soft X-ray system, DIMA Soft P41, Feinfocus, Garbsen,

phosphatases, LAP/Acp5 doubly deficient mice werésermany). For each mouse the same radiation energy (30 kV) and

generated. We show that these mice display alterations 8KPosure times were used. Radiographs were stored as digital files and

greater severity than observed in singly deficient mice (bonggfn‘::li‘;‘; using the FCR 9000 HQ system (Fuji, Disseldorf,

abn_ormalltles, st(_Jr_age |n_gI|aI cells)_ or alterations not seen Long bones (femora, tibiae, humeri) were dissected free of soft

all in single deficient mice (massive lysosomal storage IBssues and bone length was measured with fine callipers.

Kupffer cells and macrophages of bone marrow, spleen ané

kidney). Additionally, we show that both phosphatases arélistological examinations of soft tissues

likely to be involved in the dephosphorylation of osteopontinfFor electron microscopy the animals were perfused with 6%

glutaraldehyde in 0.1 M phosphate buffer. Tissue samples were post-

fixed with 2% osmium tetroxide, dehydrated and embedded in

Araldite. Semi-thin sections were stained with Toluidine Blue.

) ) o ) Ultrathin sections were processed according to standard techniques.

Generation of mice with disruption of LAP and Acp5 For histochemical investigations, animals were perfused with

LAP-deficient mice (Saftig et al., 1997) and tartrate-resistant aci@ouin’s solution diluted 1:4 in PBS. After dissection of individual

phosphatase (Acp5) deficient mice (Hayman et al., 1996) were mateatgans and dehydration, embedding was performed in low melting

Doubly heterozygote micelLép*~; Acp57-) of the following  point paraffin (Wolff, Germany). Serial sectionsyfh) were cut and

generation were used for further breeding. One hundred and twelveounted on glass slides covered with Biobond (British Biocell,

offspring were generated in 14 litters. Three doubly deficient mickondon, UK). Central sections of each series were stained with

(Lap™—; Acp57") were obtained and used for further breeding. TheHaematoxylin and Eosin for standard light microscopy. Correlative

resulting mice, which were deficient for one gene and heterozygotections of all tissues were stained for lysosomal marker antigens

MATERIALS AND METHODS
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cathepsin D (Kasper et al.,, 1996) and lysosomal-associated¢torage material in most tissues of LAP-deficient mice (Saftig
membrane protein type | (DSHB, University of lowa, USA). etal., 1997) pointed to the existence of compensating pathways
Detection of primary antibody binding was performed by the use ofor the metabolism of phosphate esters in lysosomes. After
biotin-labelled secondary ~antibodies ~and either avidin-biotingypcellular fractionation of LAP-deficient liver tissues by
complexes or tyramide signal amplification. Percoll density centrifugation, fractions enriched in markers
Light and electron microscopy of bone for lysosomes contained residual tartrate-resistant acid

Calvariae, tibiae and femora of 12 animals (three of each genotypgpqs,phatase activity. Par'tlal purlflcatlon of the tartrate-resistant
were fixed for 36 hours in 4% formaldehyde and 1% glutaraldehyd@Ctivity and further biochemical characterisation using
in 0.1M sodium cacodylate buffer (pH 7.4). After rinsing in buffer, thedifferent effectors as well as immunoprecipitation with an
material was post-fixed in 1% osmium tetroxide dehydrated in ethan@ntibody specific for uteroferrin/Acp5 suggested that Acp5 was
and embedded in LX-112 (Ladd Research Industries, Burlingtorthe principal candidate for compensating the loss of LAP (data
USA). Ultrathin sections were prepared, stained and examined in ot shown).

Zeiss EM 10C electron microscope. Part of the tissue samples wasTo investigate if LAP and Acp5 indeed compensate for each

fixed in 4% formaldehyde in 0.1 M sodium cacodylate buffer,gther we generated mice that were deficient for both enzymes.
dehydrated and embedded in LR White. Semi- and ultrathin sectionSy this purposeLap"‘ animals were bred WiﬂAcpS‘/‘

were incubated with goat anti-rat osteopontin (Dr W. Butler, Houston,, . - .
TX) (McKee and Nanci, 1996), mouse-anti osteocalcin (kindlyammélIS to yield LAP/Acps doubly heterozygote mice

provided by Dr P. Cloos of OsteoMeter, Herlev, DK) or biotinylated(Lap+/ /Acp*/ ). Genotyping was carried out using established
SWGA (Vector Lab., Burlingame, CA). The sections were incubatedOUthern blot protocols to demonstrate the null-allelesdpr

with protein A-gold (Aurion, Wageningen, NL), Histomouse-SP Kit of andACp5(Saftig et al., 1997; Hayman et al., 1996) (Fig. 1A).
Zymed Laboratories (San Francisco, CA) or extravidin-gold (Sigma)Breeding of animals homozygote deficient for one gene and
respectively. For light microscopic immunolocalisation, the signal waieterozygote for the other gene (e.gp”~; Acp57'-) resulted
silver enhanced (Aurion, Wageningen, NL). in 23% (15 out of 66) mice which were deficient for both genes.

. . This frequency was close to that expected for Mendelian
Scanning electron microscopy inheritance

Bones fixed in 70% ethanol were dehydrated in ethanol and embedde o test for expression of LAP and Acp5, northern blot

in PMMA. Trimmed blocks were micro-milled (Reichert-Jung .
UltraMiller, Leica UK) and carbon coated and imaged usin analyses (not shown) and acid phosphatase enzyme assays of

backscattered electrons (BSE; 20kV, Zeiss DSM962). The Sag%ercoll gradient-enriched lysosomal fractions of liver tissues
blocks were later oxygen plasma ashed (PlasmaPrep 100, Nanote¥fgre performed. L-tartrate-sensitive acid phosphatase activity
UK; to remove carbon, PMMA, cells and any non-mineralised matrixvas undetectable in lysosomal fractions from LAP-deficient

and expose mineralised cartilage and bone) and again coated wahd doubly deficient animals (Fig. 1B). Tartrate-resistant Acp5
carbon and imaged with BSE. activity was determined in the immunoprecipitates obtained
_ from lysosomal extracts with an Acp5 (uteroferrin) -specific
EDX-analysis of bone crystals antibody. No tartrate resistant activity was detectable in the
k”OCkoutt m'cet Wetre. C%:'eCtgd IO” Catrbon'lcofited gr'ds'f The jeqtt'lfr&fiaficient animals, while considerable Acp5 activity was
were not counterstained and element analysis was performed wi - e : -
EDX apparatus attached to a Philips CMlg electror?microscope. 8Bserved in those from ConFr_oI and LAP-deflqlent mice (F'g.'
1B). Thus, all tartrate-sensitive and tartrate-insensitive acid
Hydrolysis of osteopontin and immunoblotting phosphatase activity towargsnitrophenol-phosphate in liver
Long bones were removed from feshly killed six month old mice andS represented by Acp5 and LAP, respectively, and was lacking
dissected free of muscle. The bones were minced and homogenidaéddoubly deficient mice. In addition, subcellular fractionation
in 0.4 M sodium acetate, pH 5.6 containing 1% w/v Triton X-100.experiments of LAP/Acp5-deficient kidney and spleen tissues
Recombinant mouse osteopontin (R&D Systems, Wieshadeffailed to demonstrate the existence of other lysosgmal

Germany; 600 ng) was incubated with §@ of bone extracts nitrophenyl-phosphate cleaving activities (not shown).
corresponding to about 4 mU of tartrate-resistant acid phosphatase

activity in extracts from control bones in 200 mM sodium acetateProgressive hepatosplenomegaly in LAP/Acp5
buffer, pH 5.6 at 37°C for times ranging from 1 to 3 hours. ControHoumy deficient mice

tubes of enzyme and osteopontin alone were set up in the same buﬁte : - . . . .
At the end of the incubation period, aliquots containing the equivale _’&P/ACp5 deficient animals are viable and fertile. Like AcpS

of 300 ng osteopontin were analysed by SDS-polyacrylamide g&iingle knockout mice, LAP/Acp5 doubly deficient mice weigh
electrophoresis and immunoblotting with antibodies to osteoponti@Pout 10-15% lower than control or LAP-deficient mice (data

(R&D Systems) or anti-phosphoserine (Chemicon, Hofheimnot shown). Although LAP- and Acp5 single knockouts can
Germany). Hydrolysis of osteopontin was also carried out in thewot be distinguished from controls, the doubly deficient
presence and absence of inhibitor compounds, molybdate, L-tartra@nimals can easily be recognised. They display a blown up,
vanadate at 10 mM and proteinase inhibitor cocktail (Boehringepall-like trunk and gait disturbances. LAP/Acp5 deficient mice
Mannheim, FRG). also have an increased mortality. By 17 months, about half of
the double knockout mice had died, whereas the mortality of
single knockout mice was like that of control mice (Fig. 1C).

RESULTS LAP/Acp5 deficient mice revealed severe enlargement of liver
] . o and spleen (Fig. 1D), filling up most of the abdominal cavity.

Generation of mice doubly deficient for LAP and The extent of the hepatosplenomegaly varied between animals,

Acp5 but showed a clear progression with age (Fig. 1E,F). In mice

The lack of detectable morphological signs of lysosomabf 1 year of age or older, the liver contributed up to 25% of the
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Fig. 1.(A) Generation of LAP/Acp5 doubly deficient mice. Southern blot with external probes for the targeted LAP locus (Saftigod)al.,
and the Acp5 locus (Hayman et al., 1996). (B) Determination of lysosomal acid phosphatase activity (Waheed et al., 16B8&§in enri
lysosomal liver fractions of control, single deficient and doubly deficient mice. Acp5 activity was determined after immutadipreeifih an
anti-uteroferrin antibody. (C) LAP/Acp5 doubly knockout mice display an increased mortality starting at about 8 monthshef ragelts

from LAP and Acp5 single knockout as well as control animals are also shown. (D) Hepatosplenomegaly in LAP/Acp5 deficiehhanimal.
spleen and liver of an extreme case of hepatosplenomegaly in LAP/Acp5 knockout animals is shown. (E) Progressive inereasmgi liv
LAP/Acp5-deficient mice. A box blot of control (striped boxes) and LAP/Acp5 deficient liver weights is shown from 1-15 mgeth of a

(F) Progressive increase in spleen weight in LAP/Acp5-deficient mice. A box plot of control (striped boxes) and LAP/Acp5Saddierent
weights is shown from 1-15 month of age.

total body weight when compared with 4% in controls. Theunchanged levels of electrolytes (e.g. iron and phosphate),
spleen of 1-year-old mice was about two- to threefold largem-amylase, alkaline phosphatase, urea and glutamate-
than in controls. Hepatosplenomegaly was never observed axalacetate-transaminase. The number of white blood cells
LAP- and Acp5 single knockout mice. increased about twofold in LAP/Acp5-deficient mice at the
Analysis of LAP/Acp5-deficient serum revealed age of 12-14 months, whereas the number of erythrocytes,



haematocrit and concentration
haemoglobin decreased only sligt
(data not shown).

Lysosomal storage in liver and
spleen in LAP/Acp5 deficient mice

Control, LAP-deficient, Acp5-deficie
and LAP/Acp5-deficient animals we
analysed morphologically at ac
between 1.5 and 10 months. Li
microscopical examination revealed si
of lysosomal storage in liver (Fig. 2B) ¢
spleen (Fig. 2D) of LAP/Acp5 deficie
mice but not of single knockouts &
controls (Fig. 2A,C). Cells in kidney (Fi
2F), liver and spleen (not shown) of
double knockout showed high levels
the lysosomal marker antigens LAM
(lysosome-associated membrane prc
1) and cathepsin D (not shown) comp:
with the other genotypes (Fig. 2E; shc
for control kidney).

In  LAP/Acp5 deficient liver,
remarkable increase with the macropt
specific markers F4/80 and MHC clas
was also observed (not shown). It
notable that staining with succinyla
wheat germ agglutinin (SWGA) a
peanut agglutinin (PNA) resulted in
pronounced staining reaction of Kupi
cells (Fig. 2H for sSWGA), which was r
observed in singly-deficient mice &
controls (Fig. 2G).

Ultrastructural analysis of LAP/Acp
deficient liver revealed accumulation
vacuoles in hepatocytes in the vicinity
bile ducts (Fig. 3A). Lysosomal store
vacuoles were also frequently found
Kupffer cells (Fig. 3B,C). A promine
vacuolisation was also observed
macrophages (Fig. 3D) and sii
endothelium (Fig. 3E) of the spleen.
addition, in fibroblasts of the liv
(not shown) and kidney (Fig. 3
accumulation of lysosomal store
vacuoles were observed. These altera
were not observed in cells of sin
knockouts and controls (Table 1). 1
cytoplasmic vacuoles in the doul
deficient tissues were membrane lim
and appeared either empty or conta
material of low electron density (F
3C,D).

In 3- to 6-month-old LAP/Acpt
deficient mice, the number of Kupf
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Fig. 2.Lysosomal storage in LAP/Acp5-deficient liver, spleen and kidney. (A,B) Semithin
section of a liver of a 3.5 month old control (A) and LAP/Acp5-deficient (B) mouse.
Vacuolated Kupffer cells are indicated by arrows. (C,D) Sections through a control and
LAP/Acp5-deficient spleen. Numerous vacuolated macrophages are apparent in the double
deficient mouse (arrowheads in D); S, sinus. (E,F) LAMP1 immunohistology of control (E)
and LAP/Acp5-deficient (F) kidney, demonstrating an increased immunoreactivity in
LAP/Acp5-deficient kidney. (G,H) Lectin staining (SWGA) of control (G) and LAP/Acp5-
deficient liver (H); cv, central vein. Note the increased labelling of LAP/Acp5-deficient
Kupffer cells. Scale bars: 181 in A,B; 25 pym in C,D;400 m in E,F;30 pm in G,H.

cells after liver perfusion and Kupffer cell isolation was abouto about 1.8 fold in LAP/Acp5 doubly deficient animals of 6
12.4 (+2.9)x 1P cells/ liver compared to 5.9 (+)10° cells/ month of age. It appears that an increased number of
liver in controls. The number of LAP/Acp5-deficient Kupffer hepatocytes, but particularly of Kupffer cells, contributes to the
cells increased to 109 (+24.8)10° cells/liver in 9-12 month increase in liver size. The latter cell type is also characterised
old mice compared with about 9 (+3.£)10P cells/liver in by a hypertrophic appearance (Fig. 3C,D), which may also
controls. The number of hepatocytes also increased in parallebntribute to the enlarged organ size.
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Lysosomal storage pathology in other
tissues of LAP/Acp5 deficient mice

Light microscopic examination of brain &
kidney of LAP/Acp5 doubly deficient mi
revealed the presence of lysosomal sta
in subsets of microglial, astroglial a
ependymal cells of the brain and in ependy
cells and podocytes of the kidney. Lysosa
storage in these cells has also been not
LAP-single knockout mice (Saftig et ¢
1997). In doubly deficient mice, however,
storage lysosomes developed much ea
The storage seen in one month old mice
comparable with that in 6-month-old LA
singly deficient mice. Lysosomal stor:
vacuoles were additionally observed
LAP/Acp5-deficient mice in other cells
the kidney (cortical peritubular fibrobla
and macrophages), bone (osteocytes),
peripheral and central nervous systems (1
1). Additionally, a prominent vacuolisati
was observed in a number of bone ma
cells (not shown). Such alterations were
observed in cells of single knockouts
controls.

Bone abnormalities in LAP/Acp5
deficient mice

The staggering gait of LAP/Acp5 doul
deficient mice prompted further examinal
of their skeletal system. The bc
abnormalities previously described for Ac
deficient animals (Hayman et al., 1996)
LAP-deficient animals (Saftig et al., 19¢
were also observed in the doubly defic
mice, but it appeared that the b
malformations are in some aspects n
severe than in single knockouts. Most evit
is the foreshortening of long bones, espec
of femur and tibia (Fig. 4A-D, Table 2).
addition the doubly deficient mice displaye
foreshortened and narrower skull with a hig
vault, presumably a compensatory chang

accqmmodat_e brain g_roWi_:h (not shown). . Fig. 3. Electron microscopy of: (A) storage lysosomes (arrows) in hepatocyte in the
_Mlcroscoplcal examination of bone sectl vicinity of a bile canaliculus of a 6-month-old LAP/Acp5 deficient mouse
(Fig. 4E-H) showed expansion of (4 hepatocyte; be, bile canaliculus); and (B) Kupffer cell (K) with storage lysosomes
cartilaginous growth plates with disruptic (| |to cell). (C) Higher magnification of storage lysosomes in a LAP/Acp5-deficient
hyperplasia and hypertrophy of chondrocy  Kupffer cell. (D) LAP/Acp5-deficient spleen macrophage filled with storage lysosomes.
These alterations were most pronounce  (E) Sinus endothelial cell of a LAP/Acp5-deficient spleen with storage vacuoles (F)
LAP/Acp5-deficient mice. Also using B¢  LAP/Acp5-deficient kidney fibroblast filled with storage vacuoles. Scale bargni.4
SEM, growth plates of AcpS and inA;3.5uminB;0.8umin C; 2.4umin D; 3.0pm in E; 4.5umin F.
LAP/Acp57~ bones proved abnormal with
thicker zone of unmineralised cartilage and a thinner zone ehetaphyseal region was present, as well as endosteal
mineralised cartilage (Fig. 41,J). The chondrocyte lacunagesorption. In vitro bone formation studies using osteoblasts
(and, presumably the chondrocytes) were larger in thffom the double knockout indicated that they functioned as
mineralised cartilage zone. In all four genotypes, resorptiowell as the controls (data not shown).
had occurred of both bone and calcified cartilage. Thus, while Staining with the lectin succinylated wheat germ agglutinin
resorption may be impaired in the Acp50deficient and doublgsWGA) demonstrated reactive extracellular material
knockout mice (as in vitro resorption experiments alsqcartilage) in LAP/Acp5 deficient growth plates, whereas such
showed), it is not prevented even in the absence of both LA® staining pattern was not observed in control and single
and Acp5. Modelling by subperiosteal resorption in theknockout mice (Fig. 4K,L). Alizarin Red- and Alcian Blue-




Table 1. Distribution of lysosomal storage in phosphatase-
deficient mice

Tissue/genotype Acp57-
Liver - -

Lap/Acp57-

Kupffer cells +++
Fibroblasts +

Venous endothelium +
Hepatocytes +

Lap™-

Spleen - - Macrophages +++
Sinus-endothelial cells +

Reticulum cells +

Kidney Podocyte (+) -

Intermediate tubuli (+)

Podocytes ++
Intermediate tubuli (+)

Fibroblasts ++

Macrophages +++

Bone marrow - - Macrophages +++

Sinus-endothelial cells +

Brain Glia ++ - Glia ++
Ependym ++ Ependym ++
Bone Osteoclasts ++ Osteoclasts + Osteoclasts +++

(+), storage in some cells; +, storage in all cells; ++, strong storage in all
cells; +++, very strong storage in all cells.
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Table 3. Vacuoles in the cytoplasm of osteoclasts
Vacuoles

Vacuoles per cell Mineral content

Control/* 0 -
Lap™~ 1.9+0.6 -
Acp57- 0.6+0.6 +
Lap™/Acp57- 2.8+¢0.3 +

Values represent mean (+s.e.m.). All vacuoles contain fine filamentous
material of moderate electron density.

microscopic levels revealed the presence of this protein in the
resorption zone adjacent to the osteoclast (Fig. 6). High levels
of osteopontin were found adjacent to Acp5 and LAP/Acp5
doubly deficient osteoclasts (Fig. 6B,C,F,G), whereas
osteopontin labelling was low or even absent in the resorption
zone of LAP-deficient and control osteoclasts (Fig. 6A,D,E).
Quantitative analysis revealed a high level of osteopontin
staining adjacent to 11% of control osteoclasts, 23¥%apf/~
osteoclasts, 40% ofAcp57~ osteoclasts and 84% of
Lap/Acp57- osteoclasts. In the double knockout osteoclasts,
osteopontin was frequently found in the electron dense

stained preparations of 7 and 18 days old animals did not revaalcuoles described above (Fig. 6G). No intracellular labelling
differences in overall bone or cartilage distribution between thevas seen in control and LAP deficient osteoclasts. The overall

genotypes (not shown).

expression of osteopontin in long bones was not significantly

Ultrastructural analysis of long bones and calvariae oflifferent in LAP/Acp5 deficient mice when compared to the
single and double knockout mice revealed that the overatither genotypes.
morphology was similar to control bones. In osteoclasts of the In addition, we immunolocalised osteocalcin, a non-
knockout mice, however, intracellular vacuoles containingollagenous protein that is not phosphorylated. In contrast to
fine filamentous material of moderate electron densitysteopontin, no accumulation of this protein was found in the
were frequently seen (Fig. 5A). These vacuoles resemble@sorption zone of osteoclasts (data not shown).
lysosomal structures. In the Acp5-deficient osteoclasts theseTo further strengthen the role of osteopontin processing
vacuoles proved to contain, in addition, linear features thdty both LAP and Acp5, we have incubated recombinant
resembled mineral crystallites (Fig. 5B). In doubly deficientosteopontin with bone extracts from control and LAP/Acp5-
osteoclasts, similar vacuoles but with more such features wedeficient mice. Immunoblot analysis using antibodies to
observed (Fig. 5C,D). It is not clear from the TEMs whetheosteopontin showed that the osteopontin bands diminished
these are crystals per se, or crystal associated matrix (‘crystgbon incubation with extracts from control bones. By contrast,
ghosts’). Crystallite profiles were not observed in the vacuolescubation of osteopontin with LAP/Acp5 deficient bone
of the LAP-deficient cells. Subsequent energy dispersive X-ragxtracts did not result in a reduction of osteopontin

emission microanalysis (EDX) of Oin sections in the TEM

immunoreactivity (Fig. 7A). Incubation of the same blot with

showed the presence of Ca and P peaks at these locatioastibodies directed against anti-phosphoserine demonstrated
indicating that these linear features are likely to be bonthat the osteopontin-specific band seen in Fig. 7A represented
crystals. Quantitative analysis of the vacuoles (with or withouthe phosphorylated form of this protein. After incubation with
crystallite profiles) is shown in Table 3 and demonstrates thabntrol bone extracts, these bands disappeared because of
the highest number of vacuoles with these features is presatgphosphorylation. This process is severely reduced in bone

in the doubly deficient osteoclasts.

extracts derived from LAP/Acp5-deficient animals (Fig. 7B).

Acp5 has been found to dephosphorylate osteopontin ifihe presence of proteinase inhibitors during incubation had no
vitro (Ek-Rylander et al., 1994; Andersson and Ek-Rylandereffect on the disappearance of bands, giving further proof
1995). Immunolocalisation of osteopontin at light and electromo the fact that the loss of immunoraectivity is due to

Table 2. Foreshortening of long bones in phosphatase
deficient mice

Control (+/+) Lap™- Acp57- Lap™/Acp57-
Femur 15.4+0.5 15.2+0.1 12.5+0.5 10.7£0.4
Tibia 16.7£0.4 16.9+0.1 14.4+0.2 13.7+£0.3
Humerus 11.1+0.2 11.5+0.1 9.6+0.2 9.0+0.2

Long bones (femora, tibiae, humeri) of six 3-month-old male mice were
dissected free of soft tissues and bone length was measured with fine
callipers. The mean length in mm and standard error (+s&=6). are given.

dephosphorylation. Known inhibitors of LAP (L-tartrate) and
Acp5 (molybdate) could almost completely prevent the
dephosphorylation of osteopontin when incubated with
extracts of control bones (Fig. 7C).

Immunoblot and N-terminal sequencing of bone extracts
revealed an increased amount of bone-sialoprotein (BSP) and
chondrocalcin in LAP/Acp5-deficient bones (not shown).
Interestingly, labelling with sSWGA was very high in the mid-
portion of calvarial bone, whereas the labelling was much
lower in single knockout and control bones in LAP/Acp5-
deficient bone (not shown), indicating a role of both
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phosphatases in bone formation
remodelling for which they ce
substitute each other.

Normal dephosphorylation of
mannose 6-phosphate residues in
LAP/Acp5 deficient fibroblasts

Earlier studies have indicated t
dephosphorylation of mannose

phosphate residues from lysosol
enzymes occurs in the late endoc
compartment (Bresciani et al., 19¢
This phosphatase was shown to
distinct from LAP and presumed
be Acp5 (Bresciani and von Figu
1996). LAP/Acp5-deficient embryor
fibroblasts were used to determine
dephosphorylation of mannose

phosphate residues from lysosol
enzymes is altered in the absence of
two known lysosomal phosphatas
Our data demonstrate, however,
LAP/Acp5 fibroblasts were, like contr
cells, readily able to dephosphoryl
32P-labelled arylsulfatase A tr
had been endocytosed (Fig. 8). Th
findings suggest that yet anotl
unknown phosphatase may compen
for the lack of LAP/Acp5 activity.

DISCUSSION

If LAP is crucial for the catabolism
one or several phosphorylated substr:
we reasoned that deficiency of L
would cause an accumulation of th
substrates in lysosomes (Saftig et
1997). Despite the ubiquitous expres:
of LAP in normal mice, lysosom
storage could not be detected in
majority of tissues of LAP-deficie
mice. The lack of detectak
morphological signs of lysosomal stor:
suggested that the function of LAP
many tissues may be compensatec
other phosphatases of the lysoso
compartment. Accordingly, we found
least one additional acid phospha
activity in lysosomal fractions «
LAP-deficient  tissues.  Biochemic
characterisation of this activity in LA
deficient liver revealed a strikil
similarity with tartrate-resistant ac
phosphatase activity type 5 (TRAP
Acpb5). Acp5 has been described to I
lysosomal phosphatase but

predominantly expressed in cells of
monocyte/phagocyte system, i.e. alve
macrophages, Kupffer cells a
osteoclasts (Drexler and Gignac, 1€

[

LAP #4 /AcpS #+ 5
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Fig. 4.Bone abnormalities in LAP/Acp5-deficient mice. (A-D) Radiographs of 8-week-old
mice: (A) control; (B)Lap™~; (C) Acp57-; and (D)Lap™~/Acp57-. Note the foreshortening

of long bones in the LAP/Acp5-deficient mouse. (E-H) Light microscopy of growth plates of
3-month-old mice: (E) control; (f)ap™~; (G) Acp5’~ and (H)Lap~/Acp57-. Note the
expansion of the cartilaginous growth plates (egp) in Acp5- and LAP/Acp5-deficient mice
with disruption, hyperplasia and hypertrophy of the chondrocytes (ps, primary spongiosa).
(1,J) PMMA embedded distal femurs of control drapp”~/ Acp57- after plasma ashing.

Imaged with three detectors, used to give red, green and blue signal components. Colour here
codes for direction and slope of the internal surfaces exposed by removing PMMA. Control
image field is 4 mm in height. (K,L) Localisation of succinylated wheat germ agglutinin
(SWGA)-binding sites in growth plates of (K) control bone and (L) LAP/Acp5 doubly
deficient bone. Scale bars: 120 in E-H; 50um in K,L.
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Fig. 5. Vacuolisation of phosphatase-deficient osteoclasts
shown in TEM of post-osmicated, uranyl and lead stained ultra-*
thin sections. (A) Intracellular vacuole (arrow) in an osteoclast
of a LAP-deficient mouse. Note the content of moderate )
electron density of the vacuole. (B,C) Vacuoles (arrows) in the .
cytoplasm of an osteoclast of a Acp5-deficient mouse (B) and in "%
an osteoclast from a doubly deficient mouse (C): the vacuoles %
have a higher electron density and contain linear features that |+ %338
may represent mineral crystallites. (D) High magnification of T B
typical mineral cystallites containing vacuoles of a doubly mﬁ sy
deficient osteoclast. Scale bars: B in A-C; 130 nm in D. ﬂm“ﬁ ’

Yaziji et al., 1995). Immunoprecipitation of the tartrate-resistanL AP/Acp5-deficient animals remains to be explained. One
activity with an Acp5-specific antibody confirmed that Acp5might speculate that the lysosomal storage observed in Kupffer
represents the acidic phosphatase activity found in LAPeells, in hepatocytes of LAP/Acp5 knockout animals, as well

deficient liver lysosomal fractions. as storage in spleen macrophages of the red pulp contributes
) ) to the increase in size and weight of the organs. The lysosomal

Lysosomal storage in soft tissues of LAP/Acp5 storage is progressive and accompanied by an increase in

double knockout mice number of hepatocytes and Kupffer cells. Similar pathological

To evaluate if Acp5 indeed compensates for the loss of LARIterations in liver and spleen have also been described for
in different tissues of LAP-deficient mice, animals wereindividuals suffering from Gaucher and Niemann-Pick disease
generated that are deficient for both known lysosomal acitiNyhan and Ozand, 1998). In addition, a defective liver
phosphatases. The different phenotypes of LAP and Acpperfusion may cause a high local blood pressure and backflow
singly deficient mice indicate that the two lysosomalinto the spleen contributing to the increased organ size.
phosphatases are crucial for the catabolism of at least somelsolation of a sufficient number of Kupffer cells should allow
distinct substrates. However, mice deficient in either of the twa biochemical characterisation of the lysosomal storage
phosphatases show a relatively mild phenotype. Doublmaterial, in order to elucidate the nature of the hitherto
knockouts, on the other hand, display a more severe phenotypeknown physiological substrates degraded by both lysosomal
(e.g. hepatosplenomegaly, bone abnormalities), which is mophosphatases. It is of note that Kupffer cell lysosomes, as well
than a mere addition of the alterations seen in singly deficiemis the peribiliary bodies of hepatocytes, have been shown to
animals. Kupffer cells, for example, appear normal in single€ontain an elevated level of phosphorus (Kopf-Maier, 1990).
deficient mice, but show excessive lysosomal storage in tHereliminary attempts to isolate lysosomes of Kupffer cells from
doubly deficient mice. This strongly suggests that LAP andloubly deficient mice turned out to be unsuccessful because of
TRAP can substitute for each other for a number of substratéiseir fragility, which caused disruption even under the mildest
and the accumulation of such common substrates can therefgessible condition for their isolation.
be observed only if both lysosomal phosphatases are deficient. o ) .
In addition several LAP-specific alterations, such as microgliaflterations in mineralised tissues of LAP/Acp5
activation and MHC-II upregulation (Saftig et al., 1997),doubly deficient mice
occurred at a much earlier age in the doubly deficient mice thahosphorylated proteins such as osteopontin and bone
in LAP-singly deficient mice. Thus, for several substrates, theialoprotein play an important role in mineralisation. Our data
two phosphatases can only partially substitute for each othesuggest that processing of these proteins was disturbed in
The reason for the observed hepatosplenomegaly iphosphatase-deficient mice. Mineralisation of cartilage and
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bone, as well as degradation of these compc
proved to be altered in these mice.

A defective endochondral ossification w
delayed mineralisation of the cartilage \
observed in 6- to 8-week-old mice with
deficiency of Acp5. Osteopetrosis with incree
mineralisation of bone tissue was observe
older mice (Hayman et al.,, 1996). In dou
deficient animals, bone pathology appeared 1
somewhat more severe compared with A
singly deficient mice, in terms of an increa
foreshortening of long bones, morpholog
alterations of the growth plate and lysoso
storage in osteoclasts. The rather 1
osteopetrotic phenotype in Acp-5 single knocl
mice (Hayman et al., 1996) may be explaine:
a partial compensation by LAP.

Our data are the first to provide evidence fol
view (Flores et al., 1992; Ek-Rylander et al., 1¢
that acid phosphatases, in particular Acp5,
involved in processing non-collagenous prot
(e.g. osteopontin) by osteoclasts during
resorption. We demonstrate that high level:
osteopontin are present adjacent to act
resorbing osteoclasts in the absence of |
enzymes. This finding strongly suggests tha
lack of Acp5 causes a hindered degradatio
osteopontin resulting in an accumulation of
protein in the resorption zone. Alternatively, i
possible that synthesis of osteopontin
osteoclasts had increased owing to the lac
phosphatases. This is not very likely, howeve
the protein was also found intracellularly
lysosome-like vacuoles that contained feat
resembling mineral crystallites. The EDX anal
supports the view that they represent t
crystals. The colocalisation of mineral crystall
and osteopontin suggests the uptake of 1
components by the osteoclast.

The severely reduced ability of LAP/Acg
deficient bone extracts to dephosphory
recombinant mouse osteopontin in vitro &
further support to the hypothesis that
phosphatases are involved in
dephosphorylation of this protein in vivo.

We propose that dephosphorylation of r
collagenous proteins, e.g. osteopontin, does
occur because of the lack of Acp5 activity,
that this dephosphorylation is essential for pr:
solubilisation of the mineral crystallites. T
combined presence of a low pH and Acp5 u
normal conditions is thus assumed to result i
efficient processing of specific non-collagen
proteins and minerals. After this activity, wh
occurs primarily in the extracellular resorpt
area, some proteins or their fragments are tak
by the osteoclast and subsequently ful
digested in the lysosomal apparatus. The |
digestion appears to involve activity of LAP, as
show that its deficiency results in an accumule
of material in cytoplasmic vacuoles.

LAP H+ /acps ++
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Fig. 6. (A-C) Immunolocalisation of osteopontin in bones. Light microscopic
localisation by silver enhancement. (A) Osteopontin localisation in long bone of
a control mouse. Note labelling in the bone matrix and the cement lines.
Adjacent to the ruffled border of the osteoclast (OC) a low level of label is
apparent. (B,C) Localisation of osteopontin in long bone of a doubly deficient
mouse. A high level of labelling (arrows) is seen adjacent to the ruffled border of
the osteoclast. (D-G) Electron microscopic localisation of osteopontin in bones.
(D) Ruffled border area (RB) of an osteoclast of a control mouse. Gold particles
(arrowheads) indicate the presence of osteopontin in the bone matrix at some
distance from the ruffled border. (E) Ruffled border area of an osteoclast of a
LAP-deficient mouse. Note the presence of a small number of gold particles
(arrowheads) adjacent to the ruffled border membrane (B, bone). (F) Ruffled
border area of an osteoclast of a LAP/Acp5 doubly deficient mouse. A large
number of gold particles (arrowheads) are seen adjacent to the ruffled border
membrane. (G) Intracellular vacuole (arrow) in an osteoclast of a doubly
deficient mouse. The presence of osteopontin in the vacuole is indicated by a
high number of gold particles (arrowheads). Scale bargn2th A-C; 0.18um

in D; 0.25um in E,F; 0.15um in G.
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Fig. 7. Dephosphorylation of osteopontin by
lysosomal acid phosphatases. (A) Western blot
of recombinant mouse osteopontin incubated for
2 and 3 hours in the presence of bone extracts
from control and LAP/Acp5-deficient animals,
and analysed using antibodies to osteopontin.
Note that the osteopontin immunoreactive bands
have disappeared during incubation with control
ti bone extracts while in LAP/Acp5-deficient bone
A= extracts, the immunoreactivity is preserved.
phosphoserine (B) Using anti-phosphoserine antibodies, the
lack of dephosphorylation of osteopontin after
incubation with LAP/Acp5 bone extracts is
evident. The serine-phosphorylated osteopontin
has disappeared after incubation with bone
extracts from control mice. (C) In the presence
of proteinase inhibitors, the immunoreactivity is still lost with control bone extracts, whereas inhibition of phosphattes it L-
tartrate and molybdate prevented dephosphorylation of osteopontin.

B 69 kDa

30kDa

The increased labelling density for SWGA and PNA inDephosphorylation of mannose 6-phosphate

Kupffer cells, growth plates and calvarial bone may point to afesidues of lysosomal enzymes

accumulation of related substrates for both phosphatases A4s Kupffer cells from control mice did not show

these tissues. However, the identities of the lectin-bindingdephosphorylation of endocytos&#P-labelled arylsulfatase A

constituents are still unknown. It needs to be determined if th@ata not shown) we analysed the possible function of both

increased amounts of bone sialoprotein and chondrocalcin phosphatases in dephosphorylation of mannose 6-phosphate

LAP/Acp5 doubly deficient bones contribute to the increasedesidues in embryonic fibroblasts. Both control and LAP/Acp5-

labelling with sSWGA. deficient fibroblasts dephosphorylated arylsulfatase A, showing
that LAP and Acp5 are not crucial for dephosphorylation of
lysosomal enzymes in cells like fibroblasts.

mouse ambryonic fibroblasts .
Conclusions

The lysosomal phosphatases LAP and Acp5 can at least
Chase [h] 0 12 24 0 12 24 partially compensate for each other. LAP and Acp5 fulfil
crucial functions in lysosomal catabolism, as exemplified by
the extensive lysosomal storage in numerous cell types. It is
conceivable that in some cell types, such as osteoclasts, the two
lysosomal phosphatases act in sequence in a tightly controlled
manner.

LAP/Acp5 ++ LAP/Acp5 /-

355-ASA

32p-ASA
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32p/35g 0.94 0.48 0.27 1.23 0.60 0.23 We thank Nicole Leister, Annegret Wais, Dagmar Niemeier,
Monika Grell, Kees Hoeben, Maureen Arora, Roy Radcliffe and
Fig. 8. Normal dephosphorylation of arylsulfatase A in LAP/Acp5-  Wikky Tigchelaar for excellent technical assistance, Colin Gray for

deficient fibroblasts. ControL&p/Acp5*) and doubly deficient conducting in vitro bone formation, Maureen Arora for help with
(Lap/Acp57-) mouse embryonic fibroblasts were labelled for 6 hoursisolated osteoclastic resorption assays, and Prof. Dr G. F. J. M.
with [355] or [32P]arylsulfatase A and subsequently chased with Vrensen of The Netherlands Ophthalmic Research Institute,
non labelled medium up to 24 hours. The disappearance of the Amsterdam for his help in the EDX analyses. This work was
labelled arylsulfatase A is followed and the ratio of supported by the Deutsche Forschungsgemeinschaft. A. H. was
[32P]/[35S]arylsulfatase A is calculated indicating normal supported by the Arthritis Research Campaign. A. S. was supported

dephosphorylation of arylsulfatase A. by the Boehringer Ingelheim Fond.
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