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Mucopolysaccharidoses are a group of lysosomal stor-
age diseases characterized by the build-up of glycos-
aminoglycans (GAGs) and severe skeletal abnormali-
ties. As GAGs can regulate the collagenolytic activity
of the major osteoclastic protease cathepsin K, we
investigated the presence and activity of cathepsin K
and its co-localization with GAGs in mucopolysaccha-
ridosis (MPS) type I bone. The most dramatic differ-
ence between MPS I and wild-type mice was an in-
crease in the amount of cartilage in the growth plates
in MPS I bones. Though the number of cathepsin
K-expressing osteoclasts was increased in MPS I mice,
these mice revealed a significant reduction in cathep-
sin K-mediated cartilage degradation. As excess hepa-
ran and dermatan sulfates inhibit type II collagen
degradation by cathepsin K and the spatial overlap
between cathepsin K and heparan sulfate strongly
increased in MPS I mice, the build up of subepiphy-
seal cartilage is speculated to be a direct consequence
of cathepsin K inhibition by MPS I-associated GAGs.
Moreover, isolated MPS I and Ctsk�/� osteoclasts dis-
played fewer actin rings and formed fewer resorption
pits on dentine disks, as compared with wild-type
cells. These results suggest that the accumulation of
GAGs in murine MPS I bone has an inhibitory effect
on cathepsin K activity, resulting in impaired oste-
oclast activity and decreased cartilage resorption,
which may contribute to the bone pathology seen in
MPS diseases. (Am J Pathol 2009, 175:2053–2062; DOI:
10.2353/ajpath.2009.090211)

Mucopolysaccharidoses are a group of inherited lysoso-
mal storage diseases. They result from the diminished
activity of certain lysosomal enzymes responsible for gly-
cosaminoglycan degradation. The subsequent accumu-
lation of glycosaminoglycans (GAGs) in tissues triggers
various pathological features including mental retarda-
tion, short stature, dysostosis multiplex, and corneal
clouding.1 The extent of these pathological features de-
pends on the severity of the disease, which can range
from mild to a severe form resulting in death in early
childhood. Mucopolysaccharidosis type I (MPS I) is
caused from an accumulation of heparan sulfate (HS)
and dermatan sulfate (DS) due to the inactivity of the
lysosomal enzyme �-iduronidase (Idua). Patients with
MPS I display the typical characteristics of MPS dis-
eases, including skeletal abnormalities such as dysosto-
sis multiplex and spinal misalignment. Although much
work is being done on enzyme replacement therapy to
treat the disease,2 the cellular and molecular mecha-
nisms remain largely unknown.

Cathepsin K, a lysosomal cysteine protease highly
expressed by osteoclasts, is responsible for a significant
part of total bone resorption.3 The lack of functioning
enzyme results in a condition known as pycnodysostosis
in humans.4 Osteoclasts are not able to degrade the
organic matrix and so undegraded collagen accumulates
in the resorption lacuna and in cellular lysosomes.5 Pa-
tients with pycnodysostosis typically have decreased
bone resorption accompanied by enhanced bone den-
sity and are dwarfs.6,7 Although the cathepsin K-deficient
murine model does not display the build-up of collagen in
osteoclast lysosomes and the dwarfism phenotype,5 it
mimics the human disorder in most other ways.

Recently we have shown that GAGs play an important
role in the collagenolytic activity of cathepsin K.8,9 Chon-
droitin sulfate (CS) was shown to form a complex with
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cathepsin K, which enabled the enzyme to fully degrade
type I collagen.10 However other GAGs, like DS and HS,
were shown to inhibit the collagenolytic activity of cathep-
sin K.11 As both DS and HS are present in high concen-
trations in MPS I tissue, we investigated the effect these
concentrations would have on cathepsin K activity. Dur-
ing endochondral ossification, cathepsin K degrades
type II collagen (cartilage) below the growth plate area to
provide room for new bone to be laid down by osteo-
blasts. This process is essential for the normal develop-
ment of long bones.12 As patients with MPS I have short
stature with severe problems in bone growth and devel-
opment, it is tempting to speculate that an impairment of
cathepsin K activity may contribute to the disease phe-
notype. Therefore, we investigated the colocalization of
HS and cathepsin K at the growth plate, the subepiphy-
seal cartilage structure, and the degradation of type II
collagen in MPS I murine bone, as compared with wild-
type bone. We also looked at the effect of GAGs in MPS
I murine osteoclast activity. We hypothesize that high
concentrations of HS and DS in MPS I may inhibit the
activity of cathepsin K in osteoclasts and that this cou-
pled with lysosomal dysfunction in osteoclasts contrib-
utes to MPS I bone pathology.

Materials and Methods

Mouse Models

In these studies, the mouse models used were wild-type
C57BL/6 (The Jackson Laboratories, Maine), cathepsin
K-deficient mice (Ctsk�/�) 129:C57BL/613 and �-L-idu-
rono-hydrolase–deficient (Idua�/�) 129:C57BL/6 mice.14

Euthanasia of mice was performed using carbon diox-
ide inhalation. All animal experiments followed the
animal care provisions of the University of British
Columbia.

Immunohistochemistry

Long bones, including shoulder and knee joint, and
spine, were dissected from eight Idua�/� mice and nine
wild-type mice; skin and muscles were discarded. Limbs
were fixed in 10% neutral buffered formalin at 4°C over-
night and decalcified in 20% sodium citrate and 50%
formic acid; solution was changed every day for 2 weeks.
The bone tissues were then dehydrated in ethanol and
embedded in paraffin. Decalcified bone sections (5 �m)
were cut with a power microtome (Leica Microtom, Nus-
sloch, Germany) and mounted on slides (Fisher Scien-
tific, Pittsburgh, PA) for staining. Bone sections were
incubated at 60°C for 1 hour, and deparaffinized in Safe-
clear (Fisher Scientific, Kalamazoo, MI) before rehydra-
tion in graded ethanol. Antigen retrieval was performed
by steaming slides in citrate buffer for 30 minutes. For
protein localization sections were incubated with poly-
clonal rabbit anti-mouse cathepsin K antibody M4 (1:50
dilution) or monoclonal anti-HS (1:100 dilution) (Seika-
gaku Corporation, Tokyo Japan) overnight at 4°C. The
specificity of the M4 antibody has been previously de-

scribed.15 For the detection of a specific cathepsin K
cleavage site in type II collagen, the polyclonal rabbit
antibody C2K was used as previously described.16 De-
tection was achieved using the ImmunoPure Ultra-Sensi-
tive ABC Peroxides Staining kit (Pierce, Rockford, IL). The
following secondary antibodies were used: CY2 conju-
gated affinity purified goat anti-mouse IgG for HS detec-
tion (Rockland, Gilbertville, PA) and CY3 conjugated af-
finity purified goat anti-rabbit IgG for cathepsin K and the
type II collagen fragment (Rockland, Gilbertville, PA) for 2
hours each. After washing, sections were allowed to air
dry before mounting with SlowFade Gold antifade re-
agent containing 4,6-diamidino-2-phenylindole (Invitro-
gen-Gibco, Burlington, ON). Sections were visualized
fluorescently using a Leica DMI 6000B microscope
(Leica Microsystems, Inc. Richmond Hill, ON). For quan-
tification, the growth plate area was identified in wild-type
and Idua�/� mice. The area of cleaved type II collagen,
cathepsin K and HS staining, as well as cathepsin K and
HS overlap staining, was measured using Openlab 4.0.3
software (Improvision-Deutschland, Tübingen, Germany).
Area of positive staining was described as a percent-
age of total area (about 700,000 �m2) beneath the
growth plate. Sections stained for cathepsin K using
the antibody M4 and the diaminobenzidine method
were treated with 1% hydrogen peroxide to inhibit en-
dogenous peroxidase activity. After incubation with
goat anti-rabbit, horseradish peroxidase-conjugated
antibody (1:200, Southern Biotech, Birmingham, AL)
and diaminobenzidine treatment (Vector Laboratories,
Inc. Burlingame, CA), sections were counterstained
with toluidine blue.

Cartilage Staining and Measurement

Consecutive sections of legs, forearms, and vertebra
were stained with toluidine blue solution for 30 minutes.
Images were captured with a Leica DMI 6000B micro-
scope and the cartilage area was measured with Open-
lab 4.0.3 software. A defined area of about 700,000 �m2

underneath the epiphyseal growth plate was selected for
the measurement of cartilage to compare the amount of
toluidine blue-positive cartilage in wild-type, Idua�/� and
Ctsk�/� bones (see Figure 1A).

Osteoclast Isolation from Neonatal Murine Long
Bones

Mature osteoclasts from wild-type, Ctsk�/� and Idua�/�

mice were isolated from 6-day-old mouse long bones.17

Long bones were isolated and collected in �-modified
minimal essential medium (Invitrogen-Gibco, Burlington,
ON) supplemented with 10% fetal bovine serum, 2
mmol/L L-glutamate (Invitrogen-Gibco, Burlington, ON);
they were then diced into small pieces and bone cells
were released by gentle pipetting. The resulting cell sus-
pension (without bone pieces) was then plated onto col-
lagen-coated slides in a 24 well plate and incubated at
37°C (95% air and 5% CO2). After 2 hours, nonattached
cells were washed away, and cells were treated with 10
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�g/ml lipopolysaccharide (Sigma-Aldrich, St-Louis, MO)
and additional treatments as specified below. Cells were
then cultured at 37°C (5% CO2) for 24 hours. To confirm
the presence of osteoclasts, cells were stained for tar-
trate-resistant acid phosphatase (TRAP), an osteoclast
marker, according to the manufacturers’ instructions
(Sigma-Aldrich, St-Louis, MO). The number of positive

TRAP-stained cells was about 50% of the total number of
cells.

Collagen-Coated Coverslips

Thin collagen coatings were generated as described by
R&D systems (Minneapolis, MN) on glass coverslips.

Figure 1. A: Toluidine blue staining of the tibial growth plate area in Idua�/�, wild-type (WT), and Ctsk�/� mice. Graph showing percentage of cartilage area
in the subepiphyseal growth plate of shoulder and knee joints, as well as vertebra bones. *P � 0.05 vs wild-type. The panel below the Idua�/� growth plate
represents an example for the measured cartilage-containing area (in all sections a constant area was analyzed: about 700,00 �m2 in tibia). Scale bars � 260 �m.
B: Diaminobenzidine staining of cathepsin K as an osteoclast marker in subepyphysial growth plate area. The asterisk in the left panel represents the area in
the right panel at a higher magnification (magnification bars are 130 �m and 40 �m, respectively). Cathepsin K-expressing cells are clearly seen adjacent to
toluidine-blue stained cartilage. C: Cathepsin K staining of the subepiphyseal growth plate area in tibia of wild-type and Idua�/� mice. Graph showing the average
percentage of subepiphyseal area stained positive for cathepsin K in shoulder, knee joints, and vertebra bones for wild-type and Idua�/�. *P � 0.05 vs. wild-type.
Scale bars � 260 �m.
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Soluble type I collagen (USB, Cleveland, OH) was diluted
in 500 �l 0.02 mmol/L acetic acid to a final concentration
of 50 �g/ml and 200 �l added per coverslip. Coverslips
were incubated at room temperature for 1 hour, residual
volume was removed, and coverslips were washed with
PBS, before cells were added. Type I collagen was also
pre-degraded with 400 nmol/L recombinant human ca-
thepsin K in 100 mmol/L sodium acetate buffer, pH 5.5 at
28°C for 4 hours. Digested collagen was then added at
the same concentration as nondigested collagen to cov-
erslips. The expression and purification of recombinant
human cathepsin K has been previously described.18

Cell Treatments

The potent and irreversible vinyl sulfone cathepsin inhib-
itor, LHVS (Mu-hPhe-Len-VS-Ph),19,20 was used at a final
concentration of 5 �mol/L. 0.15% DS or CS (percentage
based on total volume) was dissolved in osteoclast media
and incorporated into type I collagen substrate. All cell
treatments were for 24 hours unless otherwise stated.

Fluorescent Staining

To detect actin ring formation in osteoclasts, the cells
were washed with PBS, fixed with 3.7% formaldehyde in
PBS, and permeabilized with 0.2% Triton X-100 for 10
minutes. Osteoclast actin rings were visualized using
fluorescein isothiocyanate-phalloidin (Sigma-Aldrich, St-
Louis, MO) (1:50 dilution) staining as previously de-
scribed.21 After staining, cells were washed with PBS and
the nuclei were stained with bisbenzimide (Sigma-
Aldrich, St-Louis, MO) (2 �g/ml) for 5 minutes and then
rinsed with water. Cells were mounted with Fluoromount
(Sigma-Aldrich, St-Louis, MO). Actin rings were visual-
ized fluorescently using a Leica DMI 6000B microscope
(Leica Microsystems, Inc, Richmond Hill, ON) and their
total number per slide was counted as previously de-
scribed.22 Osteoclasts were identified by the presence of
at least two nuclei. Typically osteoclasts contained be-
tween three and seven nuclei, no distinction was made
between large and small osteoclasts. If an osteoclast
displayed one or more actin rings, it was denoted as actin
ring–positive (AR�); osteoclasts without or with disrupted
actin rings were actin ring–negative (AR�). The ratio of
normal versus disrupted actin rings was calculated. An
actin ring was considered disrupted if less than half of it
exhibited typical actin ring morphology.23

Resorption Assay

Cells were plated out onto dentine disks (Osteosite Den-
tine Disks, Immunodiagnostic Systems Inc, Fountain
Hills, AZ) in a 96-well plates as previously described.17

After 2 hours, disks were removed and placed in 6-well
plates containing �-modified minimal essential medium
(�pH 7.0) and test substance. There were typically four
dentine disks per group. After 48 hours, slices were then
stained for TRAP, which allowed the identification of os-
teoclasts (TRAP� with more than two nuclei). Once os-

teoclasts were counted, cells were removed by 5% so-
dium hypochlorite treatment for 10 minutes. Disks were
rinsed with water and stained with 1% (w/v) toluidine blue
in 0.5% sodium borate for 30 seconds and then washed
with water. The number and the area of resorption pits
were then measured by light microscopy using Openlab
4.0.3 software. Results are expressed as the number of
resorption pits and total area resorbed per dentine disk.

Collagen Digests

Soluble type II collagen (0.6 mg/ml calf skin) (USB,
Cleveland, OH) was incubated with human cathepsin K
(800 nmol/L) in sodium acetate buffer, pH 5.5, containing
2.5 mmol/L dithiothreitol, and EDTA. Recombinant human
cathepsin K was expressed using the Pichia pastoris ex-
pression system as previously described.18 Total volume
of each reaction was 100 �l, digestions were performed
at 28°C for 4 hours. Cathepsin K collagen digestions
were performed in the presence of 800 nmol/L chon-
droitin 4-sulfate (Sigma-Aldrich, St-Louis, MO) (chon-
droitin 4-sulfate concentration is based on an average
molecular weight of 30 kDa). Digests were also per-
formed in the additional presence of 800 nmol/L, 6.4
�mol/L and 16 �mol/L DS and HS (concentration is
based on an average molecular weight of 30 kDa for DS
and 15 kDa for HS). The collagen digests were inacti-
vated by 5 �mol/L cysteine protease inhibitor LHVS. Col-
lagen degradation was analyzed by SDS polyacrylamide
gel electrophoresis using 4% to 20% gradient gels (1.5
hours at 125V) (Invitrogen, Carlsbad, CA). Bands were
visualized using Coomassie Brilliant Blue R 250.

Bone Digests

Long bones and vertebrae from 4- to 6-week-old wild-
type or Idua�/� mice were isolated and cleaned, and
bone marrow was removed. Lipids were removed by
incubating long bones overnight in xylene; bones were
then frozen and crushed with a pestle and mortar to
obtain bone powder. Bone powder was washed three
times with sodium acetate buffer before enzyme was
added. Human cathepsin K was added to bone powder
(15 mg with 1 ml reaction volume) at a concentration of
800 nmol/L and incubated at 28°C for 24 hours. Digestion
by cathepsin K was inactivated by the addition of 5
�mol/L cysteine protease inhibitor LHVS. Samples were
then spun down and the soluble fraction was removed.
100 �l of supernatants from bone digests were hydro-
lyzed in 100 �l HCl in a sealed hydrolysis vial at 110°C
overnight. Samples were assayed for hydroxyproline
content as described previously.8

Statistical Analysis

Experiments were performed in duplicate three times
using osteoclast cultures from three different mice. Data
are expressed as mean � SD. The statistical significance
of the difference between the control and the experimen-
tal group was determined by student t-test. In bone re-
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sorption assays experiments were performed four times
and comparisons between control and each treatment
group was made using the Mann Whitney U-test. Effects
were considered statistically significant when P � 0.05.

Results

Cartilage Content and Cathepsin K Expression
in MPS I Bone

To assess the cartilage content in MPS I and wild-type
mice, bone sections were stained with toluidine blue
(Figure 1A). Knee and shoulder contained similar
amounts of cartilage staining in the growth plate: around
20% of the area for cartilage in Idua�/� bone and around
10% in wild-type bone. The growth plate area of the
vertebrae was found to contain cartilage staining up to
60% in MPS I bone, as compared with 27% in wild-type
bone. Overall, the amount of cartilage in Idua�/� murine
specimens of shoulder, knee, and vertebrae was found to
be about twice as high as in wild-type bones. Similar to
Idua�/� bones, cathepsin K-deficient specimens showed
about twice as much cartilage in the subepiphyseal
zones as the wild-type litters. Then, we evaluated the
presence of cathepsin K below the Idua�/� and wild-type
growth plates. Measurement of the area staining for ca-
thepsin K showed cathepsin K expression in MPS I bone
was surprisingly about twofold increased over that in
wild-type bone (Figure 1C). These findings indicate that
despite the increased occurrence of cathepsin K-ex-
pressing osteoclasts in MPS I specimens, cartilage in the
subepiphyseal growth plate area of MPS I murine bone
appears to be less degraded during the ossification pe-
riod. Cathepsin K-expressing osteoclasts were found in
high numbers just below the growth plate and frequently
adjacent to toluidine blue-stained cartilage (Figure 1B).
As cathepsin K is the major bone- and cartilage-degrad-
ing protease in osteoclasts, we next evaluated whether
cathepsin K is active in Idua�/� specimens.

Presence of Type II Collagen Cleaved by
Cathepsin K

To assess the activity of cathepsin K in the MPS I growth
plate, an anti-neoepitope antibody, which detects a ca-

thepsin K-specific cleavage site in type II collagen, was
used. The specificity of this antibody has been previously
characterized.16 The growth plate area of the shoulder
and knee were labeled for cleaved type II collagen and
assessed by immunofluorescence. The area of cleaved
type II collagen was measured in relation to the sub-
epiphyseal growth plate area used for the measurements
of cathepsin K expression and cartilage presence. In the
MPS I growth plate areas of the humerus and tibia there
was a three- to sixfold decrease in cathepsin K mediated
neoepitope exposure in type II collagen when compared
with wild-type growth plates (Figure 2). This reduction
was observed despite the higher presence of cathepsin
K-positive cells in this area of MPS I joints. As expected,
Ctsk�/� mice displayed no or negligible staining by the
neoepitope antibody (Figure 2). This finding suggests
that the increase in cartilage content in Idua�/� and
Ctsk�/� murine tissue samples correlates with a de-
crease or the absence of cathepsin K- mediated type II
cartilage degradation. Next, we determined whether
Idua�/�-associated increased tissue levels of GAGs af-
fect cathepsin K activity.

HS and Cathepsin K Colocalization

To investigate whether the strong bone phenotype of
MPS I could partly be explained by deregulation of ca-
thepsin K activity, we determined the colocalization of
cathepsin K and the glycosaminoglycan HS. HS and DS
both accumulate during the pathology of MPS I disease1

and have both been shown to inhibit the type I collag-
enolytic activity of cathepsin K.11 However, due to the
lack of an appropriate antibody for DS, we have only
described HS staining. The growth plate of the femur at
the shoulder joint, the tibia at the knee joint, and the
spine, were stained for cathepsin K and HS, and the
overlapping area resulting in orange fluorescence was
measured (Figure 3A). We found that the percentage of
area, which overlapped for cathepsin K and HS was
significantly higher in Idua�/� murine bone than wild-
type. The greatest overlap was observed within the spine
and knee. Overall, the spatial overlap of cathepsin K
staining and HS staining was three to five times higher in
Idua�/� than in wild-type mice.

Figure 2. Neoepitope staining of cathepsin K catalyzed type II collagen cleavage in subepiphyseal growth plate area of wild-type (WT) and Idua�/� tibia (red
or yellow for neoepitopes; green is enhanced background using the green filter to visualize the joint structure). Asterisks indicate sporadic artifact fluorescent
precipitations). Graph showing percentage of area beneath growth plate containing cleaved type II collagen staining in humerus (shoulder) and tibia (knee) joints
of wild-type, idua�/�, and ctsk�/� mice. *P � 0.05 vs. wild-type.
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Type II Collagen Degradation by Cathepsin K in
Presence of GAGs

We have previously demonstrated that the GAGs chon-
droitin 4-sulfate, chondroitin 6-sulfate, and keratin sulfate
enabled cathepsin K to degrade type I collagen, but DS,
HS, and heparin strongly inhibited the degradation.11

Here, we investigated the ability of DS and HS to inhibit
cathepsin K degradation of cartilage constituting type II
collagen. Type II collagen was incubated with 800 nmol/L
human recombinant cathepsin K in the presence of CS
and increasing amounts of HS and DS. The quantities of
accumulated GAGs in Idua�/� tissues have been deter-
mined in tissues such as liver and lung, but not for bone
or joint. In liver, lungs, and ovaries, the concentration of
GAGs can reach up to 20 times the normal physiological
concentration24,25; therefore in our degradation assay,
we added the equivalent concentration to mimic in vivo
conditions. The extent of degradation was visualized by
Coomassie staining of type II collagen cleavage frag-
ments after gel electrophoresis. In the absence of any
GAGs, cathepsin K is unable to degrade triple helical
type I collagen, whereas in the presence of CS, cathepsin
K is able to effectively degrade type II collagen, as shown
by the loss of the � 1 band in Figure 3B. However, the
addition of increasing amounts of both HS and DS com-
pletely inhibited the degradation of type II collagen by
cathepsin K. The extent of collagen degradation in bone

was investigated using a hydroxyproline assay, which
measures the amount of degraded collagen released
from insoluble bone powder after incubation with cathep-
sin K. The amount of collagen degradation by cathepsin
K was significantly higher in wild-type long murine bone,
as compared with Idua�/� samples (Figure 2). Taken
together, both the collagen and bone digestion studies
suggest that the presence of high levels of DS and HS in
Idua�/� murine bone have an inhibitory effect on the
collagenolytic potential of cathepsin K. Next we asked
how MPS I-related GAGs affect the functionality of bone
and cartilage-degrading osteoclasts.

Osteoclast Activity in the Presence of
Glycosaminoglycans

Neonatal osteoclasts were cultured in vitro from Idua�/�,
Ctsk�/� and wild-type murine long bones. After incuba-
tion with test compounds (GAGs, protease inhibitors), the
cultures were stained for actin. Osteoclast activity re-
quires the formation of the sealing zone, within which
solubilization and degradation of the matrix occurs. The
sealing zone is composed in part by an actin ring, after
the cytoskeleton of the osteoclast is reorganized during a
sequence of signaling events initiated by integrin binding
to components of the bone matrix. In non-resorbing os-
teoclasts, actin is found in clumps around the cell or in

Figure 3. A: Co-localization (orange) of heparan sulfate (green) and cathepsin K (red) in the growth plate of tibia in wild-type (WT) and Idua�/� mice. Graph
of percentage of overlap in total subgrowth plate area of humerus, tibia, and vertebrae. *P � 0.05 vs wild-type. Scale bars � 260 �m. B: SDS-polyacrylamide gel
electrophoresis of type II collagen degradation at a 1:1 ratio of cathepsin K (800 nmol/L) and chondroitin sulfate (800 nmol/L) (CS) and in the presence of
additional and increasing amounts of MPS1-related GAGs (DS or HS) added at final ratios of cathepsin K to DS or HS at 1:1, 1:8, and 1:20. Reactions were in sodium
acetate buffer for 4 hours at 28°C. C: Hydroxyproline assay: long bone and vertebrae bone powder from Idua�/� and wild-type bone were crushed and subject
to digestion by 800 nmol/L cathepsin K in sodium acetate buffer overnight at 28°C. The soluble fragments were assayed for hydroxyproline against known
standards. *P � 0.05 vs. wild-type.
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podosomes. To investigate the activity of osteoclasts in a
culture, we measured the percentage of actin ring�positive
osteoclasts, as compared with actin ring�negative oste-
oclasts. Cultures of wild-type osteoclasts typically con-
tain around 60% cells with actin rings (Figure 4A), images
of which we have previously shown.22 The presence of
the broad specificity cysteine protease inhibitor, LHVS,
resulted in a reduction of the amount of osteoclasts with
an actin ring. When wild-type osteoclasts were cultured
with 0.15% DS incorporated into the matrix and media the
number of osteoclasts displaying an actin ring decreased
by almost 70% (Figure 4A). The incorporation of C4S,
which does not inhibit cathepsin K activity, did not cause
a significant decrease in actin ring presence (Figure 4A).
However, the presence of neither LHVS nor dermatan
sulfate completely eliminated the presence of actin rings
indicating that other enzymes such as matrix metallopro-
teinases or other cathepsins may partly contribute to
actin ring formation. We have previously shown that
GM6001, a general MMP inhibitor, decreases the per-

centage of actin rings in osteoclasts albeit to a lesser
degree than a cysteine protease inhibitor.22

Idua�/� Osteoclast Activity and Bone
Resorption

The presence of actin rings in primary Idua�/� murine cell
cultures was much more reduced than in wild-type mu-
rine osteoclasts, with only around 30% displaying an
actin ring (Figure 4B). The presence of the cysteine pro-
tease inhibitor, LHVS, had no significant effect on the
presence of actin rings. The levels of actin rings did not
change in the presence of DS either (Figure 4B). Bone
resorption studies also displayed an inhibition of
resorbed area and pit number compared with wild-type
osteoclasts despite similar osteoclast numbers in each
culture, as confirmed by TRAP staining. The number and
size of the pits formed by Idua�/� murine osteoclasts

Figure 4. Osteoclast cultures obtained from mu-
rine long bones were seeded on type I collagen
substrate, after 24 hours incubation cultures were
stained for actin with FITC-phalloidin. Osteoclasts
displaying a full actin ring or disrupted actin rings
with more than 50% intact were identified as ac-
tive. Osteoclasts displaying a disrupted actin ring
(diffuse ring or less than 50% intact ring), or com-
plete lack of actin structure, were identified as
inactive. After 24 hours incubation, cultures were
stained for actin and the total number of oste-
oclasts with actin rings were counted and com-
pared with the total number of osteoclasts present
(determined by cells containing two or more nu-
clei). Bar chart shows comparison between per-
centage of osteoclasts displaying an actin ring
(positive for Actin Ring �) or without (negative for
Actin Ring �) under different experimental condi-
tions. Data are expressed as percentage. A: Oste-
oclasts were incubated with or without 5 �mol/L
of the broad spectrum cathepsin inhibitor, LHVS.
Osteoclasts were also incubated in the presence of
0.15% dermatan sulfate (DS) or chondroitin sulfate
(CS), GAGs were incorporated in the type I colla-
gen matrix and the cell media. After 24 hours
incubation, cultures were stained for actin and the
total number of osteoclasts with actin rings were
counted and compared with the total number of
osteoclasts. *P � 0.05 vs wild-type untreated con-
trol. B: Idua�/� osteoclasts were incubated in the
presence and absence of 5 �mol/L of the broad
spectrum cathepsin inhibitor, LHVS, and 0.15%
dermatan sulfate in the matrix and media. C: Wild-
type, Idua�/� and Ctsk�/� osteoclasts were cul-
tured on dentine disks for 48 hours. The number of
TRAP� osteoclasts and the number and area of
resorption pits were analyzed. Values are the
means plus SD of four dentine slices. *P � 0.05 vs.
wild-type. D: Long bone osteoclasts obtained from
Idua�/� and Ctsk�/� mice were seeded onto in-
tact type I collagen matrix (coll 1) or type I colla-
gen pre-degraded by cathepsin K (catK deg coll 1)
and analyzed for actin ring presence. Collagen
type I was pre-degraded by 400 nmol/L cathepsin
K in the presence of chondroitin 4-sulfate for 4
hours at 28°C. After 24 hours, cultures were stained
for actin and the percentage of osteoclasts display-
ing an actin ring (AR�) is shown compared with
the percentage without (AR�). *P � 0.05 when
compared with same osteoclasts cultured on intact
collagen matrix.
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were significantly lower than wild-type osteoclasts but
similar to those observed in Ctsk�/� cells (Figure 4C).

In previous experiments, we demonstrated that the
ability of Ctsk�/� murine osteoclasts to form actin rings
could be increased to wild-type levels by plating them
onto cathepsin K-, but not cathepsin L-predigested col-
lagen.22 As seen in Figure 4D, the ratio between the
number of cells displaying actin rings or lacking them
reversed under these condition for both Idua�/� and
Ctsk�/� osteoclasts. Similar to wild-type osteoclasts (Fig-
ure 4A), the number of osteoclasts exhibiting actin rings
was about twice as high as those missing actin rings. This
implies that the decrease in actin ring formation in
Idua�/� murine osteoclasts, ie, the reduction in matrix-
resorbing activity, is linked to the inhibition of cathepsin K.

Discussion

MPS I is thought to be the archetypal form of mucopo-
lysaccharidosis, as it displays most of the clinical mani-
festations of this group of diseases. Lack of the enzyme
iduronidase (Idua�/�) results in lysosomal dysfunction
due to the build-up of HS and DS within cells causing
vacuolation. In bones and joints, this results in the skel-
etal phenotype known as dysostosis multiplex. In our
studies we used a murine MPS I model in which the Idua
gene is disrupted.14

The murine model of MPS I was first identified by
Clarke and co-workers14 as pertaining several features of
the human phenotype of the disease. Noted pathological
features of the murine MPS I skeleton included course
facial features, dysostosis multiplex (with widening and
thickening of the ribs and zygomatic arches), and tho-
racic vertebral kyphosis, as well as broadened and thick-
ened long bones. Further studies revealed aberrant bone
remodeling and growth plate development, and matura-
tion with abnormalities in the early cortical bone struc-
ture.26 In young mice, the growth plate appeared thick-
ened with a high number of chondrocytes, and a
disorganized structure was observed in the hypertrophic
zone. Arrangement of the primary trabecular bone was
abnormal and contained an increased presence of car-
tilage within the woven bone, suggesting difficulties in
cartilage resorption during endochondral ossification.
This condition worsened with age, with obvious retained
cartilage within the ossified bone. Similar late growth plate
abnormalities have been found in cat MPS I and MPS VI,
mouse MPS VI, mouse MPS VII.26–30 Clarke et al14 re-
ported that the skeletal dysmorphia in murine MPS I was
a more severe condition than that observed in feline
or canine MPS I, and of similar severity to MPS VII and VI
murine models. However, other studies on murine and
canine MPS I models have failed to identify significant
shortening of long bones or severe growth plate abnor-
malities, although they did report bone thickening.31–33

In this study, we investigated the subepiphyseal
growth plate area of Idua�/� mice and compared it to
wild-type and Ctsk.�/� As mentioned, it is thought that
some of the skeletal abnormalities are a result of insuffi-
cient endochondral ossification. Endochondral ossifica-

tion is the process by which long bone is formed by
replacement of cartilage. During this process cathepsin
K, as the main osteoclastic protease,34,35 is thought to
degrade calcified cartilage. Histological analysis showed
that the Idua�/� bones had more cartilage in their growth
plates, when compared with specimens from wild-type
litters, thus, suggesting decreased cartilage resorption
activity. The increased cartilage content in Idua�/� mice
was observed despite a simultaneous increase in ca-
thepsin K-expressing osteoclasts in these mice.

In other studies, DS and HS proteoglycans have been
implicated in promoting osteoclastogenesis.36–38 More-
over, Simonaro et al39 described a dramatic up-regula-
tion of tumor necrosis factor-� and an osteoclast survival
factor leading to an increase in osteoclasts or related
multinucleated cells. Tumor necrosis factor-� and other
pro-inflammatory cytokines have been demonstrated to
increase cathepsin K expression.40 Interestingly, increased
osteoclast numbers (though mostly dysfunctional) also
have been observed as a response to anti-resorptive
bisphosphonates in osteoporotic patients.41

However, how can we explain that Idua-deficiency
leads to an insufficient degradation of epiphyseal carti-
lage, despite an overall increase in cathepsin K express-
ing osteoclasts? This could be due in part to a general
lysosomal dysfunction caused by GAG accumulation in
MPS I osteoclasts. Alternatively, it is tempting to specu-
late that the major collagenase activity of osteoclasts,
cathepsin K, is directly affected by GAG accumulation.
We have previously demonstrated that GAGs are impor-
tant regulators of cathepsin K activity.8,9,11 The normal
growth plate area contains mostly CS, and our previous
studies have shown that bone-residing CS is capable of
forming a complex with cathepsin K, enabling the en-
zyme to degrade type I collagen.9,10 Other GAGs, such
as DS and HS are also able to form complexes with the
enzyme; however, these result in an inhibition of collag-
enolytic activity.11 In diseases like MPS I, where the
amount of GAGs like DS and HS is dramatically in-
creased, the likelihood of them forming an inhibitory com-
plex with cathepsin K over C4S is high.

The subepiphyseal growth plate area stained posi-
tively for HS and cathepsin K in both Idua�/� and wild-
type sections, with a higher expression of each in Idua�/�

bone. HS, DS, and CS have previously been localized to
the bone tissue (sites of ossification) in areas adjacent to
osteoclast localization.42 The overlap between cathepsin
K and HS was, as expected, significantly increased in
Idua�/� bone, meaning that most of the cathepsin K
protein (on average 75%) colocalized with HS in idua�/�

mice, whereas in wild-type mice it was around 40%.
The activity of cathepsin K was also investigated to

determine the effect of high HS concentrations. The area
was also stained for type II collagen cleavage using an
anti-neoepitope antibody that recognizes only cathepsin
K-cleaved type II collagen. Idua�/� bone displayed a
75% to 85% reduction of cleaved collagen staining, as
compared with wild-type bone. Naturally, cathepsin K-
deficient mice revealed no significant staining for colla-
gen cleavage. Taken together these results suggest that
despite elevated cathepsin K expression, the increased
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co-localization of cathepsin K and HS (and likely DS as
well) in Idua�/� mice could reduce the enzyme’s ability to
degrade type II collagen.

Degradation studies demonstrated that cathepsin K
digestion of type II collagen is inhibited by the presence
of DS and HS. Even at concentrations equal to C4-S, the
presence of DS and HS strongly inhibits the collageno-
lytic activity of cathepsin K. In MPS tissues, the concen-
tration of GAGs can reach 7 to 20 times the concentration
normally found in liver and bone.24,25 Therefore, cathep-
sin K expressed by osteoclasts would likely have a re-
duced ability to degrade the cartilage during endochon-
dral ossification in such an environment. Moreover,
general bone remodeling might also be affected, as
shown by the decreased ability of recombinant human
cathepsin K to degrade MPS I bone powder, demonstrat-
ing the importance of regulated GAG expression in bone.

It should be noted that in other MPS disease types
such as MPS VI, where primarily DS accumulates, there is
a decrease in bone formation resulting in osteopenia of
tibial trabecular bone and rearrangement of trabecular
bone architecture.43 The osteopenia described in MPS VI
and MPS VII is thought to be due to early chondrocyte
death and increased expression and activity of matrix
metalloproteases-2 and -9, as well as decreased activity
of osteoblasts.44–46 This could result in incomplete en-
dochondral ossification and disorganization of the growth
plate. Retained calcified cartilage can also be found in
metaphyseal bone in MPS VI,29 suggesting that cathep-
sin K may also be involved in the apparent abnormal
ossification.

We also investigated the effect of a GAG-rich environ-
ment on in vitro osteoclast activity by monitoring the pres-
ence of actin rings and bone resorption on dentine disks.
By observing the presence of actin rings, which only
occurs when an osteoclast is actively resorbing, we could
monitor the effect of inhibitors and GAGs on osteoclast
activity. Cytoskeletal rearrangement to form an actin ring
is initiated by osteoclast attachment factors and is a
requirement for the formation of the sealing zone and
resorption lacunae. As expected, the addition of the cys-
teine protease inhibitor LHVS decreased the actin ring
presence in wild-type osteoclasts. We have previously
shown that cathepsin K activity is required for the expo-
sure of ‘cryptic’ RGD sequences in the collagen matrix to
allow the activation of osteoclasts.22 Our studies also
showed that high concentrations of DS, but not C4S, were
able to inhibit the actin ring presence in wild-type oste-
oclasts. This suggests that the presence of high concen-
trations of dermatan sulfate has an inhibitory effect on
osteoclast activity. Human cathepsin K-deficient oste-
oclasts have previously been shown to form poorly de-
veloped ruffled borders and accumulate nondigested
collagen within their lysosomes.5 Similarly, studies on the
morphology of MPS VII osteoclasts from newborn mice
revealed that they are typically detached from the matrix
and do not form ruffled borders.47

When osteoclasts isolated from Idua�/� mice were cul-
tured on type I collagen, we found they displayed a low
level of actin ring presence, similar to wild-type mice
under cysteine protease inhibition. In fact, the addition of

the cysteine protease inhibitor had little additive effect on
actin ring presence, suggesting that cathepsin activity is
already limited. The addition of DS also had no effect on
actin ring presence, presumably because there was al-
ready a build-up of GAGs within the Idua�/� osteoclasts.
Abreu et al29 have shown the presence of swollen cells
with large vacuoles (containing GAGs) in the ossification
zone in MPS bone. However, when idua�/� osteoclasts
were plated on cathepsin K-predigested type I collagen,
with RGD units exposed, the number of actin rings
present increased to wild-type levels. The same was
observed for Ctsk�/� cells. This clearly suggests that
primarily a lack of cathepsin K activity is responsible for
the inability of Idua�/� osteoclasts to transform into an
activated cell status. Idua�/� osteoclasts had not only a
diminished ability to form actin rings but were, similar to
Ctsk�/� osteoclasts, much less capable to degrade
bone, as shown by the reduced number and size of
Idua�/� osteoclast excavations, when compared with
wild-type osteoclasts.

In conclusion, this report describes the effect of MPS-
associated GAGs on the cartilage/bone resorbing activity
of cathepsin K. DS and HS, which accumulate in MPS I
disease, directly inhibits the collagenolytic activity of ca-
thepsin K. This is reflected in the increase of cartilage
beneath the subepiphyseal growth plate area, the inhibi-
tion of type II collagen degradation in this area, and the
reduced capability of osteoclast activation in Idua�/�

mice. The decrease in the collagenolytic activity of ca-
thepsin K, due to the expression of GAGs, will greatly
reduce osteoclast function and will thus likely contribute
to the skeletal abnormalities observed in MPS I bone.
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