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Cathepsin K is responsible for the degradation of type I colla-
gen in osteoclast-mediated bone resorption. Collagen frag-
ments are known to be biologically active in a number of cell
types. Here, we investigate their potential to regulate osteoclast
activity. Mature murine osteoclasts were seeded on type I colla-
gen for actin ring assays or dentine discs for resorption assays.
Cells were treated with cathepsins K-, L-, or MMP-1-predi-
gested type I collagen or soluble bone fragments for 24 h. The
presence of actin rings was determined fluorescently by staining
for actin. We found that the percentage of osteoclasts displaying
actin rings and the area of resorbed dentine decreased signifi-
cantly on addition of cathepsin K-digested type I collagen or
bone fragments, but not with cathepsin L or MMP-1 digests.
Counterintuitively, actin ring formation was found to decrease
in the presence of the cysteine proteinase inhibitor LHVS and in
cathepsin K-deficient osteoclasts. However, cathepsin L defi-
ciency or the general MMP inhibitor GM6001 had no effect on
the presence of actin rings. Predigestion of the collagen matrix
with cathepsin K, but not by cathepsin L. or MMP-1 resulted in
an increased actin ring presence in cathepsin K-deficient oste-
oclasts. These studies suggest that cathepsin K interaction with
type I collagen is required for 1) the release of cryptic Arg-Gly-
Asp motifs during the initial attachment of osteoclasts and 2)
termination of resorption via the creation of autocrine signals
originating from type I collagen degradation.

Osteoclasts are monocyte-macrophage lineage-derived,
large multinucleated cells. They are the major bone resorbing
cells, essential for bone turnover and development. Active oste-
oclasts display characteristic membranes, including the ruffled
border, attachment zone, and the basolateral secretory mem-
brane. After attachment to bone, the ruffled border secretes
enzymes and protons enabling the solubilization and digestion
of the bone matrix. Osteoclasts express many proteases includ-
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ing cathepsins and matrix metalloproteases (MMPs)? (for
review see Refs. 1-3). However, it is the general consensus that
cathepsin K (catK) is the major bone-degrading enzyme (4 -7).

Rapid cytoskeletal reorganization is essential for osteoclast
function and formation of the specialized membranes. Bone
resorption occurs within the sealing zone, which is formed by
an actin ring structure. This can be identified as a solid circular
belt like formation and consists of an actin filament core sur-
rounded by actin-binding proteins such as talin, a-actinin, and
vinculin, which link matrix-recognizing integrins to the
cytoskeleton (8). The ruffled border is contained within this
structure. The actin ring is initiated by the formation of podo-
somes, which represent dot-like actin structures of small F-ac-
tin containing columns surrounded by proteins also found in
focal adhesion such as vinculin and paxillin (9). It was previ-
ously thought that the sealing zone was formed by the fusion of
podosomes after the osteoclast becomes activated (10, 11), but
it has since been demonstrated that podosomes and the sealing
zone are distinct structures (12, 13). It should be noted that
bone resorption only occurs when the sealing zone is formed
and the actin ring is present (14).

Osteoclasts bind and interact with the bone surface through
specific integrin receptors. The most abundant integrin present
in osteoclasts is the av33 receptor also known as the vitronectin
receptor (15, 16). This receptor attaches to RGD sequence con-
taining components of the bone matrix, e.g. vitronectin,
osteopontin, and type I collagen (17-19). This interaction
enables the formation and regulation of the actin ring and
therefore osteoclast activity (20-22). It has previously been
shown that soluble RGD containing peptides added to cell
supernatant are capable of inhibiting osteoclast binding and
bone resorption (18, 22—-24).

This study investigates the effect of collagen degradation
fragments on osteoclast activity. Soluble type I collagen and the
bone powder of murine long bones were subjected to digestion
reactions by the cysteine proteases, catK and catL, and the
interstitial collagenase, MMP-1. The effect of these degradation
products on osteoclasts was investigated by monitoring actin
ring and resorption pit formation. We further investigated the
role of cathepsins using catK- and catL-deficient mice. Finally,
we looked in more detail at the effect of collagen, as a cell adhe-
sion matrix, on osteoclast activity.

2 The abbreviations used are: MMP, matrix metalloprotease; catK, cathepsin K;
catL, cathepsin L; TRAP, tartrate-resistant acid phosphatase; AR, actin ring;
PBS, phosphate-buffered saline; wt, wild type.
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EXPERIMENTAL PROCEDURES

Mouse Models—In these studies, the mouse models used were
WT C57BL/6 (The Jackson Laboratories), catK knock-out mice
129:C57BL/6 (7), and catL knock-out mice 129:C57BL/6 (25).

Osteoclast Isolation from Neonatal Murine Long Bones—Ma-
ture osteoclasts were isolated from 6-day-old mouse long bones
(26). Long bones were isolated and collected in a-modified
minimal essential medium (a-MEM, Invitrogen) supplemented
with 10% fetal bovine serum, 2 mMm L-glutamate (Invitrogen),
they were then diced into small pieces, and bone cells were
released by gentle pipetting. The resulting cell suspension
(without bone pieces) was then plated onto collagen-coated
slides in a 24-well plate and incubated at 37 °C (95% air and 5%
CO,). After 2 h, nonattached cells were washed away, and cells
were treated with 10 ug/ml lipopolysaccharide (Sigma-Al-
drich) and additional treatment as specified below. Cells were
then cultured at 37 °C (5% CO,) for 24 h. To confirm the pres-
ence of osteoclasts, cells were stained for tartrate-resistant acid
phosphatase activity (TRAP), an osteoclast marker, according
to the manufacturers’ instructions (Sigma-Aldrich). The num-
ber of positive TRAP-stained cells was about 50% of the total
number of cells in preparations from wild type, catL ™/~ and
catK™/~ cells.

Cell Treatments—GRGDS and SDGRG (Sigma-Aldrich)
were used at a final concentration of 100 ug/ml. For repeat
RGD dose experiments, the media was changed every 2 h for 8 h
to fresh media containing GRGDS (5-50 wg/ml). The irrevers-
ible (potent, non-selective) vinyl sulfone cathepsin inhibitor,
LHVS, (27, 28) was used at a final concentration of 5 um.
The broad spectrum MMP inhibitor GM6001 (Chemicon,
Temecula, CA) was used at a final concentration of 5 um. All
cell treatments were for 24 h unless otherwise stated.

Proteases—Recombinant human cathepsins K and L were
expressed using the Pichia pastoris expression system (29, 30).
Recombinant human MMP-1 was a generous gift from Dr.
Chris Overall (Centre for Blood Research, University of British
Columbia, Canada).

Fluorescent Staining, Actin Ring Formation of Osteoclasts—
Cells were washed with PBS, fixed with 3.7% formaldehyde in
PBS, and permeabilized with 0.2% Triton X-100 for 10 min.
Osteoclast actin rings were visualized using FITC-phalloidin
(Sigma-Aldrich) (1:50 dilution) staining as previously described
(31). After staining, cells were washed with PBS, and the nuclei
were stained with bisbenzimide (Sigma-Aldrich) (2 wg/ml) for 5
min and then rinsed with water. Cells were mounted with Flu-
oromount (Sigma-Aldrich). Actin rings were visualized fluores-
cently using a Leica DMI 6000B microscope (Leica Microsys-
tems, Inc, Richmond Hill, ON) and the total number per slide
was counted. Osteoclasts were identified by the presence of at
least 2 nuclei. Typically osteoclasts contained between 3-7
nuclei, no distinction was made between large and small oste-
oclasts. If an osteoclast displayed one or more actin rings it was
denoted as actin ring positive (AR+), osteoclasts without or
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 (10). Osteoclasts were also visu-
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alized by confocal microscopy using a Nikon confocal C1
microscope with EZ-C1 software (Nikon Instruments Inc, Mis-
sissauga, ON).

Resorption Assay—Cells were plated out onto dentine discs
(Osteosite Dentine Discs, Immunodiagnostic Systems Inc,
Fountain Hills, AR) in 96-well plates as previously described
(26). After 2 h, discs were removed and placed in 6-well plates
containing media (a-MEM at around pH 7.0) and test sub-
stance. There were typically 4 dentine discs per group. After
24 h, slices then stained for TRAP, which allowed the identifi-
cation of osteoclasts (TRAP+ with over 2 nuclei). Once oste-
oclasts were counted, cells were removed with 5% sodium
hypochlorite for 10 min. Discs were rinsed with water and
stained with 1% (w/v) toluidine blue in 0.5% sodium borate for
30 s 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 disc.

Collagen Digests—Soluble type I collagen (5 mg/ml calf skin)
(USB, Cleveland, OH) was incubated with human catK (200 nm)
or human catL (200 nMm) in sodium acetate buffer, pH 5.5, con-
taining 2.5 mM dithiothreitol and EDTA or with p-aminophe-
nylmercuric acetate (APMA) activated MMP-1 (50 nMm) in 5 mm
CaCl,, 50 mm HEPES, 100 mm NaCl, pH 7.2. Total volume of
each reaction was 100 ul. Collagen digestions were performed
at 28 °C in the absence and presence of 400 nm chondroitin 4-
sulfate (Sigma-Aldrich) for 8 h (chondroitin 4-sulfate concen-
tration based on an average molecular mass of 30 kDa). In both
collagen and bone digests enzymes were inactivated by raising
the pH of the reaction to 7.2 and then heating at 50 °C for 2 min.
In cell treatments where collagen degradation products were
added to media, 20 pul of pH-adjusted collagen digest was added
to 1 ml of media. CatK-digested collagen was also subject to
degradation by trypsin (Sigma-Aldrich), the pH was altered to
7.6 with a Tris buffer (100 mu final concentration) trypsin was
added at 1 uM for 4 h at 30 °C.

Bone Digests—Long bones from 4—6-week-old wild-type
mice were isolated, cleaned, and the epiphysis and bone mar-
row 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 catK or catL were added to bone powder (15
mg with 100-ul reaction volume) at a concentration of 400 nm
and incubated at 28 °C for 24 h. Samples were then spun down,
the soluble fraction was removed and after its pH was neutral-
ized 20 ul was added to 1 ml of media for cell treatments.

Collagen-coated Coverslips—Thin collagen coatings were
generated as described by R&D systems (R&D systems, Inc.
Minneapolis, MN) on glass coverslips. Soluble type I collagen
(final concentration 50 ug/ml) was diluted in 500 ul of 0.02 mm
acetic acid and 200 wl added per coverslip. Coverslips were
incubated at room temperature for 1 h, residual volume was
removed, and coverslips were washed with PBS before cells
were added. Type I collagen was also pre-degraded with 200 nm
catL or 200 nm catK in 100 mM sodium acetate buffer, pH 5.5 at
28 °C. Digested collagen was then added at the same concentra-
tion as undigested collagen to coverslips.
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FIGURE 1. Wild-type osteoclasts cultures obtained from murine long bones were seeded on type | colla-
gen substrate, after 24 h of 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 active (A).
Osteoclasts displaying a disrupted actin ring (diffuse ring or less than 50% intact ring) or complete lack of actin
structure were identified as inactive (B). Bar is 20 wm. Cultured wild-type osteoclasts were fixed and stained for
the presence of TRAP, an osteoclast marker displayed as purple color. Cells were counterstained with H&E (AT).
Panel AT shows two TRAP-stained multinucleated osteoclasts in the presence of TRAP-negative cells. C, long
bone osteoclasts isolated and cultured on collagen substrate from wild-type mice were analyzed for the
presence of actin rings. After 24 h of 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 present (deter-
mined by cells containing 2 or more nuclei). Bar chart shows comparison between percentage of osteoclasts
displaying an actin ring (positive for Actin Ring +) or without (negative for Actin Ring —) under different
experimental conditions. Data are expressed as percentage. Osteoclasts were incubated with and without 100
1g/ml GRGDS (positive RGD control) or SDGRG peptide (blank). The presence of the GRGDS peptide decreased
the percentage of active osteoclasts by half. The percentage of actin rings without treatment was compared
with the actin rings with GRGDS treatment and was found to be statistically significant (p < 0.05). D, osteoclast
cultures were also treated with one time and repeated low doses of GRGDS (5-50 wg/ml). Repeat doses were
given every 2 h for 8 h, the previous dose was removed and cells were washed once between treatments. Data
are expressed as mean = S.D. of triplicate cultures. *, significantly different from the control, p =< 0.05.

Statistical Analysis—Experiments
were performed in duplicate three
times using osteoclast cultures from
3 different mice. Data are expressed
as mean = S.D. The statistical sig-
nificance of the difference between
the control and the experimental
group was determined by Student’s
t test. In bone resorption 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 sta-
tistically significant when p = 0.05.

RESULTS

Effect of Proteolytically Degraded
Soluble Collagens and Bone Powder
on Actin Ring Presence in Wild-type
Osteoclasts—This study investi-
gated the effect of collagen frag-
ments on osteoclast actin ring
presence using neonatal murine
osteoclasts seeded onto type I colla-
gen. As mature osteoclasts were
used in experiments a differentia-
tion stage was not required. Type I
collagen was used as a matrix as it is
a well-defined catK substrate, and
this substrate also decreases the
matrix variability often found with
bone slices. After attachment to col-
lagen slides the osteoclasts were
incubated for 24 h before the pres-
ence of actin rings was investigated.
Under our conditions, 24-h incuba-
tions resulted in the highest inci-
dence of actin rings and so this time
point was used for all subsequent
experiments. Wild-type osteoclasts
were first treated with a synthetic
peptide containing the RGD
sequence. The majority of untreated
osteoclasts revealed well-formed
actin rings (Fig. 1A4), whereas, as
expected, cells treated with GRGDS
peptide displayed mainly disrupted
actin rings (Fig. 1B). The quantifica-
tion of intact and disrupted actin

Gel Electrophoresis—Collagen degradation was analyzed by
SDS-PAGE. Samples (1.5 pg per well) were boiled for 5 min
with 2X reducing SDS-PAGE sample buffer and separated
using 4—-20% gradient gels (1.5 h at 125 V) (Invitrogen), 5 ul of
prestained protein ladder (PAGE, Invitrogen) was included for
orientation. Bands were visualized using Coomassie Brilliant
Blue R 250 (0.5 mg/1, in 40% methanol and 10% acetic acid) and
were then destained (40% methanol, 10% acetic acid).
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rings in wild-type osteoclasts is shown in Fig. 1C. The addition
of 100 ug/ml GRGDS peptide to wild type osteoclasts resulted
in a 50% decrease in actin ring formation (Fig. 1C); in contrast
the reverse sequence peptide SDGRG showed no effect on actin
rings as it does not affect integrin function. Similar effects on
osteoclast activity have previously been described for RGD con-
taining proteins and peptides (32-34). We found that the
GRGDS peptide had an accumulative inhibitory effect over
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time. A low concentration of RGD (10-50 ug/ml) left in con-
tact with cells over 8 h had minimal effect on osteoclast actin
rings. However when the same low doses were repeatedly
administered to the cells every 2 h accompanied by a media
exchange, the percentage of actin rings present was strongly
reduced (Fig. 1D).

Next, we subjected triple-helical type I collagen which cumu-
latively contains 7 cryptic RGD motifs to degradation by catK,
catL, and MMP-1 in the presence of chondroitin sulfate to
mimic the presence of glycosaminoglycans in bone. We have
previously demonstrated that glycosaminoglycans specifically
modulate the collagenolytic activities of cathepsins (35). As
described, CatK digestion resulted in a complete degradation of
type I collagen, whereas the catL-mediated digest was minimal
and the MMP-1 mediated digest revealed typical 3/4 and 1/4
fragments (35, 36) (Fig. 2A). F-actin staining of murine wild-
type osteoclasts treated with catK-degraded type I collagen
(final concentration 100 ng/ml) for 24 h showed a 75— 80% inhi-
bition of actin ring formation in wild-type cells (Fig. 2). No
statistically significant inhibition was found after treatments
with catL or MMP-1-digested collagen although catL-predi-
gested type I collagen revealed a trend toward actin ring inhi-
bition (Fig. 2A4). There was also no effect on the percentage of
osteoclasts with actin rings when undegraded collagen or vehi-
cle (sodium acetate buffer) alone was added (results not
shown). The inhibitory effect of catK-digested collagen was lost
when it was subjected to further degradation by trypsin (Fig.
2C), known to cleave after arginine or lysine residues and thus
likely to destroy the RGD moiety (37). Prior to the addition of
the tryptic digest to the cells, trypsin was heat-inactivated.

We also incubated the osteoclasts in the presence of the sol-
uble products of protease-pretreated murine bone powder.
Similar to the observation made with predigested soluble colla-
gen, catK-digested bone powder revealed the strongest actin
ring reduction. Up to 95% of the cells displayed disrupted actin
ring structures suggesting a complete inhibition of the oste-
oclastactivity (Fig. 24). In contrast no effect was observed when
cells were exposed to bone powder pretreated with catL. These
results were also reflected in bone resorption assays performed
on dentine discs. Both the number of resorption pits and the
area resorbed per disc decreased on addition of catK-digested
bone powder with no change in osteoclast number (Fig. 2B). As
expected, catL-pretreated bone powder had no effect on bone
resorption.

Actin formations observed in osteoclasts treated with catK
degraded collagen showed podosome-like structures, often
with actin forming clumps in a similar manner to cells treated
with GRGDS (see Fig. 1B). Confocal microscopy showed that
osteoclasts treated with catK-digested collagen fragments also
displayed signs of cell retraction (Fig. 2D) similar to that
observed when osteoclasts are treated with GRGDS peptide
(23). The observed reduction in actin ring numbers was not
thought to be due to a decrease in attached cells as all experi-
ments had comparable osteoclast numbers. It has been previ-
ously shown that actin ring formation can be disrupted with no
effect on osteoclast differentiation, survival, and attachment
(38).
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FIGURE 2. A, long bone osteoclasts obtained from wild-type mice were ana-
lyzed for activity after the addition of collagen and bone enzymatic degrada-
tions. Collagen type | and bone powder were degraded by catK, catL, or
MMP-1 for 24 h. Cathepsin digestion reactions were in the presence of chon-
droitin 4-sulfate (C4-S) and were performed at 28 °C. MMP-1 reactions were
performed at 28 °C in the absence of C4-S. Collagen degradations were ana-
lysed on 4-20% gradient gels and are shown below A for comparison. After
24-h incubations, cultures were stained for actin, and the total number of
osteoclasts with actin rings were counted and compared with the total num-
ber of osteoclasts. Only cathepsin K-degraded substrates were able to inhibit
actin ring formation. Actin ring percentage of osteoclasts in the presence or
absence of protease-generated degradation products were compared. B, WT
osteoclasts were cultured on dentine discs with or without catK- or catL-
degraded soluble bone products for 24 h. The number of TRAP+ osteoclasts
and the number and area of resorption pits were analyzed. Values are the
means plus S.D. of 4 bone slices. C, wt cells were treated for 24 h with type |
collagen digested by cathepsin K as before, and then further degraded by
trypsin for 4 h at 30 °C. For comparison treatment of cells treated with type |
collagen digested by cathepsin K alone is shown in Fig. 2A. Percentages of
osteoclasts with actin rings are shown as AR+. *, p < 0.05 when compared
with wt control. D, confocal microscope images of wild-type osteoclasts
stained for F-actin seeded on type | collagen substrate with no treatment (I),
treated with GRGDS peptide (I1), and treated with cathepsin K-degraded type
I collagen (lll/IV). Arrows indicate areas of cell retraction. Original magnifica-
tion X40, scale baris 20 um.

Effect of Cysteine and Metalloprotease Inhibitors on Actin
Ring Formation in Wild-type Osteoclasts— After demonstrating
that catK-predigested RGD peptide containing substrates
affect the formation of actin rings, we analyzed the effect of
protease inhibition in osteoclasts. Considering that cathepsin K
activity generates active RGD peptides, we expected that the
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FIGURE 3.Long bone osteoclasts obtained from wild-type mice were ana-
lyzed for actin ring presence after the addition of protease inhibitors.
Wild-type osteoclasts were treated with either 5 um of the broad spectrum
cathepsin inhibitor, LHVS, or the broad spectrum MMP inhibitor, GM6001.
LHVS acts in a dose-dependent manner on osteoclasts and at 5 um, LHVS
inhibits cathepsins K, L, S, and B (27, 55). After 2 h of 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. Cathepsin inhi-
bition reduced the percentage of actin rings by 50%, MMP inhibition showed
no effect. Actin ring percentage of osteoclasts without treatment was com-
pared with actin ring percentage in the presence of inhibitors. *, p < 0.05
when compared with control.

inhibition of cathepsin K and thus eliminating the generation of
soluble RGD fragments would stabilize or increase the presence
of actin rings. However, the addition of 5 um of the cell-perme-
able broad spectrum cathepsin inhibitor, LHVS, to wild-type
osteoclasts resulted in a 50% reduction of actin ring formation
when compared with untreated osteoclasts (Fig. 34). This sug-
gests that cathepsin activities are required for the initial forma-
tion and/or maintenance of actin rings. At 5 uMm concentration,
LHVS is a potent inhibitor of cathepsins K, L, and S (27). In
contrast, the broad spectrum metalloprotease inhibitor
GM6001 had only a weak and statistically non-significant effect
on the reduction of actin rings.

Effect of catK and -L Deficiency on Actin Ring Formation—As
the broad spectrum cathepsin inhibitor, LHVS, was able to
decrease actin ring formation, we next aimed to identify the
individual cathepsin responsible for this inhibition by analyzing
catK- and catL-deficient osteoclasts. CatK-deficient cells
showed a similar suppression of actin rings as wild-type oste-
oclasts treated with LHVS. Both conditions displayed less than
50% of actin rings compared with untreated wild-type oste-
oclasts. The addition of catK-predigested soluble type I colla-
gen and bone powder to catK-deficient osteoclasts further sup-
pressed the percentage of cells exhibiting intact actin rings (Fig.
4A). On the other hand and similar to wild type osteoclasts,
catL-pretreated collagen or bone powder did not affect the
number of actin rings (Fig. 44). On the contrary, catL-deficient
osteoclasts were statistically undistinguishable from wild-type
cells in the absence or presence of collagen/bone digest mix-
tures (Figs. 4B and 2A) suggesting that the loss of catL activity is
not critical to osteoclast activity.

Treatment of cathepsin-deficient cells with LHVS had no
effect on catK-deficient cells whereas catL-deficient cells
revealed a strong reduction in intact actin rings (60%) similar to
that observed in wild-type cells in the presence of LHVS (Fig. 3)
and of catK-deficient cells in the presence and absence of the
cysteine protease inhibitor (Fig. 4C). In each case the percent-
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FIGURE 4. Long bone osteoclasts obtained from catK-deficient (A) and
catL-deficient (B) mice were analyzed for actin ring presence after the
addition of collagen and bone enzymatic degradations. Collagen type |
and bone powder were degraded by catK or catlL in the presence of C4-S for
24 h at 28 °C. After 24 h, cultures were stained for actin, and the percentage of
osteoclasts displaying an actin ring (AR+) is shown compared with the per-
centage without (AR—). As with wild-type osteoclasts only catK-mediated
substrate digests showed an inhibitory effect on actin ring percentage. Note
the low activity of untreated catK /™ osteoclasts compared with wild-type
and catL™’~ osteoclasts. The effect of cathepsin inhibition and MMP inhibi-
tion on actin ring percentage in catK- and catL-deficient osteoclasts was also
investigated (C). Both cultures were incubated with 5 um LHVS or GM6001 for
24 h. Results showed actin ring inhibition with cathepsin inhibition only in
catL ™/~ osteoclasts. No inhibitory effect was observed in catK ™/~ osteoclasts.
Actin ring percentage of osteoclasts without treatment was compared with
actinring percentage in the presence of degradation or inhibitory treatments
and was statistically analyzed. *, p = 0.05 when compared with catK™’~ or
catL™’~ control.

age of osteoclasts displaying actin rings was reduced to between
15 and 30% indicating that catK alone is critically involved in
actin ring formation. On the other hand, the metalloprotease
inhibitor GM6001 had no significant effect on both cathepsin-
deficient cell types (Fig. 4C).

Effect of catK-predigested Type I Collagen Matrix on CatK "~
Osteoclasts and LHVS-treated Wild-type Osteoclasts—Both the
addition of extracellular RGD-containing peptides or proteo-
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I collagen predegraded by catK (K PDC) or catL (L PDC) and analyzed for
actin ring presence. Collagen type | was predegraded by 200 nm catK or catL
in the presence of C4-S for 24 h at 28 °C. CatK collagen digestions occurred
with and without the presence of 10 um LHVS (K-LHVS PDC). After 24 h, cul-
tures were stained for actin, and the percentage of osteoclasts displaying an
actin ring (AR+) is shown compared with the percentage without (AR—).
CatK-degraded type | collagen matrix was found to increase the percentage
of actin rings in catk ™/~ osteoclasts. CatK-degraded collagen matrix had no
effect on actin ring formation in wild-type osteoclasts except when cells were
treated with 5 um LHVS. Here the degraded substrate was able to reverse the
inhibition and increased the percentage of actin rings present to levels similar
to non-treated osteoclasts (B). Actin ring percentage of osteoclasts seeded on
intact collagen was compared with actin ring percentage of osteoclasts on
degraded matrix. ¥, p = 0.05 when compared with catk "~ control.
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lytic fragments and the inhibition of catK inhibit actin ring for-
mation and thus indicate the involvement of cathepsins, in par-
ticular catK, in the generation as well as the dissolution of actin
rings following at least two pathways. To investigate whether
cathepsin activities are required for the initial exposure of cryp-
tic integrin binding sites in the collagen matrix and subse-
quently allowing actin ring formation, we predigested type I
collagen with catK or catL and seeded catK-deficient oste-
oclasts on the predigested substrate matrix. CatK-deficient
osteoclasts revealed a significant increase in actin ring numbers
when grown on catK-predigested but not on catL-predigested
collagen matrix (Fig. 5A4). In contrast, there was no difference
observed for wild-type cells on untreated, catK-, or catL-predi-
gested matrices. However, similar to catK-deficient cells, LHVS
treated wild-type cells seeded on catK-predigested matrix
increased the actin ring content compared with wild-type cells
treated with LHVS seeded on intact matrix (Fig. 5B). Although
there was an increase in the number of actin rings, osteoclasts
did not reach the levels of actin rings observed when untreated

JANUARY 23, 2009+VOLUME 284+NUMBER 4

Cathepsin K-dependent Osteoclast Regulation

osteoclasts are seeded on intact collagen. These results suggest
that catK activity is required to expose cryptic RGD motifs in
type I collagen and to form actin rings.

DISCUSSION

The regulation of individual osteoclast activity remains
unclear. This study aimed to investigate whether catK, respon-
sible for bone degradation and highly expressed in osteoclasts,
is capable of directly regulating osteoclast action by its extracel-
lular matrix-degrading activity. To do this we exploited a cell
based actin ring assay and minimized the effects of the extra-
cellular matrix by using a single component (collagen type I)
system representing the major and biologically relevant cathep-
sin K substrate (90% of the organic bone matrix is type I colla-
gen). Mature murine osteoclasts were seeded on the collagen
matrix and treated with catK, catL, or MMP1 predegraded as
well as undegraded soluble type I collagen or bone powder and
the percentage of osteoclasts displaying actin rings were deter-
mined. Only soluble type I collagen or type I collagen contain-
ing bone powder degraded by catK was capable of decreasing
the percentage of active osteoclasts from wild-type mice (Fig.
1), which was in a similar range to the inhibition found after the
addition of the synthetic control GRGDS peptide. Triple helical
type I collagen which contains in its a1 and a2 chains a total of
7 RGD motifs, is cleaved by catK at multiple sites and generates
low molecular weight fragments (39, 40), which may contain
small soluble RGD containing peptides. The presence of soluble
RGD-motif containing peptides was further supported by the
loss of inhibitory effect when catK-digested collagen fragments
were further degraded by trypsin before addition to cells (Fig.
2C). As trypsin preferentially cleaves after arginine and lysine
its activity has likely degraded the soluble RGD sequences cre-
ated by catK and thus explaining the loss of effect. In dentine
resorption assays, catK-created soluble bone fragments were
also able to decrease the number of pits and the area of bone
resorbed (Fig. 2B). In this study collagen or bone degraded by
catL or MMP-1 had no significant effect on the number of cells
bearing an intact actin ring or dentine resorption. The substrate
degradation by the two later enzymes was limited, suggesting
that the cryptic RGD motifs residing within type I collagen are
not successfully released from the protein and thus were not
available to act as soluble ligands for the avf3 integrin recep-
tor-RGD binding sites.

The experiments performed with catK-digested collagen/
bone are indicative that RGD-containing fragments generated
by catK activity during in vivo bone resorption have the poten-
tial to inhibit osteoclast resorption once sufficiently high con-
centrations of the RGD peptides are generated. Our studies
have found that repeated exposure of low concentrations of
RGD have an inhibitory effect greater than a single high dose.
Thus a continual release of small amounts of collagen from the
basal membrane or ruffled boarder may allow the RGD bound
integrin receptors to build up over time until they reach such a
concentration where they inhibit osteoclast activity. Therefore
depending on the concentration of collagen fragments released
over time the effect could be additive, allowing bone resorption
to take place and be naturally inhibited once a certain amount
of collagen has been processed and critical soluble RGD peptide
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SCHEME 1.Fluorescence microscopy (upper panel) and schematic (lower panel) presentation of actinring
formation and dissolution in osteoclasts. A, migration of multinucleated osteoclasts on bone surface, initial
cell attachment via non avB33 integrins (green circles). Osteoclast recognition of resorption site is leading to
initial cathepsin K secretion. RGD attachment sites residing within collagen structure are not initially available
(pink triangles). B, limited proteolytic matrix degradation mediated by cathepsin Kand potentially MMPs results
in the exposure of cryptic RGD motifs (pink circles) in the bone matrix (from collagen and other matrix proteins).
Osteoclasts bind to newly exposed RGD sequences in the matrix via avB3 integrins (yellow circles) resulting in
the formation of the sealing zone and actin ring (red bar). C, formation of the sealing zone initiates the demi-
neralization and resorption phases. Abundant secretion of active cathepsin K into the resorption lacuna leads
to extensively degraded collagen matrix. Degradation of collagen by cathepsin K liberates large amounts of
soluble small RGD-containing digestion products (free pink circles), which are subsequently removed with
other digestion products by the osteoclast through transcytosis. D, RGD peptides from the degradation of
collagen are released from the osteoclast into the extracellular space where they saturate av33 integrinsin an
autocrine or paracrine pathway leading to the disintegration/disappearance of the actin ring (dotted red line)/
sealing zones and subsequent termination of bone resorption by the osteoclast.

cells or wild-type cells exposed to a
potent and cell permeable cysteine
protease inhibitor revealed a signif-
icant reduction of actin rings in the
osteoclast population. This coun-
terintuitive finding indicates that
catK activity is also required for
the initial formation of actin rings
and thus for the activation of the
osteoclasts. Secreted catK may
participate in the release of cryptic
RGD motifs present in an intact
triple helical collagen matrix prior
to the main resorption process.
Partial digests may be sufficient to
induce conformational changes in
type I collagen, which expose the
RGD motifs and allow their bind-
ing to av33 integrin receptors on
osteoclasts. Actively resorbing
osteoclasts are associated with the
presence of actin rings and the
actin ring formation is enabled by
the interaction of the osteoclast

concentrations are reached. We calculated that the concentra-
tion of type I collagen released from an average resorption pit
would be ~5 mm (radius 25 wm, depth 15 wm, ~1/3 of bone
volume is type I collagen and a volume of 530 nm? per triple
helical collagen molecule). In our studies, we added 333 uM type
I collagen to the media. As the amount of type I collagen
we added is more than 10X less of that potentially being solu-
bilized by the osteoclast, we can speculate that the amount of
collagen released in vivo may be enough to have an inhibitory
effect although future research must consider the intracellular
transport routes of collagen fragments and their diffusion rates
from the osteoclasts and within the resorption lacuna.

These studies suggest a specific role for catK in the autocrine
regulation of osteoclast activity through the release of type I
collagen fragments able to disrupt the actin ring and therefore
osteoclast-mediated bone resorption. This type of regulatory
role has not previously been shown for catK activity in oste-
oclasts. In other cell types, proteolytically derived collagen frag-
ments have varying effects including anti-angiogenesis, apo-
ptosis, and tumor growth inhibition (41-45).

During bone resorption the release of calcium from the
matrix is also thought to regulate osteoclast activity. Released
calcium is thought to interact with osteoclast calcium receptors
to inhibit bone resorption (46, 47). However in our experimen-
tal system when wild type osteoclasts plated on type I collagen
were treated with 20 mm Ca”>* we found no effect on actin ring
presence (data not shown).

The potential role of catK in actin ring dissolution may lead
to the conclusion that the absence of catK (inhibition or catK
deficiency) will result in the permanent presence of actin rings
and potentially to an extended resorption/demineralization
phase to compensate for the absence of the major bone degrad-
ing protease. However, our data obtained with catK-deficient
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avB3 integrin receptor with RGD
ligands in the matrix (18, 22-24).

The critical involvement of catK in the processes initiating
actin formation is revealed by the finding that the low percent-
age of actin rings in catK-deficient osteoclasts is not further
decreased by the presence of a broad spectrum cysteine prote-
ase inhibitor LHVS. CatL and surprisingly MMP1 seem to con-
tribute little to the activation of the osteoclasts as neither catL-
deficient osteoclasts nor the presence of the broad spectrum
MMP inhibitor, GM6001, affected the formation of actin rings.
It has been suggested that interstitial collagenase activity is
involved in osteoclast activation (48). However in our system
the use of a broad spectrum MMP inhibitor at up to 20 um had
no effect on osteoclast actin ring occurrence. On the other
hand, LHVS reduced the actin ring percentage in catL-deficient
osteoclasts to the level of catK-deficient cells. These results all
indicate that the effects produced by LHVS are primarily
through the inhibition of catK and not other cathepsins.

The lack of effect demonstrated by MMP inhibition was
unexpected and may reflect the greater role for MMPs in migra-
tion than resorbing activity of osteoclasts as has previously been
suggested (49). MMPs seem to play an important role in oste-
oclast migration to respective bone resorption sites; however
when the cell reaches this site it may rely on cysteine cathepsins,
to uncover integrin binding sites in the matrix and permit the
formation of actin rings.

The effect of cathepsin inhibitors on osteoclasts, however,
may be substrate-dependent. A recent study found no actin ring
disruption when rat osteoclasts were cultured on bovine corti-
cal bone slices and treated with E-64 (50). Bone matrices, in
contrast to our simplified single component (type I collagen)
matrix system, contain multiple RGD-containing proteins such
as osteopontin and fibronectin. These may not require a pro-
teolytic modification to reveal their RGD motifs and will thus
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be available to interact with the osteoclast resident av33 inte-
grin receptors to form actin rings.

Further investigation into the critical role of catK in oste-
oclast activation resulted in the finding that catK but not
catL pretreatment of the collagen matrix increased the num-
ber of actin ring containing catK-deficient cells and LHVS-
treated wild-type cells. At this point, it should be noted that
the absence of catK activity does not completely shut down
the formation of actin rings and thus potentially bone
resorption. CatK-deficient osteoclasts still revealed a signif-
icant ability to form actin rings (reduction from 60 to 30%
when compared with wild-type cells). It has been demon-
strated that catK-deficient osteoclasts upregulate other pro-
teases (7, 51, 52) and that these proteases may partially sub-
stitute catK in bone resorption (7, 53). There are also some
differences between human and murine catK-deficient oste-
oclasts, in human catK knock-out osteoclasts there is a build
up of undegraded type I collagen, this was not found to be the
case in murine catK knock-out osteoclasts (54) and so is
unlikely to be involved in our studies.

Based on the findings presented in this report, we propose
the following model of protease (catK)-mediated osteoclast
adhesion and detachment (Scheme 1). In this model, prior to
the transformation into a resorbing cell, the osteoclast secretes
catK and potentially other cysteine proteases to uncover cryptic
RGD motifs within the collagen matrix. These can then interact
with av33 integrin receptors initiating cell signaling leading to
the formation of actin rings. Upon initiating active bone resorp-
tion, large quantities of catK are released from lysosomes into
the resorption lacunae where catK extensively degrades type I
collagen. Some of this collagen is taken into the cell for further
degradation and released from the cell via the basolateral mem-
brane. Therefore, osteoclasts could be exposed to collagen frag-
ments at both the ruffled border and basolateral/apical mem-
branes. Once a critical RGD peptide concentration is reached,
the integrin-matrix RGD binding is competitively disrupted
and the actin rings dissolve. As the binding of RGD peptides to
the integrins appears to be accumulative, maximum RGD con-
centrations do not need to be sustained to lead to a saturation of
the integrin binding sites as long as sufficient concentrations
are present over time. This will finally lead to cell retraction and
termination of the active bone resorption phase of the individ-
ual osteoclast.

In summary, this study elaborates on a novel role of catK in
bone resorption demonstrating its ability to regulate the initia-
tion and termination of the resorption process in an autocrine
manner. In addition, the study lends weight to the investigation
of cryptic signaling motifs in ECM molecules potentially
released by catK activity.
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