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The effects of inhibitors of matrix metalloprotein-
ses (MMPs) and lysosomal cysteine proteases on os-
eoclastic pit formation in dentine slices were investi-
ated. A nonspecific cysteine protease inhibitor, E-64,
nhibited pit formation on naked slices in a
oncentration-dependent manner, and at 10 mM E-64
educed the pit volume by 70%. However, up to 10 mM
f the MMP inhibitor, BB-94, did not show any inhibi-
ion of pit formation. On the other hand, on slices
oated with reconstituted basement membrane, both
B-94 and E-64 at 10 mM showed a marked decrease in
it volume by 73% and 68%, respectively. By a combi-
ation of treatment with both BB-94 and E-64, pit for-
ation could be completely suppressed. These results

uggest that MMPs are necessary for the migration of
recursor and/or immature osteoclasts to bone surface
hrough basement membranes, while cysteine pro-
eases are essential for the osteoclastic degradation of
one collagen. © 1999 Academic Press

Bone matrix is composed of hydroxyapatite and fi-
rous proteins, mainly type I collagen. Degradation of
he bone collagen, in addition to demineralization of
he inorganic mineral component, is a primary process
f bone resorption by osteoclasts [1, 2]. Both in vitro
nd in vivo studies suggest that the degradation of
one collagen by osteoclasts is mainly carried out by
wo types of proteases, the matrix metalloproteinases
MMPs) and lysosomal cysteine proteases [1, 3-5]. Of
hese proteases, particularly MMP-9 (gelatinase B, EC
.4.24.35) and cathepsin K (EC 3.4.22.38) have been

1 Correspondence should be addressed to: Motowo Nakajima,
akarazuka Research Institute, Novartis Pharma K.K., 10-66
iyuki-cho, Takarazuka 665-8666, Japan. Fax: 181-797-74-2455.
-mail: motowo.nakajima@pharma.novartis.com.
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it osteoclasts and the multinucleate giant cells of hu-
an osteoclastoma [6, 7]. We recently demonstrated

hat cathepsin K antisense oligodeoxynucleotide inhib-
ted the osteoclastic bone resorption in a pit formation
ssay [8]. Votta et al. [9] also reported that the cathep-
in K inhibitor, Cbz-Leu-Leu-Leu-H, effectively re-
uced bone resorption both in vitro and in vivo. Ca-
hepsin K is a characteristic protease, digesting native
ype I collagen which is resistant to proteolysis by most
roteases, including MMP-1 [10, 11]. Taken together,
hese results strongly suggest that cathepsin K con-
ributes to osteoclastic bone resorption by directly di-
esting native type I collagen. On the other hand,
MP-9 cleaves the native form of type IV collagen, a

pecific component of the basement membranes [12],
nd denatured type I collagen (gelatin), but not the
ative form of type I collagen which has a triple-helix
tructure [13]. Expression of MMP-9 by osteoclasts has
een found in mouse, rabbit, and human [7, 14-16].
onsidering the difference in substrate specificity be-

ween these two proteases, MMP-9 is expected to play
distinct role to cathepsin K in the process of osteo-

lastic bone resorption. The strong proteolytic activity
f MMP-9 against type IV collagen raises the possibil-
ty that osteoclasts and/or preosteoclasts may require
his enzyme for migration to the bone surface through
he basement membrane from the blood vessel lumen.
owever, this possibility has not been investigated to
ate.
In this study, we developed a modified pit formation

ssay system using a confocal scanning laser micro-
cope that allows more quantitative analysis than was
reviously possible [5, 17-21]. We evaluated the effects
f inhibitor of MMPs and cysteine proteases on osteo-
lastic bone resorption using dentine slices which
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



were either naked or coated with reconstituted base-
m
t
t
w
b

M

l
c
m
L
f

o
w
B
u
s
o
6
c
E
2

M
a
a
(
[
t
s
i
t
d
(
a
s
1
u
p
F
9
1
P
m
w

t
a
n
l
o

m
H
fl
a
i
m
l
i
s
l

pan). In these measurements, 20 areas were selected from each
d
T
a
S
w

T

w
a

p
u
M
w
c
f

s
g
s

R

E

(
o
t
T
d
1
m
h
1
t
a
i

Q

s
s
b
d
s
s
o
p
w
s
t
1
T
u
(

Vol. 258, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ent membrane. We indicated that MMPs contributed
o osteoclast precursors/immature osteoclasts migra-
ion from basement membrane matrix to bone surface,
hile cysteine proteases contributed to osteoclastic
one resorption.

ATERIALS AND METHODS

Materials. Acid hematoxylin, E-64 (trans-epoxy-succinyl-L-
eucylamido(4-guanidino)-butane) and BB-94 (batimastat) were pur-
hased from the Sigma Chemical, Co. (St. Louis, MO, USA). Alpha-
inimum essential medium (a-MEM) was obtained from Flow
aboratories (McLean, VA, USA) and fetal bovine serum (FBS) was

rom Gibco (Grand Island, NY, USA).

Preparation of osteoclasts. Long bones were prepared from 10-day-
ld rabbits. After carefully removing the adherent soft tissue, the bones
ere minced with scissors for 10 min in a-MEM containing 5% FBS.
one cells were dissociated from the bone particles by sedimentation
nder normal gravity for 3 min after mild stirring for 30 sec. The
upernatant was a suspension of unfractionated bone cells including
steoclasts. The cells were cultured on dentine slices (150 mm thick and
mm diameter) at a concentration of 4 3 105 cells/slice in 96-well tissue

ulture plates in the presence or absence of various concentrations of
-64 or BB-94 in a-MEM containing 5% FBS. Cells were cultured for
4 h in an atmosphere of 10% CO2 and 90% air at 37°C.

RNA isolation and RT-PCR. The expression of following genes;
MP-9, cathepsin K, tartrate resistant acid phosphatase (TRAP)

nd glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were an-
lyzed by reverse transcription (RT)-polymerase chain reaction
PCR). Poly(A)1 RNA was prepared from rabbit isolated osteoclasts
22] using QuickPrep Micro mRNA Purification Kit (Pharmacia Bio-
ech Inc., Uppsala, Sweden). The first strand cDNAs were synthe-
ized in a total volume of 20 ml containing 20 units of RNase inhib-
tor, 2.5 pmol oligo dT primer, 20 nmol of each deoxyribonucleotide
riphosphate mixture (dNTP) and 0.1 mg of poly(A)1 RNA. After the
enaturation of 3 min at 72°C, 5 units of Avian Myeloblastosis Virus
AMV) reverse transcriptase XL (Takara Shuzo, Kyoto, Japan) was
dded. The incubation for 1 h at 50°C was followed by an inactivation
tep for 3 min at 95°C. The PCR was performed in 50 ml containing
0 nmol of dNTP, 50 pmol of each set of gene specific primers, 2.5
nits of LA Taq DNA polymerase (Takara Shuzo) and 1 ml from RT
roducts with a GeneAmp 9600 PCR system (Perkin Elmer Cetus,
oster City, CA, USA). After an initial denaturation of for 3 min at
5°C, a total of 30 cycles was performed with a denaturation step of
5 sec at 96°C and annealing-extension step of 5 min at 68°C. The
CR products were analyzed in a 1% agarose gel containing 0.5
g/ml ethidium bromide. All gene specific primers used in this study
ere listed in Table 1.

Measurement of resorption pit. After a 24 h cultivation period,
he cells were brushed off the dentine slices with a rubber policeman,
nd the slices stained with acid hematoxylin for 2 min. The total
umber of pits on the dentine slices were counted manually under a

ight microscope (Nikon, Tokyo, Japan) equipped with a micrometer
n the eyepiece (objective lens, x20).
For the measurement of the pit volume, a confocal scanning laser
icroscope 1LM21 (Lasertec, Osaka, Japan) was used. The 633 nm
e-Ne laser beam was raster scanned at NTSC TV rates. The re-
ected light was received by a 1000 pixel CCD linear array. The z
xis of the stage was stepped in 100 Å increments, thereby obtain-
ng a vertical series of horizontal slices which were combined in

emory producing a 3-dimensional composite image. The objective
ens was a x 20/0.70 dry objective. The images were transferred to an
mage processor (Lasertec & Mitani Corp., Osaka, Japan) and
moothed to remove background noise. Pit volume was then calcu-
ated by image analysis soft-ware, SALT (Mitani Corp., Osaka, Ja-
174
entine slice, each area corresponding to the size of a video TV frame.
hese areas were selected repeatedly from each dentine slice by an
uto microprocessor-controlled stage (MINI-60XY and PC-5K,
IGMA KOKI, Osaka, Japan). Total pit volume on each dentine slice
as calculated by

otal pit volume (mm3) 5 Average pit volume (in 20 areas)

x Total pit number,

here total pit number on dentine slice was counted manually under
light microscope.

Matrigel coating of dentine slices. The capability of osteoclasts to
enetrate the basement membrane was evaluated by a pit assay
sing dentine slices coated with reconstituted basement membrane,
ATRIGEL Basement Membrane Matrix (Becton Dickinson Lab-
are, MA, USA). The surface of dentine slices in 96-well plates were

oated with 50 ml of MATRIGEL (1 mg/ml) and allowed to polymerize
or 5 h at 37°C before using for pit assay.

Statistical analysis. Data are expressed as mean 6 SE. The
tatistical significance between the control and the experimental
roup was assessed by Student’s t test. P , 0.05 was considered to be
ignificant.

ESULTS

xpression Analysis by RT-PCR in Osteoclasts

We examined by RT-PCR whether gelatinase B
MMP-9) and cathepsin K were expressed in rabbit
steoclasts we isolated. By the RT-PCR analysis with
he sets of specific primers for each gene (listed in
able 1), the bands of 663 bp and 218 bp in length were
etected for MMP-9 and cathepsin K, respectively (Fig.
). PCR products amplified from TRAP mRNA, as a
arker gene for osteoclasts, and GAPDH mRNA, as a

ousekeeping gene, were also detected as the bands of
89 bp and 576 bp in length, respectively (Fig. 1). All
hese PCR products were subjected to DNA sequencing
nalysis to confirm that they were amplified from the
ntended mRNAs (data not shown).

uantitative Pit Formation Assay

To establish and confirm the pit assay used in this
tudy, we first examined the effect of E-64, a non-
pecific inhibitor of cysteine proteases, on osteoclastic
one resorption, because several studies have clearly
emonstrated that it suppresses osteoclastic bone re-
orption. The sum of the 20 areas selected corre-
ponded to approximately 20% of the total surface area
f a dentine slice. Without E-64, the average number of
its was 37 6 3.5, and the average volume of each pit
as 625.2 6 48.6 mm3 (Fig. 2A, n 5 4). In this assay

ystem, E-64 markedly decreased osteoclast pit forma-
ion in a concentration-dependent manner (Fig. 2A). At
0 mM E-64 reduced the average pit volume by 43%.
he IC50 value was determined to be 21.5 6 5.4 nM
sing the curve fitting program, GraFit Version 3.0
Erithacus Software Ltd., Staines, U.K.).
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When 40 areas were randomly selected correspond-
ng to approximately 40% of the total area of a dentine
lice, the average control pit volume was 702 6 40.2
m3 (n 5 4), and 10 mM E-64 reduced the average pit
olume by 41% (IC50 5 27.8 6 13.0 nM) (Fig. 2B).
urther, when all pits on each dentine slice were ana-

yzed, the average pit volume of control was 759 6 79.1
m3 (n 5 4), and inhibition in average pit volume was
0% (IC50526.2 6 5.1 nM) (Fig. 2C). Thus, almost
qual results in the maximum inhibition and the IC50

alues were obtained using three distinct experimental
rotocols, suggesting that the assay in a selection of
nly 20 pieces of area on each dentine slice is sufficient
o obtain reliable and reproducible data.

ffects of BB-94 and E-64 in Pit Number and Area
on Bone Resorption

Having established that our pit measurement sys-
em was reliable, we investigated the effects of BB-94,

Nucleotide Sequence of

Gene Nucleotide

MMP-9 Forwarda 59-TGGCCGGCCACT
Reverseb 59-CACTAGGTTCAC

cathepsin K Forwardc 59-AGCTGGGGAGAA
Reversed 59-AGGCACAAACAA

TRAP Forwarde 59-AAGGAGGACTAC
Reversef 59-TCCACTCAGCAC

GAPDH Forwardg 59-AGGGCTGCTTTT
Reverseh 59-AGTGGAGGCAGG

a Corresponding to the sequence from nucleotide 1416 to 1442 of M
b Corresponding to the sequence from nucleotide 2052 to 2078 of M
c Corresponding to the sequence from nucleotide 913 to 940 of cat
d Corresponding to the sequence from nucleotide 1157 to 1130 of c
e Corresponding to the sequence from nucleotide 51 to 77 of TRAP
f Corresponding to the sequence from nucleotide 213 to 239 of TR
g Corresponding to the sequence from nucleotide 126 to 153 of GA
h Corresponding to the sequence from nucleotide 674 to 701 of GA

FIG. 1. Expression of MMP-9, cathepsin K, TRAP and GAPDH
RNAs in rabbit osteoclasts. Rabbit osteoclasts were subjected to
NA isolation and RT-PCR with primers specific for MMP-9, cathep-
in K, TRAP and GAPDH. PCR products were separated by agarose-
el electrophoresis containing ethidium bromide. Lane 1, molecular
eight marker; Lane 2, MMP-9 (663 bp); Lane 3, cathepsin K (218
p); Lane 4, TRAP (189 bp) and Lane 5, GAPDH (576 bp).
175
non-specific inhibitor of MMPs, on osteoclastic bone
esorption in comparison to the effect of E-64. Firstly,
he changes in pit number and pit area caused by these
nhibitors were examined. E-64 reduced both pit num-
er and area formed by osteoclasts in a concentration-
ependent manner (Fig. 3A). At 10 mM E-64, inhibited
he pit number and area by 53% and 46%, respectively.
owever, BB-94 did not show any reduction in either
it number or area up to 10 mM (Fig. 3B).

ffects of BB-94 and E-64 in Pit Volume on Bone
Resorption

To further investigate the total effects of BB-94 and
-64 on bone resorption, total pit volume on a dentine
lice was calculated as described in MATERIALS AND
ETHODS. E-64 showed an inhibitory effect on pit

olume in a concentration-dependent manner and, at
0 mM, inhibited the pit volume by 70% (Fig. 4A).
owever, BB-94 showed no inhibitory effect on pit

olume up to 10 mM (Fig. 4B). These results indicate
hat MMPs do not contribute to the pit formation by
steoclasts adhered to dentine surface.

nvasion Assay of Osteoclasts

On matrigel-coated dentine slices, BB-94 reduced pit
umber and volume by 65% and 73% respectively, com-
ared to controls (Fig. 5, P , 0.05). Furthermore, E-64
educed pit number and volume by 61% and 68%, re-
pectively, compared to controls (Fig. 5, P , 0.05).
hese results, taken together with the result that E-64,
ut not BB-94, inhibited pit formation on naked den-
ine slices, suggests that MMPs were necessary for
steoclasts (precursors or immature one) to migrate
hrough basement membrane matrix while the activity

mers Used for RT-PCR

uence Product size (bp)

GCGCCCCTCCGAG-39 663
GTTCCGGGTACT-39

CTGGGGAAACAAAG-39 218
GGGGAAACCAAACA-39
GCTCGTGGCCGGC-39 189
AGCCCACGCCGTT-39

TCTGGCAAAGTGG-39 576
TGATGTTCTGGGCG-39

P-9.
P-9.
sin K.
epsin K.

H.
H.
Pri

seq

GT
CTC
AG
AT
GT
GT
AAC
GA

M
M

hep
ath
.

AP.
PD
PD
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f cysteine proteases was essential for bone degrada-
ion by osteoclasts to adhere to the bone surface. By the
ombination of treatment with both BB-94 (10 mM) and
-64 (10 mM), both pit number and volume were almost

ompletely inhibited (Fig. 5, P , 0.05).

ISCUSSION

To date, both MMPs and lysosomal cysteine pro-
eases have been considered to be involved in bone
esorption by osteoclasts. In fact, of these proteases,
MP-9 [7] and membrane type 1 (MT1)-MMP [23] as

FIG. 2. Establishment of pit formation assay. To find out the suit
esorption were investigated as a reference compound. In the cases of
lice, E-64 showed almost same inhibition manner obtaining close ma
ata are expressed as mean 6 SE of four experiments.

FIG. 3. The effects of E-64 and BB-94 on osteoclastic bone resorp
nhibition in both pit number (A-a) and area (A-b), however, BB-94 di
ata are expressed as mean 6 SE of four experiments. ** P , 0.01
176
atrix metalloproteinases, and cathepsin K [24] as a
ysteine protease have been found to be abundantly
xpressed in rabbit osteoclasts (and present data). Re-
ently, we have obtained evidence that cathepsin K is
irectly involved in osteoclastic bone resorption based
n the effective inhibition of osteoclastic pit formation
y cathepsin K antisense oligodeoxynucleotide [8]. In-
eed, in the present study, a non-selective cysteine
rotease inhibitor, E-64, was shown to inhibit pit for-
ation by rabbit osteoclasts on both naked and
atrigel-coated dentine slices, presumably by inhibit-

ng cathepsin K activity (Figs. 3–5).

e conditions of measuring the pit volume, the effects of E-64 on bone
areas (A), 40 areas (B) and all areas (C) picked up from each dentine
um inhibition percentage (%) and IC50 values in average pit volume.

in pit number and area. E-64 showed the concentration-dependent
ot show any inhibitory effect in either pit number (B-a) or area (B-b).

, 0.05.
abl
20
xim
tion
d n
, * P
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Contrary to the clear-cut results for cathepsin K, the
ontribution of various MMPs to osteoclastic bone re-
orption has remained controversial. Delaissé et al.
eported that the bone resorption in neonatal mouse
alvariae was reduced by a protease inhibitor, CI-1,
elective for collagenase (MMP-1) in vivo [4], while this
nhibitor did not inhibit the bone resorption by isolated
steoclasts [18]. Based on the result they proposed that
ollagenase (MMP-1) is secreted from osteoblasts, but
ot osteoclasts, and is necessary for the removal of the
hin layer of osteoid (undemineralized bone) that sep-
rates resting osteoclasts from the bone mineral [25].
n the other hand, Hill et al. [26] examined the effects
f two low-molecular-mass compounds, CT1166 and Ro
1-7467, which are concentration-dependent selective
nhibitors of the gelatinases (MMP-2 and MMP-9) and
ollagenase (MMP-1) respectively, on bone resorption
y several lines of in vitro studies. They found that
hese inhibitors significantly inhibited pit formation on
entine slices by isolated osteoclasts stimulated with
nterleukin-1a (IL-1a), and concluded that MMPs

ight be released by osteoclasts and participate in
one collagen degradation within the resorption lacu-
ae. However, the conditions under which they per-
ormed pit formation assay are far from physiological

FIG. 4. The effects of E-64 and BB-94 on osteoclastic bone re-
orption in pit volume. E-64 showed the concentration-dependent
nhibition in pit volume (A), while BB-94 did not show any inhibitory
ffect in pit volume (B). Data are expressed as mean 6 SE of four
xperiments. ** P , 0.01, * P , 0.05.

FIG. 5. The effects of E-64 and BB-94 on osteoclastic bone resor
0 mM E-64 (A) and 10 mM BB-94 (B) showed significant reduction
aused complete inhibition in pit volume. Data are expressed as me
177
L-1a, and thus their results may not reflect events
ccurring in vivo.
Kusano et al. [16] have recently reported that the

egulation of MMPs such as MMP-2, -3, -9, and -13 by
L-1 and IL-6 is associated with bone resorption in
ouse calvaria. Especially, the induction of MMP-9 is

losely linked to osteoclast formation. Okada et al. [15]
etected the expression of MMP-9 at high levels in
uman osteoclasts in the bone tissues from normal
ubjects and patients with rheumatoid arthritis or
etastatic carcinoma using immunohistochemistry,

orthern blot analysis, and in situ hybridization.
MP-9 was active on acid insoluble type I collagen at

7°C. These findings strongly suggest a key role of
MP-9 in bone resorption.
It is well agreed that osteoclasts are originated from
hematopoietic cell line, and therefore their precursor

ells, including small immature osteoclasts, are consid-
red to be recruited from blood. However, it is not well
nderstood how these cells are able to migrate through
asement membranes surrounding bone to reach bone
urface. The migration mechanisms have been well
tudied for invasive cancer cells, which produce MMPs,
ncluding MMP-9 [12, 13, 27-29] and MT-MMPs [30], to
egrade basement membranes of various tissues.
hus, we hypothesize that MMPs might also be in-
olved in migration or invasion of osteoclast
recursors/immature osteoclasts through the base-
ent membranes. As expected, in the present study, a

otent MMP inhibitor, BB-94, did not inhibit osteoclas-
ic pit formation on naked dentine slices, while it ap-
arently reduced the bone resorption by osteoclasts
ultured on matrigel-coated dentine slices. Indeed, this
tudy was not conducted to establish which MMP is
nvolved in the migration/invasion process, since
B-94 is not a selective inhibitor of MMPs. However,

aken together with the observations that MMP-9 is
ost abundantly expressed among all MMPs in osteo-

lasts [7, 14-16], and that it effectively cleaves a na-
ive type IV collagen, a major component of basement

n in matrigel-coated dentine slices. On matrigel-coated slices, both
it volume. (C) The combination treatment of both E-64 and BB-94

6 SE of four experiments. * P , 0.05.
ptio
in p
an
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ey role in the migration/invasion process of osteoclast
recursors/immature osteoclasts.
Sato et al. [31] have recently reported the observa-

ions similar to ours from their pit formation assays
sing collagen-coated dentine slices. When they cul-
ured unpurified or purified osteoclasts on uncoated
entine slices, MMP inhibitors did not prevent pit for-
ation. However, when they used dentine slices coated
ith type I collagen that was extracted in acid from
orcine tendons, pit formation was highly inhibited by
MP inhibitors. Therefore, they concluded an impor-

ant role of MMPs in migration and invasion of osteo-
lasts, but not in bone resorption. We postulate that
inding of osteoclasts to basement membrane compo-
ents as well as acid soluble type I collagen in the
econstituted form is necessary to induce MMP produc-
ion and hence cell migration and invasion.

In conclusion, we developed the new pit assay system
o measure the pit volumes on each dentine slice,
hich provided highly reliable and reproducible re-

ults to estimate the suppressive effects of factors on
steoclastic bone resorption in vitro. By this assay sys-
em, we found that MMPs were essential for the mi-
ration of osteoclast precursors, and possibly small
reosteoclasts, to basement membranes, while cysteine
roteases were necessary for osteoclastic bone resorp-
ion. Bifunctional inhibitors and/or a combination
reatments of each inhibitor against MMPs and cys-
eine proteases might provide a therapeutic strategy
or the treatment of osteoporosis.
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Res. 13, 59–66.


	MATERIALS AND METHODS
	RESULTS
	TABLE 1
	FIG. 1
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

