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Human Osteoclast Cathepsin K Is Processed Intracellularly
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ABSTRACT

Cathepsin K is a member of the papain superfamily of cysteine proteases and has been proposed to play a
pivotal role in osteoclast-mediated bone resorption. We have developed a sensitive cytochemical assay to
localize and quantify osteoclast cathepsin K activity in sections of osteoclastoma and human bone. In tissue
sections, osteoclasts that are distant from bone express high levels of cathepsin K messenger RNA (mMRNA) and
protein. However, the majority of the cathepsin K in these cells is in an inactive zymogen form, as assessed
using both the cytochemical assay and specific immunostaining. In contrast, osteoclasts that are closer to bone
contain high levels of immunoreactive mature cathepsin K that codistributes with enzyme activity in a
polarized fashion toward the bone surface. Polarization of active enzyme was clearly evident in osteoclasts in
the vicinity of bone. The osteoclasts apposed to the bone surface were almost exclusively expressing the mature
form of cathepsin K. These cells showed intense enzyme activity, which was polarized at the ruffled border.
These results suggest that the in vivo activation of cathepsin K occurs intracellularly, before secretion into the
resorption lacunae and the onset of bone resorption. The processing of procathepsin K to mature cathepsin K
occurs as the osteoclast approaches bone, suggesting that local factors may regulate this process. (J Bone
Miner Res 2001;16:478—-486)
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INTRODUCTION Newly synthesized lysosomal enzymes, packaged into trans-
port vesicles, are transported to this membrane, where they are

STEOCLASTS ARE specialized multinucleated cells thatSecreted into the underlying compartment. Two reports have
Oresorb bone. The resorbing osteoclast creates an extra88PWn that osteoclasts in vitro remove the organic and inor-
lular compartment, which it maintains at an acid pH via ganic degradation products by endocytosis at the ruffled border
vacuolar H -adenosine triphosphatase (ATPase) and inthembrane, with subsequent transcytosis (vesicular) through
which it secretes hydrolytic enzym&s® The acidity of the the cell to the apposing free membrane, and liberation into the
compartment results in demineralization of the matrix ar@xtracellular spac€:” This process is inhibited by a non-
provides an optimal pH for certain proteolytic enzyrfles? selective cysteine protease inhibitwans-epoxysuccinyl-
which ultimately degrade the demineralized matrix. An intedeucylamido-(4-guanidino) butane (E64).
sively convoluted membrane, the ruffled bortfelines the Lysosomal cysteine protease(s) plays a key role in bone
resorption lacuna that forms beneath a recruited osteoclasatrix resorptiorf® 2 An osteoclast selective cysteine pro-
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tease cathepsin K has been identifiéd® that has high \[\
sequence homology to cathepsins S and L. In situ hybrid- 0 e} . 0
ization, Northern blot, and immunolocalization studies in- L N L H e

dicated that human cathepsin K was expressed abundantl©/\o NT NN WAH O/\©
in osteoclasts but that cathepsins B, L, and S were expresse 0 o

at relatively low or negligible level§3*#16:19) SB-240314

Cathep§|n K ha_s a_low p_H optimum and degrades ManY- | siucture of SB 240314,
bone matrix proteins including type | collagen, osteopontin,
and osteonectiff® 22 Selective human cathepsin K inhib
itors have been described that potently inhibit osteoclast
resorption both in vitro and in vive>2® Patients with
pycnodysostosis, a disease characterized by abnormal bon
remodeling?®—3% have mutations in the cathepsin K
gene®>32) Furthermore, mice with a null mutation in the
cathepsin K gene develop osteopetrosis of the long bones
and vertebra&®34 Histological evaluation of resorption
sites from the bones of/— mice revealed fully differen-
tiated osteoclasts apposed to small regions of demineralized
bone, suggesting that the cathepsin K—deficient osteoclast
are capable of demineralizing the extracellular matrix but
are (;JAr)lable to degrade adequately the demineralized ma-
trix.

Purified cathepsin enzyme studies, using synthetic fluoro- 0 10 20 30
genic substrate$®3 have shown that benzyloxycarbonyl-
Phe-Arg-(4-methyl)coumaryl-amide (Cbz-Phe-Arg-MCA)
and Cbz-Leu-Arg-MCA are the favored substrates for botAiG. 2. Measurement of cathepsin activity with time of reaction.
cathepsin K and cathepsin L. In contrast, cathepsin K doéssays were conducted at pH 5.5 using Z-Leu-ArggNA (15 mM)
not cleave the cathepsin B selective substrates CbZ_Aﬁj_s.ubstrate. Activity is expresseq as M*ELOO_t SEM. Osteoclasts
Arg-MCA and Cbz-AIa—Arg-Arg-MCA§2°'35)Cytochemical w!th!n human osteoclastoma _sectlon (open _dlamonds) and osteoclasts
analysis of the localization and activity of cysteine proteas#th'” fetal human bone sections (closed diamonds) were evaluated.
in tissue sections are possible using similar synthetic su 0 activity was recorded in fetal bone os_teoclasts with the cathepsin B

. . bstrates Z-Arg-Arg-4MINA (dotted line) and Z-Ala-Arg-Arg-
strates tha.t contain the Ian'ng group  4-methoxy- BNA (hatched line). The cathepsin B assays were carried out at 12
naphthylamide (4MNA).®® During the assay, performed mm substrate concentration at pH 6.0.
on cryostat sections, the cleaved naphthalamine is subse-
qguently postcoupled with Fast Blue BB to form a quantifi-
able red precipitate within the cell. The modified quantita-
tive cytochemical assay described here uses the cathepsiatkhe time of surgery and frozen as described previdd8ly.
substrates, Cbz-Phe-Arg-gWA, and Cbz-Leu-Arg- Adult kidney samples were obtained from the Anatomical
4MBNA, and comparison was made using the cathepsin ®ift Foundation (Laurel, MD, USA). Multiple serial sec-
substrates Cbz-Arg-Arg-4BNA and Cbz-Ala-Arg-Arg- tions from each tissue block (@m) were cut on a Hacker
4MBNA. Cryostat sections of human fetal bone (tibia, 19eryostat (Hacker Instruments, Inc., Fairfield, NJ, USA),
week gestation) and osteoclastoma were used to identifguipped with a finely polished tungsten-tipped steel knife,
and characterize cathepsin K activity. Fetal bone contaiaad flash-dried onto glass slides. Serial sections were pro-
abundant resorbing osteoclasts at the site of endochondtessed for enzyme cytochemistry (cysteine protease), im-
bone formation; however, nonresorbing osteoclasts are rafgunolocalization, and in situ hybridization as described in
In contrast, osteoclastoma tissue contains abundant néme following section. For in situ hybridization studies,
resorbing osteoclasts distant from populations adjacent toESPA-coated (3-aminopropyltriethoxy silane; Sigma
attached to membranous bone, representing an ideal tis&lf&emical Co., St. Louis, MO, USA) glass slides were used.
to investigate lysosomal cathepsin processing.

The present study was designed to investigate Wheth@
cathepsin K in situ is secreted into the osteoclast resorptio
lacunae in its inactive (proform) or mature form. Cryostat sections of whole tissue were assayed for pro-

tease activity by a suitably modified azo coupling procedure

derived from the cathepsin B assay described by Van Noor-

MATERIALS AND METHODS den et af®*® For the detection of cathepsin K, sections were
incubated at 37°C for 10—15 minutes in the following
reaction medium (total volume, 12 ml): 5 ml encapsin HPB

Human fetal bone and kidney (Anatomical Gift FoundafHammond, Cerestar, IN, USA) added to 6 ml of 40%
tion, Laurel, MD, USA) and osteoclastoma tissue (Jeffersguolypeptide (dissolved in 100 mM phosphate buffer, pH
Hospital, PA, USA) were obtained (with informed consent}.3; Sigma), the cathepsin K substrate (dissolved in 1 ml
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50+ 30 60+ FIG. 3. (A) The effect of increasing concen-
trations of Z-Phe-Arg-4N8NA on the cathepsin
activity of osteoclasts within sections of human
20 40+ osteoclastoma (closed diamonds) and proximal
convoluted tubule cells within sections of human

501
401 25

30T

CATHEPSIN ACTIVITY (MIE X100)

15 801 kidney (closed squares). Assays were conducted
201 10 201 at pH 5.5 for 15 minutes. (B and C) The effect of
10l 5 104 increasing concentrations of Z-Leu-Arg-#NA
on the activity of (B) osteoclastoma and (C) fetal
0 ; ; ; 0 | | 0 . L L osteoclast cathepsin activity; assays were con-
0 5 10 15 0 10 20 0 10 20 30 ducted at pH 5.5 for 10 minutes. Activity is
[Z-Phe -Arg-4M B NA] mM [Z-Leu-Arg-4MBNA] mM [Z-Leu-Arg-4MBNAI MM expressed as MIEX 100 += SEM.

DMSO), Cbz (2)-Leu-Arg-4MBNA (15 mM) or Z-Phe-

Arg-4MBNA (12 mM; Bachem, King of Prussia, PA, USA), 80 A
and 2.5 mM EDTA. Subsequently, the sections were post-

coupled at room temperature for 10 minutes with 0.25 1
mg/ml Fast Blue BB (Sigma) dissolved in phosphate-
buffered saline (PBS). The sections were then rinsed in
PBS. The sections were finally rinsed with 100 mM copper
sulfate for 10 minutes at room temperature. The final reac- = -
tion product is a deep red precipitate. Two cathepsin B
substrates also were profiled: Z-Arg-Arg #MA and
Z-Ala-Arg-Arg-4MBNA (Bachem).

Specificity was assessed by using the nonselective cys-
teine protease inhibitdrans-epoxysuccinyl leucylamido-
(4-guanidino) butane (E64; Sigma), the aspartate protease
inhibitor pepstatin A (Sigma), the serine protease inhibitor
phenylmethylsulfonyl fluoride (PMSF; Sigma), and a selec-
tive irreversible inhibitor of cathepsin K SB 240314 (Fig.
1).?® For SB 240314, the J[I], M ~* s~ * for inhibition of
cathepsin K, B, and L are 3 10° 1.3 X 10? and 5.8X
10%, respectively; the Kfor cathepsin S was 11 nM (i.e., T
>1000-fold selective for cathepsin K vs. cathepsin B, L, 4 5 6 7
and S). pH

The reaction product was measured on a per cell basis
using a Vickers M85 scanning and integrating microcytcFIG. 4. Measurement of optimum pH. The assay was conducted on
photometef*® with a mask that encompasses a single cedkctions of fetal tibia using 15 mM Z-Leu-Arg-4BNA for 10 minutes.
(ensuring that the optical density of a unit area of reactiohetivity is expressed as MIE< 100 = SEM.
product was measured in each cell)<d0 objective at 550
nm, and with a flying spot of a 0.pm diameter in the plane

of the section. The individual flying spot measurements %fathepsin K) is described elsewh&i2?® 10C7 shows no

“relative extinction” was integrated by the microcympho'cross-reactivity with procathepsin K or cathepsins L, B, D,

tometer and summed to give the relative integrated exting: g A panel of soft tissues (cryostat sections) known to
tion or absorption over the area scanned. By suitable caljz\ e abundant levels of cathepsin B, L, or S (e.g., liver,
bration (with a filter of known absolute absorbance), thgin muscle, and lung macrophages) also were stained with
absolute mean integrated extinction (MIE) was determinec7 and CE5 and no expression was observed. For immu-
for each cell. Thirty cells were measured in triplicate sets ?folocalization, an alkaline phosphatase-based immunoenzy-
human osteoclastoma (osteoclasts), 19-week gestation f¢ighic technique was used according to the manufacturers
femoral bone (osteoclasts), and kidney (proximal CONV@intacol (Dako, Carpenteria, CA, USA). A new fuchsin-
luted tubule cells). Randomized measurements are recorfgfley s pstrate system was used to localize antibody bind-
blind at distinct sites for each section. Results are presengﬁg and a red precipitate indicates positive reactivity. No ex-
as MIE x 100 = SEM or expressed as percent of controlyession was observed in isotype-matched negative controls.

MIEx100)

CATHEPSIN ACTIVITY

Immunolocalization In situ hybridization

The generation and characterization of the murine mono-A complementary DNA (cDNA) clone (pBluescript SK)
clonal antibodies CE5 (procathepsin K) and 10C7 (matum®ntaining the coding region of human cathepsin K was



CATHEPSIN K IS PROCESSED INTRACELLULARLY PRIOR TO BONE RESORPTION 481

A B

100
100
80 | 80 1
o)
£ 60 60 1
& FIG. 5. Inhibition of osteoclast cathepsin ac-
Zj 40 1 401 tivity by SB 240314. (A) Assays were conducted
20 with Z-Phe-Arg-4M3NA at pH 5.5 for 15 min-
] 20 utes on sections of osteoclastoma (diamonds)
0 T and adult kidney (triangles). SB 240314 had no
effect on cathepsin activity in kidney proximal
‘ [ [ W . ' : : ; . convoluted tubule cells (cathepsin L). Results
o = resented as percent of contrad SEM. (B)
5 0 00t o1 1 10 100 P
g 001 01 1 10 Assay conducted with Z-Leu-Arg-4BNA as
(SB 240314] UM substrate on sections of fetal tibia. Results are
[SB 240314] uM presented as percent of control SEM.
FETAL BONE OSTEOCLASTS FETAL KIDNEY PCT CELLS hybridization. In situ hybridization was performed as pre-

viously described®”
120

100—-} -I_ ]P {—

80

T RESULTS

To validate true enzyme activity cytochemically, the as-
say should show substrate dependancy, linearity with time
40 of reaction, and the appropriate pH optimum of the enzyme.
Optimization (to attain maximal activity) and confirmation
20 of cathepsin activity was performed on cryostat sections of
ﬁ |'I"| ‘—I—l human osteoclastoma tissue (containing zones of intramem-

branous bone remodeling), fetal bone (19-week gestation),
and adult (70 years old, diseased) and fetal kidney (19-week
gestation); kidney proximal convoluted tubule cells contain
FIG. 6. Effects on nonselective protease inhibitors on cathe Slno Cath(_epsm K but do ConFam abundant Cath?psm B and L
e P PS8y pression™®3”) The fetal kidney blocks were in excellent

activity in sections of fetal bone and fetal kidney proximal convolute - - . .
cells (PCT). Pepstatin (1@M, aspartyl protease inhibitor) and PMSFCOnd'tIon compared with the adult kidney (rejected for

(10 M, serine protease inhibitor) had no effect on cathepsin activity iif@nsplant purposes) and were thus used for the selective
fetal bone osteoclasts. In contrast SB 2403141 and E64 (1uM)  Versus nonselective inhibitor studies.
potently inhibited osteoclast cathepsin activity. In contrast to E64, S§ e : : : : :

) ) " ubstrate specificity, linearity with time, and pH profile
240314 had no effect on fetal kidney cell cathepsin activity. Assays P Yy y pH P
were conducted with Z-Leu-Arg-4BNA at pH 5.5 for 10 minutes.
Results are presented as percent of contré®EM.

60

% CONTROL

For each experiment, representative data are presented
from one of four experiments. The selective cathepsin K
cytochemical substrates Z-Phe-Arg-BMA and Z-Leu-
Arg-4MBNA were excellent substrates for osteoclast ca-
obtained from an osteoclast library. cDNA templates wettepsin activity. The activity was linear with time of reac-
linearized and then transcribed from the T3 or the Tfon up to 20 minutes (Fig. 2), and the pattern of activity was
promoter to generate sense and antisense probes, respemparable with either substrate. No activity was observed
tively. Riboprobes were prepared using the Promega (Mait+ osteoclastoma osteoclasts (not shown) or fetal human
ison, WI, USA) in vitro transcription kit with °S]thiocy- osteoclasts with the cathepsin B substrates Z-Arg-Arg-
tosine triphosphate (CTP; Amersham, Arlington HeightsiIMBNA or Z-Ala-Arg-Arg-4MBNA (Fig. 2), consistent
IL, USA). After transcription, cDNA templates were di-with the negligible expression of cathepsin B messenger
gested with RQ1 RNAse-free DNAse | (Promega) anBNA (mRNA) and proteir’® Chondrocytes and macro
unincorporated nucleotides were removed by centrifugatiginages showed cathepsin activity in sections of fetal bone
through Quick Spin Sephadex G-50 columns (Boehringeusing these cathepsin B substrates (data not shown). Oste-
Mannheim, Indianapolis, IN, USA). RNA transcripts with aoclast cathepsin activity was dose dependent with both
specific activity in excess of £ocpm/mg were used for substrates (Fig. 3). Proximal convoluted tubule cells in
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FIG. 7. Expression of pro- and
mature cathepsin K, cathepsin K
mMRNA, and cathepsin activity in
serial sections of osteoclastoma.
(A) Section hybridized with the
cathepsin K antisense probe
shows osteoclasts (arrows) with
intense and selective levels of ca-
thepsin K mRNA. Counterstained
with methylene blue. (B) Serial
section reacted with the procathep-
sin K monoclonal antibod{CES5).
This population of osteoclasts
shows intense levels of procathep-
sin K (arrows). (C) Serial section
reacted with the mature cathepsin
K monoclonal antibody (10C7).
This population of osteoclasts
shows no mature cathepsin K (ar-
rows). (D) Serial section reacted
for cathepsin activity using the
substrate Z-Phe-Arg-4BNA. (E)
Serial section reacted for cathepsin
activity using the substrate Z-Leu-
Arg-4MBNA. (F) Isotype matched

D E F L negative control for panel B (bar
80 um).

sections of human kidney also showed cathepsin activitgining or not containing discrete sites of bone formation
(cathepsin L) with Z-Phe-Arg-4l@NA (Fig. 3) and Z-Leu- and remodeling) were probed with specific antibodies to
Arg-4MBNA (not shown). either procathepsin K, mature cathepsin K, reacted for ca-
For both substrates (Z-Leu-Arg-4B8INA shown as repre- thepsin activity, or hybridized with a cathepsin K riboprobe
sentative), the osteoclast cathepsin activity was maximal o localize sites of cathepsin K mRNA expression. Multiple
the acidic pH range from 5.0 to 5.5 (Fig. 4), consistent witeections were examined from the different osteoclastoma

the published pH optimum of isolated cathepsin K. blocks. The representative sites highlighted in Figs. 7 and 8
were selected from the same section for each probe/activity
Confirmation of cysteine protease activity described previously. Osteoclasts that were distant from

bone (Fig. 7) showed intense expression of cathepsin K
Specificity was addressed by the use of the nonselectiveRNA (Fig. 7A, homogeneously localized), contained pro-
cysteine protease inhibitor E64, the aspartate protease dathepsin K (Fig. 7B, CE5 positive) but negligible levels of
hibitor pepstatin A, the serine protease inhibitor PMSF, andlature cathepsin K (Fig 7C, 10C7 negative). This mature
a selective irreversible inhibitor of cathepsin K SB 240314athepsin K—negative population of cells also did not show
SB 240314 (Fig. 5) and E64 (Fig. 6) potently inhibitechny cathepsin activity (Figs. 7C and 7D). Equivalent results
osteoclast cathepsin activity in both osteoclastoma and fefgére shown in osteoclastoma tissues that contained no
bone sections. Pepstatin A (M) and PMSF (10uM)  zones of intramembranous ossification (data not shown).
were inactive (Fig. 6). SB 240314 did not inhibit cathepsin
activity in proximal convoluted kidney cells (Figs. 5 and 6).
In contrast, the nonselective cysteine protease inhibitor E@athepsin K processing occurs before osteoclast
potently inhibited kidney cathepsin activity (Fig. 6). Thes@ttachment and bone resorption and correlates
data suggest that the cathepsin activity in the kidney {gith enzyme activity detected cytochemically
cathepsin L.
Sites of osteoclastoma tissue were selected in which
Nonresorbing osteoclasts express cathepsin K mRNAOSteoclasts were adjacent to zones of intramembranous os-
and procathepsin K protein but do not show S|f|ca}t|on (osteoclasts apposed to bone were evident but rare
cathepsin activity Qt thls s.|te). Osteoclasts that were closest to zones of ossi-
fication in the osteoclastoma tissue showed low expression
Serial cryostat sections of human osteoclastoma tissokthe proform of the enzyme (CE5 negative, arrows in Fig.
(blocks from 5 patient samples were selected, either coBA), and high expression of the mature form (10C7 positive,



CATHEPSIN K IS PROCESSED INTRACELLULARLY PRIOR TO BONE RESORPTION 483

FIG. 8. Section of osteoclas-
toma that contains zones of in-
tramembranous ossification; se-
rial sections were reacted with an
antibody to (A) procathepsin
(CE5), (B) mature cathepsin K
(10C7), and (C) reacted for ca-
thepsin  activity (Z-Phe-Arg-
4MBNA). Cathepsin K process-
ing (arrows) clearly occurs before
osteoclast attachment and resorp-
tion. (D) Isotype matched nega-
tive control for panel B. (E) An
osteoclast (fetal bone) situated
between bone (arrowheads) al-
ready shows polarized enzyme
activity  (Z-Phe-Arg-4MBNA).
(F) Serial section to panel C. Ca-
thepsin K mRNA expression in
osteoclasts (arrows) adjacent to
bone. Osteoclasts distant from
bone were smaller and are indi-
cated by arrowheads. Section
counterstained with methylene
blue (bar= 100 pum).

arrows at top of Fig. 8B). The expression of mature cathement™® Ultrastructural studies have shown that osteoclasts
sin K directly correlated with enzyme activity detectedlo not contain high concentrations of phagocytic structures
cytochemically (Fig. 8C). Polarization of active enzymeuch as secondary lysosomes. Instead, hydrolytic enzymes
was evident in osteoclasts near bone in osteoclastoma (Fige found in elements of the exocytic pathWf&reflecting
8C, arrows) and fetal bone (Fig. 8E). Although the polarita high biosynthetic activity. Cysteine protease(s) plays a key
of cathepsin K activity in Fig. 8C (middle arrow) appearsole in bone matrix degradatidf=*? A number of groups
opposite to the nearby bone (top of figure), this could beave identified a novel cysteine protease, cathepsin K, that
explained by polarity toward bone deeper (and thus hiddeappears to be selective for the osteoclast and plays a pivotal
within the block of osteoclastoma tissue. Cathepsin Kole in bone matrix degradatidit3® Localization studies
MRNA expression appeared highest in the larger osteoclast®wed that although human cathepsin K was expressed
adjacent to bone (Fig. 8F). abundantly in osteoclasts, cathepsins B, L, and S were
At sites of bone remodeling in sections of osteoclastonexpressed at very low levels or were not detect-
(Figs. 9A-9C) osteoclasts resorbing bone almost exclable®3141619 Fyrthermore, transgenic mice lacking-ca
sively expressed the mature form of cathepsin K that colthepsin L activity had a normal bone phenotyf Cyto-
calized with intense enzyme activity polarized at thehemical analysis of cathepsin activity in sections of
osteoclast-bone interface. In contrast to nonresorbing ostathepsin K knockout mouse bone revealed that, in contrast
oclasts, cathepsin K mRNA expression was highly variabte wild-type (+/+) osteoclasts;-/— osteoclasts showed no
in the resorbing osteoclast population, ranging from a negathepsin activity, confirming that cathepsin K is the pre-
ligible to a moderate signal (Fig. 9D). In sections of fetatiominant cysteine protease of the osteoclast (unpublished
bone reacted for cathepsin K activity, high power views dafbservations).
osteoclast resorption sites revealed a distinct pattern ofin vitro assays, using isolated human osteoclasts seeded
polarization (Figs. 9E and 9F). onto bone chips, have revealed activated cathepsin K in
osteoclast resorption lacunae and tr&®sIn mammalian
cells, cysteine proteases are synthesized as latent precursors,
DISCUSSION and can either be secreted as proenzymes or be transported
via mannose-6-phosphate receptors to lysosomal compart-
During osteoclast-mediated bone resorption, the orgamiwents where they can be processed to the mature active
constituents of bone are degraded by lysosomal enzymeazyme, to either play an intracellular role or be secréféd.
which are secreted directionally into the resorbing comparthe pH underneath the ruffled border of the osteoclast is
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£ /,}* g - ity studies suggest that the neutral pH zone of the resorption
== 88 ﬁ ’ lacunae is the site of cathepsin K and interstitial collagenase
f ' f activity,***® put that the activation of procathepsin K-oc
; 7 f & . curs in the low pH environment by either cleavage by
\ Vel /vd" . another protease or by an autocatalytic pro€&€ss.*®To

address this issue, we developed a microcytophotometric
[ i ‘ assay to localize and quantify osteoclast cathepsin K activ-
ity in sections of human bone. The distribution of enzyme
3 activity was then compared with the pattern of immunore-
el o > active pro- or mature cathepsin K protein expression.

Sections of osteoclastoma, which included abundant os-
teoclasts distant from bone formation sites, showed intense
expression of cathepsin K mRNA, high levels of procathe-
psin K, but negligible levels of mature cathepsin K. This
population of osteoclasts showed no cathepsin activity. We
further show that as osteoclasts approach bone (in both
osteoclastoma and fetal bone), there is processing of the
proenzyme to mature cathepsin K that directly correlated
with enzyme activity detected cytochemically. Similarly, in
both bone tissues, polarization of cathepsin K was observed
in osteoclasts before attachment to bone, suggesting that the
activation and polarization of cathepsin K is regulated by
bone and/or local factors. The osteoclasts apposed to bone
(in both fetal and osteoclastoma) almost exclusively ex-
pressed the mature form of cathepsin K and showed intense
enzyme activity, again polarized at the ruffled border. High-
power microscopy of fetal bone revealed a gradient of
activity from the apical surface of the osteoclast to the
ruffled border, consistent with lysosomal trafficking to the
ruffled border. One consistent observation noted in sections
of osteoclastoma tissue was that osteoclasts close (not at-
tached) to bone appeared larger and had higher cathepsin K
MRNA levels when compared with osteoclasts more distant
from bone. In contrast, osteoclasts attached to bone showed
highly variable expression. It remains to be determined
whether this variable expression pattern reflects transcrip-
tional regulation of the cathepsin K gene potentially at
different stages of osteoclast function.

The use of a sensitive cathepsin K cytochemical assay in
conjunction with immunolocalization and in situ hybridiza-
tion confirmed that cathepsin K activation occurs intracel-
lularly, before secretion into the resorption lacunae and the

. . . opset of bone resorption. We further showed that cathepsin
FIG. 9. Sections of osteoclastoma that contain zones of (remodell\:\lﬁh . d |arizati th t last
intramembranous ossification; serial sections were immunoreacted wi processing and polarization occurs as the osteoclast ap-

antibodies (A) CE5, (B) 10C7, (C) reacted for cathepsin activitf".roaches bone, implying that local factors in the microen-
(z-Phe-Arg-4MBNA), or (D) hybridized with the cathepsin K antisenseVironment may regulate these events.

probe. Osteoclasts are indicated (arrows and arrowheads). (E) An

osteoclast (arrowheads) resorbing mineralized bone in a section of fetal

bone reveals intense polarized activity at the osteoclast-bone interface.

Note the gradient of activity observed in vesicles spanning from the ACKNOWLEDGMENTS

apical surface (large arrowheads) to the ruffled border. Processes eMyve thank Dr. Richard Lackman from the Jefferson Hos-

bedded into the bone also show cathepsin activity (small arrowheads . . .
Section reacted for cathepsin activity using the Z-Phe-Arg3X p?tal, Philadelphia, PA, USA, for supplying the osteoclas-

substrate. (F) High power view of panel E highlights the osteoclast@Ma tissue and Heather McClung for technical support.

processes (arrowheads; bar40 um).
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