
INTRODUCTION

Extracellular proteolysis is a cellular activity of central
importance as it is a key event for the modulation of the
extracellular matrix during cell migration, epithelial
morphogenesis and tumor metastasis. In recent years,
thyrocytes have proved to be a useful model to study
extracellular proteolysis mainly through the degradation of
thyroglobulin (Tg) (Brix et al., 1996). 

Tg (Mercken et al., 1985), the major secretory product of
thyroid epithelial cells, is stored in the extracellular lumen of
thyroid follicles at high concentrations of up to 800 mg/ml
(Hayden et al., 1970; Smeds, 1972; Herzog et al., 1992;
Berndorfer et al., 1996). Luminal Tg occurs in a soluble or
covalently cross-linked form (Herzog et al., 1992; Berndorfer
et al., 1996; Saber-Lichtenberg et al., 2000). Because
covalently cross-linked Tg can fill the entire follicle lumen,
thereby forming globules of 20-120 µm, an extracellular
solubilization process before endocytosis of Tg by thyroid
epithelial cells has been postulated (Herzog et al., 1992). First
evidence for luminal proteolysis came from Robertis, 1941.
Later, with the discovery of lysosomes, the concept was
conceived that storage and degradation of Tg are separated in
time and space. Recently, we showed that limited proteolysis
of Tg at the surface of thyroid epithelial cells precedes its

endocytosis (Brix et al., 1996), which might also account for
the solubilization of covalently cross-linked Tg. The process
of extracellular proteolysis of Tg is largely mediated by
secreted cysteine proteases, e.g. cathepsins B and L, and results
in the rapid liberation of thyroxine (T4) from the prohormone
Tg (Brix et al., 1996). Finally, Tg is internalized by thyroid
epithelial cells for complete degradation and triiodothyronine
(T3) liberation within lysosomes (Brix et al., 1996). Despite the
importance of lysosomal protein degradation, thyroid epithelial
cells can be regarded as a physiologically important example
of lysosomal cysteine proteases being involved in extracellular
proteolysis under non-pathological conditions.

In order to identify the spectrum of participating enzymes
we were interested in other cysteine proteases involved in this
process. Whereas the lysosomal cysteine proteases cathepsins
B, H and L are assumed to occur ubiquitously, expression of
the cathepsins S and K is believed to be restricted to certain
tissues or cell types (Wiederanders et al., 1992; Drake et al.,
1996; Chapman et al., 1997; Uchiyama et al., 1989; Brix et al.,
1996). Cathepsin S has been detected in rat FRT- and FRTL-5
cell lines (Petanceska and Devi, 1992), but is not expressed
by epithelial cells of the porcine thyroid (K. B. and B.
Wiederanders, unpublished observation). 

Cathepsin K, a new member of the family of lysosomal
cysteine proteases, is primarily expressed in ovary and in
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Extracellular proteolysis of thyroglobulin at the apical
surface of thyroid epithelial cells results in liberation of
thyroxine, and is mediated by lysosomal cysteine proteases
such as cathepsins B and L. Here, we report on the
expression of the cysteine protease cathepsin K in thyroid
epithelial cells. The cDNA for porcine thyroid cathepsin K
showed homologies ranging from 71% to 94% to the cDNA
of cathepsin K from various species and cell types. The
deduced amino acid sequence of porcine thyroid cathepsin
K predicted a 37 kDa preproenzyme, with the active site
residues Cys-140, His-277 and Asn-297, and one potential
N-glycosylation site. The localization of cathepsin K was
not restricted to lysosomes. Rather, secreted cathepsin K

was predominantly found within the follicular lumen and
in association with the apical plasma membrane of thyroid
epithelial cells. Enzyme cytochemistry showed that cell-
surface associated cathepsin K was proteolytically active at
neutral pH. In vitro, recombinant cathepsin K liberated
thyroxine from thyroglobulin by limited proteolysis at
neutral pH. We postulate that its localization enables
cathepsin K to contribute to the extracellular proteolysis of
thyroglobulin, i.e. thyroid hormone liberation, at the apical
surface of thyroid epithelial cells in situ. 
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osteoclasts or osteoclastomas (Bromme and Okamoto, 1995;
Inaoka et al., 1995; Shi et al., 1995; Li et al., 1995). From these
and other studies the idea was born that cathepsin K is a
cysteine protease with a predominant if not exclusive function
in degradation of the bone matrix. This proposal was indeed
supported by the identification of cathepsin K as the target gene
in the human disorder Pycnodysostosis, where functional
mutations in the cathepsin K gene cause severe malformation
of bone (Gelb et al., 1996a). Further proof for the function of
cathepsin K in osteoclast-mediated bone degradation came
from cathepsin K-deficient mice that demonstrated an
osteopetrotic phenotype (Saftig et al., 1998). Since then, most
of the investigations have concentrated on this intriguing
function of cathepsin K, because it represents an excellent
target for the development of therapeutical strategies in the
treatment of skeletal dysorders such as Pycnodysostosis or
osteoporosis. Cathepsin K is, however, well suited to contribute
to extracellular proteolysis of Tg because of its acidic to near-
neutral pH optima for proteolytic breakdown and because of
its stability against inactivation at neutral pH (Bromme et al.,
1996). 

In this study, we have cloned and sequenced a cDNA coding
for porcine thyroid cathepsin K. The deduced amino acid
sequence predicted a preproenzyme of 37 kDa with active site
residues within the highly conserved regions characteristic
of cysteine proteases, i.e. Cys-140, His-277 and Asn-297.
Cathepsin K was not restricted to lysosomes but also occurred
at extracellular locations, i.e. at the apical cell surface and
within the follicular lumen. From its localization pattern and
from the observation that cathepsin K has the ability to liberate
thyroid hormones from Tg at neutral pH, we conclude that
cathepsin K contributes to the extracellular proteolysis of Tg
at the apical surface of thyroid epithelial cells.

MATERIALS AND METHODS

Cell culture
Porcine thyroid glands were obtained from the local slaughterhouse
and transported on ice to the laboratory. Thyroid tissue was separated
from connective tissue and cut in Eagle’s Minimum Essential Medium
(EMEM) into approx. 0.2 mm fragments using razor blades. After
repeated washing with EMEM, the thyroid fragments were
sedimented at 100 g for 75 seconds. Fragments were resuspended in
273 U/ml collagenase in EMEM and incubated for 30 minutes at 37°C
under gentle agitation (150 rpm). The suspension was then dissociated
using siliconized glass pipets of decreasing diameter from 1.0 to
0.6 mm, filtered through 250- then 150-µm gauze, and pelleted at 100
g for 60 seconds. The cell pellet was washed six times in EMEM
supplemented with 100 i.u./ml penicillin, 0.1 mg/ml streptomycin and
0.5 µg/ml amphotericin B. The final cell pellet was resuspended in
the above medium containing 10% fetal calf serum (FCS) and plated
on dishes or cover glasses, and incubated at 37°C in a 5% CO2
atmosphere. For all experiments, cells were grown without further
passage to near confluency which was reached 7-10 days after
isolation.

Isolation of RNA, RT-PCR reactions and procedures for
cloning and sequencing
Total RNA from cultured thyrocytes was isolated using an SV Total
RNA Isolation System (Promega, Madison, USA). 3µg of total RNA
was used for reverse transcription (RT) with oligo(dT) primers and
200 U of SuperscriptTM II (Gibco BRL Life Technologies, Karlsruhe,

Germany). For polymerase chain reactions (PCR), specific primer
pairs were designed based on published sequences of cathepsin K, i.e.
human spleen cathepsin O2 (EMBL database accession number
S79895; Bromme and Okamoto, 1995), rabbit OC-2 protein (EMBL
database accession number D14036; Tezuka et al., 1994), and the
partial EST sequence of Sus scrofa cathepsin O (EMBL database
accession number F14792; Winteroe et al., 1996). Primer pairs
optimized for maximal alignment with these sequences, and used for
PCR were: (1) Cath K 141 sense 5′-GAT GTG GGG (AG)-
CT CAA GGT T-3′ combined with (2) Cath K 1131 antisense 5′-TCA
CAT CTT (AG)GG GAA GCT GG-3′, or (3) Cath K 217 sense 5′-
TGG GAG CTA TGG AAG AAG AC-3′ combined with (4) Cath K
469 antisense 5′-CTG GGA TAT AAA GGG TGT CAT-3′. Numbers
in names of primers correspond to the positions in the human
cathepsin K sequence. 

PCR was performed under the following conditions: 0.3 µg cDNA,
0.2 mM each of dNTPs (AGS, Heidelberg, Germany), 0.5 µM of each
primer (MWG-Biotech GmbH, Ebersberg, Germany), 1 mM MgSO4,
2.5 U Pwo DNA Polymerase (AGS), for 10 cycles of 15 seconds at
94°C, 45 seconds at 58°C, 45 seconds at 72°C, followed by 20 cycles
of 25 seconds at 94°C, 45 seconds at 58°C, 45 seconds + 20 seconds
per cycle at 72°C, followed by a final extension period for 7 minutes
at 72°C. For negative controls cDNA template was omitted. The
amplification product was then purified and cloned into a pBluescript®

II SK(+) phagemid-derived vector using the PCR-ScriptTM Amp
Cloning Kit (Stratagene, La Jolla, USA). The vector was isolated
(JETstar 2.0, Genomed GmbH, Bad Oeynhausen, Germany) from an
overnight culture of a positive clone, and the insert was sequenced in
both directions using the primer pair T3 and T7 (Sequiserve,
Vaterstetten, Germany). Homology searches were carried out by
Fasta3_t e-mail server against EMBL or SWALL databases (Pearson
and Lipman, 1988). Nucleotide and amino acid sequences were
analyzed with Omiga 1.1.3 (Oxford Molecular Group, Inc., Campbell,
CA, USA), and sequence alignments were done with the same
software using Clustal W 1.60 algorithm (Thompson et al., 1994).

Subcellular fractionation, SDS-PAGE and immunoblotting
Subcellular fractionation was performed as described previously (Brix
et al., 1996). In brief, 2 days before subcellular fractionation, porcine
thyroid epithelial cells were washed and further incubated with serum-
free culture medium. Cells were washed three times with ice-cold
phosphate-buffered saline (PBS), then harvested using a rubber
policeman. Cell suspensions were pelleted and washed three times
by centrifugation (10 minutes, 150 g) at 4°C. The pellets were
resuspended in 100 mM Soerensen phosphate buffer (KH2PO4 and
Na2HPO4, pH 7.2), supplemented with 0.25 M sucrose and 5 mM
ethylenediaminetetraacetic acid (EDTA), and homogenized on ice
using a Dounce homogenizer (Kontes Co., Vineland, NJ, USA).
Cellular debris and nuclei were removed from cell homogenates by
centrifugation (5 minutes, 900 g, 4°C). Lysosomes were enriched by
centrifugation at 10,000 g for 10 minutes at 4°C. The resulting pellet
was used as the lysosomal fraction.

Homogenates of porcine thyroid epithelial cells or lysosomal
fractions were lyzed on ice with 0.2% Triton X-100 in PBS
supplemented with protease inhibitors (0.2µg/ml aprotinin, 10 µM
trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butan (E64), 2 mM
EDTA, 1 µM pepstatin) for 30 minutes, cleared by centrifugation and
boiled in sample buffer consisting of 10 mM Tris-Cl, pH 7.6, 0.5%
(w/v) sodium dodecyl sulfate (SDS), 25 mM dithiothreitol (DTT),
10% (w/v) glycerol, 25 µg/ml Bromophenol Blue. Proteins were
separated by SDS-polyacrylamide gel electrophoresis (PAGE)
(Laemmli, 1970), blotted onto nitrocellulose, and detected by
immunolabeling of the blots. For the detection of cathepsin K
polyclonal antibodies (see below) and horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG were applied. For the detection of Tg
and its degradation products, rabbit anti-bovine Tg antibodies and
HRP-coupled goat anti-rabbit IgG were used. Immunoreactions were
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visualized by enhanced chemiluminescence on Hyperfilm-MP
(Amersham Buchler GmbH, Braunschweig, Germany), and scanned
using a transmitted light scanner device (Hewlett-Packard, Palo Alto,
CA, USA).

Immunolabeling of thyrocytes
Cells were grown on cover glasses, washed with PBS, and fixed with
8% formaldehyde in 200 mM Hepes, pH 7.4, for 30 minutes at room
temperature. In some experiments, cells were permeabilized with
0.6% Triton X-100 in Hepes buffer for 5 minutes at room temperature.
After washing and blockage of nonspecific binding sites, cells were
incubated with polyclonal rabbit anti-recombinant human cathepsin
K (produced by D. B.), anti-human cathepsin D (Calbiochem-
Novabiochem GmbH, Bad Soden, Germany) or monoclonal anti-
vinculin antibodies (Sigma, Deisenhofen, Germany) for 90 minutes at
37°C or overnight at 4°C. After washing and a 60 minute incubation
with 0.03 mg/ml 5-(4,6-dichlorotriazin-2-YL)aminofluorescein
hydrochloride (DTAF)-labeled or tetramethylrhodaminylisothiocyan-
ate (TRITC)-conjugated secondary antibodies, cells were mounted
on microscope slides in a mixture of 33% glycerol and 14%
mowiol in 200 mM Tris (pH 8.5) supplemented with 5% 1,4-
diazabicyclo(2.2.2)octan. In double labeling experiments antibodies
were applied consecutively. Immunostained cells were viewed with a
conventional fluorescence microscope (Zeiss, Oberkochen, Germany)
or confocal laser scanning microscopes (TCS 4D, Leica, Bensheim,
Germany, or LSM 510, Zeiss, Oberkochen, Germany). Micrographs
were taken on Kodak TMax films (Eastman Kodak, Rochester, NY,
USA), or were stored in TIFF-format, and color coding was by Image
Pro Plus 3.0.01.00 software (Media Cybernetics, L.P., Silver Springs,
MD, USA).

Cathepsin K activity assays
The cytochemical assays to visualize the proteolytic activity of
cathepsin K were performed as described previously (Brix et al.,
1996). In brief, thyroid epithelial cells were cultured on cover glasses,
washed with PBS and used immediately, or after fixation with 1%
formaldehyde for 20 minutes at room temperature. Cells were

preincubated for 5 minutes at 40°C with reaction buffer consisting of
0.2 M ammonium acetate, 0.125 mM mercaptoethanol, 0.1 mM
EDTA-Na2, adjusted to pH 6.2 or pH 7.2 with 0.4 M Na2HPO4. The
substrate benzyloxycarbonyl-glycyl-prolyl-arginine-4-methoxy-β-
naphthylamide (Z-Gly-Pro-Arg-4MβNA) was applied at a final
concentration of 1 mM in reaction buffer supplemented with 0.5-
1 mM nitrosalicylaldehyde as the precipitating agent of proteolytically
released 4MβNA. In some experiments the cathepsin B-specific
inhibitor L-trans-epoxysuccinyl-Ile-Pro-OH propylamide (CA-074)
was added to the reaction mixture at a final concentration of 10 µM.
The reaction was allowed to occur for 15-30 minutes at 37°C, without
oxygen. Controls were incubated in the same reaction mixture, but
without substrate. Thereafter, cells were washed with PBS, and the
previously non-fixed cells were then fixed with 1% formaldehyde for
20 minutes at room temperature. After washing in PBS and in water,
cells were mounted on microscope slides and viewed with a confocal
laser scanning microscope (LSM 510, Zeiss). Storage and color
coding of the micrographs was as described above.

Immunolabeling of cryosections from thyroid glands
Thyroid glands were fixed with 8% formaldehyde in PBS, washed
with 200 mM Hepes (pH 7.4), thereafter infiltrated with
polyvinylpyrrolidon (Merck, Darmstadt, Germany) in sucrose as
cryoprotectant, and frozen in liquid propane. Cryosections of 1µm
were prepared with a cryotome (Reichert-Jung, Wien, Austria), and
collected on microscope slides. Cryosections were immunolabeled
with polyclonal rabbit anti-recombinant human cathepsin K
(produced by D. B.), monoclonal mouse anti-human cathepsin K
(Calbiochem-Novabiochem GmbH) or polyclonal rabbit anti-bovine
Tg (produced by K.B. and V.H.), and DTAF- or TRITC-conjugated
secondary antibodies. In double-labeling experiments antibodies were
applied consecutively. Cryosections were mounted in mowiol and
viewed with the confocal laser scanning microscopes (see above).

In vitro degradation of Tg
Increasing amounts of recombinant human cathepsin K (0.01-10 µg,
0.426 pmol-0.426 nmol) in 0.01% bovine serum albumin (BSA) in

Fig. 1. RT-PCR sequencing of
porcine thyroid cathepsin K. 
(A) Messenger RNAs from
porcine (lanes 3 and 5), mouse
(lane 6) or bovine (lane 7) thyroid
tissue, or isolated from rat
thyrocyte cell lines (lanes 8 and 9)
were used in RT-PCR reactions
with the primer pair Cath K 141
sense and Cath K 1131 antisense,
and resulted in the amplification of
cDNAs of the expected length of
approx. 1000 bp (arrowheads). In
negative controls cDNA template
was omitted (lane 2). Markers of
fragment sizes are given in lanes 1
and 4. (B) cDNA amplified in RT-
PCR reactions with cathepsin K-
specific primers (underlined) using
mRNA from cultured porcine
thyrocytes was subcloned, and the
insert was sequenced in both
directions. The complete coding
sequence of porcine thyroid
cathepsin K is given, and is
available from
GenBank/EMBL/DDBJ under
accession number AF292030. 
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            1                                                                         66
            <--------pre---------><------------------------pro--------------------------
porc_thyr   M....WGLKV VLLLPVMSSA LYPEEILDTQ WELWKKTYRK QYNSKVDEIS RRLIWEKNLK HISIHNLEAS
porcine     M....WGLKV VLLLPVMSSA LYPEEILDTQ WELWKKTYRK QYNSKVDEIS RRLIWEKNLK HISIHNLEXS
human       M....WGLK. VLLLPVVSFA LYPEEILDTH WELWKKTHRK QYNNKVDEIS RRLIWEKNLK YISIHNLEAS
monkey      M....WGLK. VLLLPVMSFA LYPEEILDTH WELWKKTHRK QYNSKVDEIS RRLIWEKNLK YISIHNLEAS
rabbit      M....WGLK. VLLLPVVSFA LHPEEILDTQ WELWKKTYSK QYNSKVDEIS RRLIWEKNLK HISIHNLEAS
rat         M....WVFK. FLLLPVVSFA LSPEETLDTQ WELWKKTHGK QYNSKVDEIS RRLIWEKNLK KISVHNLEAS
mouse       M....WGLK. VLLLPMVSFA LSPEEMLDTQ WELWKKTHQK QYNSKVDEIS RRLIWEKNLK QISAHNLEAS
chicken     MLRLHWLALL VLLLPMAAAQ LRPEPELDAQ WDLWKRTIQK AVQRQGGRNV PEVDLGEEPE VHRCPQRGAR
            *    *      ****      * **  **   * *** *  *

            67                                                                       136
            --------------------------pro-----------------------><----------------------
porc_thyr   LGVHTYELAM NHLGDMTSEE VVQKMTGLKV PPSHSRSNDT LYIPDWEGRT PDSIDYRKKG YVTPVKNQGQ
porcine     LGVHTYELAM NHLGDMTSEE VVQKMTGLKV PPSHSRSNDT LYIPDW.... .......... ..........
human       LGVHTYELAM NHLGDMTSEE VVQKMTGLKV PLSHSRSNDT LYIPEWEGRA PDSVDYRKKG YVTPVKNQGQ
monkey      LGVHTYELAM NHLGDMTNEE VVQKMTGLKV PASHSRSNDT LYIPDWEGRA PDSVDYRKKG YVTPVKNQGQ
rabbit      LGVHTYELAM NHLGDMTSEE VVQKMTGLKV PPSRSHSNDT LYIPDWEGRT PDSIDYRKKG YVTPVKNQGQ
rat         LGAHTYELAM NHLGDMTSEE VVQKMTGLRV PPSRSFSNDT LYTPEWEGRV PDSIDYRKKG YVTPVKNQGQ
mouse       LGVHTYELAM NHLGDMTSEE VVQKMTGLRI PPSRSYSNDT LYTPEWEGRV PDSIDYRKKG YVTPVKNQGQ
chicken     LGKHSFQLAM NYLGDMTSEE VVRTMTGLRV PRSRPRPNGT LYVPDWSSRA PAAVDWRRKG YVTPVKDQGQ
            ** *   *** * ***** ** **  ****   * *    * * ** * *  *  *   * * ** **********

            137                                                                      206
            --------------------------mature--------------------------------------------
porc_thyr   CGSCWAFSSV GALEGQLKKK TGKLLNLSPQ NLVDCVSEND GCGGGYMTNA FQYVQKNRGI DSEDAYPYVG
porcine     .......... .......... .......... .......... .......... .......... ..........
human       CGSCWAFSSV GALEGQLKKK TGKLLNLSPQ NLVDCVSEND GCGGGYMTNA FQYVQKNRGI DSEDAYPYVG
monkey      CGSCWAFSSV GALEGQLKKK TGKLLNLSPQ NLVDCVSEND GCGGGYMTNA FQYVQKNRGI DSEDAYPYVG
rabbit      CGSCWAFSSV GALEGQLKKK TGKLLNLSPQ NLVDCVSENY GCGGGYMTNA FQYVQRNRGI DSEDAYPYVG
rat         CGSCWAFSSA GALEGQLKKK TGKLLALSPQ NLVDCVSENY GCGGGYMTTA FQYVQQNGGI DSEDAYPYVG
mouse       CGSCWAFSSA GALEGQLKKK TGKLLALSPQ NLVDCVTENY GCGGGYMTTA FQYVQQNGGI DSEDAFPYVG
chicken     CGSCWAFSSV GALEGQLKRR TGKLLSLSPQ NLVYCVSNNN GCGGGYMTNA FEYVRLNRGI DSEDAYPYIG
            *********  ********   ***** **** *** **  *  ******** * * **  * ** ***** ** *

            207                                                                      276
            --------------------------mature--------------------------------------------
porc_thyr   QDENCMYNPT GKAAKCRGYR EIPEGNEKAL KRAVARVGPV SVAIDASLTS FQFYSKGVYY DENCNSDNLN
porcine     .......... .......... .......... .......... .......... .......... ..........
human       QEESCMYNPT GKAAKCRGYR EIPEGNEKAL KRAVARVGPV SVAIDASLTS FQFYSKGVYY DESCNSDNLN
monkey      QEESCMYNPT GKAAKCRGYR EIPEGNEKAL KRAVARVGPV SVAIDASLTS FQFYSKGVYY DESCNSDNLN
rabbit      QDESCMYNPT GKAAKCRGYR EIPEGNEKAL KRAVARVGPV SVAIDASLTS FQFYSKGVYY DENCSSDNVN
rat         QDESCMYNAT AKAAKCRGYR EIPVGNEKAL KRAVARVGPV SVSIDASLTS FQFYSRGVYY DENCDRDNVN
mouse       QDESCMYNAT AKAAKCRGYR EIPVGNEKAL KRAVARVGPI SVSIDASLAS FQFYSRGVYY DENCDRDNVN
chicken     QDESCMYSPT GKAAKCRGYR EIPEDNEKAL KRAVARIGPV SVGIDASLPS FQFYSRGVYY DTGCNPENIN
            * *****  *  ********* ***  ***** ****** **  ** ***** * ***** **** *  *   * *

            277                                                     330
            --------------------------mature-------------------------->
porc_thyr   HAVLAVGYGI QKGKKHWIIK NSWGENWGNK GYILMARNKN NACGIANLAS FPKM
porcine     .......... .......... .......... .......... .......... ....
human       HAVLAVGYGI QKGNKHWIIK NSWGENWGNK GYILMARNKN NACGIANLAS FPKM
monkey      HAVLAVGYGI QKGNKHWIIK NSWGENWGNK GYILMARNKN NACGIANLAS FPKM
rabbit      HAVLAVGYGI QKGNKHWIIK NSWGESWGNK GYILMARNKN NACGIANLAS FPKM
rat         HAVLVVGYGT QKGNKYWIIK NSWGESWGNK GYVLLARNKN NACGITNLAS FPKM
mouse       HAVLVVGYGT QKGSKHWIIK NSWGESWGNK GYALLARNKN NACGITNMAS FPKM
chicken     HAVLAVGYGA QKGTKHWIIK NSWGTEWGNK GYVLLARNMK QTCGIANLAS FPKM
            **** ****  *** * **** ****  **** ** * ***     *** * ** ****

Fig. 2.Comparison of porcine thyroid cathepsin K with cathepsins K of various species. The deduced amino acid sequence of porcine thyroid
cathepsin K (porc_thyr) revealed homologies of 99% in a 112-amino-acid overlap of an EST derived from porcine small intestine (porcine,
AC F14792; Winteroe et al., 1996). Porcine thyroid cathepsin K (porc_thyr) was most closely related to human (AC S79895; Bromme and
Okamoto, 1995), monkey (AC Af070927; McQueney et al., 1998) or rabbit cathepsin K (AC D14036; Tezuka et al., 1994) with overall
sequence identities of 93-95%. Homologies with rat (AC Af010306; J. A. Payne and L. R. Miller, unpublished) or mouse (AC X94444;
Rantakokko et al., 1996) cathepsin K were 87-88%, and porcine thyroid cathepsin K was only 56% identical to JTAP-1 of chicken embryo
fibroblasts (AC U37691; Hadman et al., 1996). The putative N-glycosylation site at Asn-104 of porcine thyroid cathepsin K is boxed; two other
putative N-glycosylation sites (broken boxes) are unlikely to be used. Amino acids conserved in all sequences are marked by asterisks;
underlining denotes the consensus motives of cysteine proteases of the papain family containing the active site residues Cys-140, His-277, and
Asn-297 (given in bold face). Numbering relates to porcine thyroid cathepsin K. 
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Na2EDTA phosphate buffer, pH 7.2, were reactivated with 2.5 mM
DTT for 5 minutes at 40°C. Constant amounts (1 µg, 1.52 pmol) of
purified Tg were added to reach molar ratios of cathepsin K:Tg of
0.28-280. After an incubation period of 60 minutes at 37°C, samples
were boiled in sample buffer and analyzed by electrophoresis on SDS-
gels and immunoblotting. 

T4 liberation assay
Increasing amounts of recombinant human cathepsin K (0.036-0.072
µg, 1.53-3.06 pmol) and constant amounts of Tg (1.7 µg, 2.58 pmol)
were incubated as described above, and at molar ratios of cathepsin
K:Tg of 0.6 and 1.2. For the control, 10 µM E64 was added to
cathepsin K before its reactivation. The in vitro T4 liberation assay
was performed at pH 7.2. For quantitation of the amounts of liberated
T4, samples were analyzed by radioimmunoassay according to the
manufacturer’s protocol (DYNOtest® FT4, Brahms Diagnostica
GmbH, Berlin, Germany). 

RESULTS

The complete coding sequence of porcine thyroid cathepsin K
was deduced from its cDNA. Immunoblotting revealed the
presence of procathepsin K and of the mature enzyme in
homogenates, and of mature cathepsin K in lysosomal extracts
of thyroid epithelial cells. Immunolabeling of cultured
thyrocytes or cryosections from thyroid glands demonstrated
that cathepsin K was not restricted to lysosomes, but was also
secreted and found in association with the surface of thyroid
epithelial cells. In vitro degradation assays demonstrated that
cathepsin K mediated limited proteolysis of Tg at neutral pH,
which resulted in the liberation of T4. 

Cathepsin K expression in the thyroid
Messenger RNAs were isolated by oligo-dT priming from
freshly isolated thyroid tissue of bovine, mouse or porcine
origin, or from the rat thyrocyte cell lines FRT and FRTL-5.
Two sets of primers were used in RT-PCR reactions, i.e.
corresponding to nucleotides 217-469 or 141-1131 of human
cathepsin K cDNA. Both primer sets resulted in the
amplification of cDNAs of the expected lengths from thyroid
tissue or thyrocytes. Cath K 141 sense combined with Cath K
1131 antisense resulted in the amplification of approx. 1000 bp
cDNAs from porcine (Fig. 1A, lanes 3 and 5), mouse (Fig. 1A,
lane 6), bovine (Fig. 1A, lane 7) or rat thyroid epithelial cells
(Fig. 1A, lanes 8-9). The amplified cDNA from porcine thyroid

epithelial cells was further subcloned by blunt-end ligation into
pBluescript® II SK(+) phagemid-derived vector, and
sequenced. The resulting 993 bp complete coding sequence of
porcine thyroid cathepsin K (Fig. 1B) and its deduced amino
acid sequence are shown (Fig. 2). Compared to the complete
coding sequences of human, monkey, rabbit, rat or mouse
cathepsin K cDNAs, porcine thyroid cathepsin K cDNA
contained one extra codon at nucleotides 16-18. This codon
was also identified in an EST, i.e. a partial sequence of
cathepsin K from porcine small intestine. Homology searches
using FASTA algorithms revealed identities of 71% to 94%
between porcine thyroid cathepsin K and cathepsin K cDNAs
from human spleen, monkey bone marrow, rabbit long bone
osteoclasts, rat tibial bone, mouse calvaria and chicken embryo
fibroblasts, i.e. identities were 94%, 94%, 92%, 87%, 86% and
71%, respectively (for references of chosen cDNAs, see Fig.
2). The results demonstrated that the cloned cDNA from
porcine thyroid coded for cathepsin K.

Thyroid cathepsin K protein sequence
The deduced amino acid sequence of porcine thyroid cathepsin
K predicted a preproprotein of 37,069 Da with a signal
sequence of 16 amino acids, a propeptide of 99 amino acids,
and a mature protein of 215 amino acids (Fig. 2). The active
site residues for porcine thyroid cathepsin K were detected at
positions Cys-140, His-277 and Asn-297 (Fig. 2, bold) within
the consensus motives of cysteine proteases at regions 134-145
(QGQCGSCWAFSS), 275-285 (LNHAVLAVGYG) and 292-
311 (HWIIKNSWGENWGNKGYILM), respectively (Fig. 2,
underlined). The protein was predicted to be hydrophilic
with a theoretical pI of 8.81, and contained one potential
N-glycosylation site within the propeptide region at Asn-104
within the sequence N104DTL (Fig. 2, boxed). Two other
putative N-glycosylation sites within the mature portion of
porcine thyroid cathepsin K, i.e. N162LSP and N214PTG (Fig.
2, broken boxes), were unlikely to be used since proline
residues are present in positions X and Y of the glycosylation
consensus motif Asn-X-Ser/Thr-Y (Gavel and van Heijne,
1990). 

Homology searches revealed overall identities of 87% to
95% between porcine thyroid cathepsin K and cathepsins K of
human, monkey, rabbit, rat or mouse origin, whereas only 56%
identity was observed with chicken cathepsin K, i.e. JTAP-1.
The highest degree of identities, i.e. 99% in an 112-amino-acid
overlap, was detected between porcine thyroid cathepsin K and
the partial sequence derived from an EST of porcine small
intestine (Fig. 2, compare 1st and 2nd lines). From the
homology studies it was deduced that porcine thyroid cathepsin
K was most closely related to human, monkey or rabbit
cathepsin K, and related to rat or mouse cathepsin K with
decreasing homologies, whereas porcine thyroid cathepsin K
appeared to be quite distinct from chicken JTAP-1. The
insertion of valine at position 6 within the signal peptide was
present in porcine thyroid cathepsin K and the partial sequence
of porcine small intestine cathepsin K, but differed from signal
peptide sequences of the human, monkey, rabbit, rat, mouse or
chicken protein (Fig. 2, pre), resulting in the 330-amino-acid
porcine thyroid cysteine protease cathepsin K. It is unclear at
present whether the putative N-glycosylation site at Asn-104
at the end of the propeptide is used. Molecular masses of
porcine thyroid cathepsin K were calculated as 37,069 Da for

Fig. 3.Molecular forms of porcine thyroid cathepsin K.
Immunoblotting with rabbit anti-recombinant human cathepsin K
identified a protein band with the same apparent molecular mass as
recombinant cathepsin K (CK) within the lysosomal fractions (Lys)
and in the cell homogenates (Ho) of porcine thyrocytes, which
represented the mature form of cathepsin K. In addition, the proform
of cathepsin K was detected in homogenates (Ho) of porcine thyroid
epithelial cells. Molecular mass markers are given in the left margin.
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the preproprotein, 35,341 Da for the proform and 23,491 Da
for the mature protease. 

Molecular forms of thyroid cathepsin K
Extracts of homogenates or lysosomal fractions from cultured
porcine thyrocytes were separated by SDS-PAGE and
transferred to nitrocellulose. Recombinant human cathepsin K
was used as a standard. Blots were probed with antibodies

against cathepsin K and HRP-conjugated secondary
antibodies. Recombinant human cathepsin K was identified as
a single protein band slightly above the 30 kDa molecular mass
marker (Fig. 3, lane 3). This band represented the mature form
of cathepsin K although the predicted molecular mass of
human cathepsin K is 23,495 Da (Bromme et al., 1996). As
expected, a protein band with the same electrophoretic
mobility as recombinant cathepsin K was identified in
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Fig. 4.Localization of cathepsin K in cultured porcine thyroid epithelial cells. Confocal fluorescence and corresponding phase-contrast (insets,
black/white) micrographs of formaldehyde-fixed porcine thryoid epithelial cells immunolabeled with rabbit anti-recombinant human cathepsin
K without (B) or after (A,C,D) Triton X-100 permeabilization. In permeabilized cells, cathepsin K was detected within vesicles in the
perinuclear region (A). Such vesicles were identified as lysosomes by colocalizing (A, left inset, yellow) cathepsin K (green) with the
lysosomal marker cathepsin D (red). Labeling of non-permeabilized cells revealed a punctate staining pattern over lamellipodial extensions at
the growing margins of non-confluent monolayers (B, arrowheads). Double-labeling with anti-cathepsin K (C,D, green) and anti-vinculin 
(D, red) antibodies revealed partial colocalization of cathepsin K-containing vesicles with vinculin at cell adhesion sites in basal portions of
thyrocytes (D, arrows, yellow), suggesting the secretion of cathepsin K. Hence, cathepsin K was not restricted to lysosomes (A), but was also
localized extracellularly at the surface of cultured thyroid epithelial cells (B). N, nucleus. Bars, 50 µm (10 µm in left inset of A).
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lysosomal extracts of porcine thyrocytes (Fig. 3, lane 2),
demonstrating the presence of the mature form of cathepsin K
in lysosomes. This protein band had an electrophoretic

mobility of approx. 31 kDa, which is clearly above the
predicted molecular mass of 23,491 Da. However, the 23,495
Da recombinant cathepsin K showed the same electrophoretic

Fig. 5. Localization of cathepsin K activity in cultured porcine thyroid epithelial cells. Confocal fluorescence (A-F, green) and corresponding
differential interference or phase-contrast micrographs (A,C,E, black/white) of formaldehyde-fixed (A,B) or living (C-F) porcine thyroid
epithelial cells after incubation with the cathepsin K-specific substrate Z-Gly-Pro-Arg-4MßNA at pH 6.2 (A,B,E,F), or at pH 7.2 in the
presence of the cathepsin B-specific inhibitor CA-074 (C,D). Cathepsin K activity (green), visualized by precipitation of the cleavage product
4MβNA, was detected within perinuclear vesicles corresponding to lysosomes in formaldehyde-fixed cells (A,B), or extracellularly at the
plasma membrane of living cells (C-F; broken lines denote the cell surface). N, nucleus. Bars, 20 µm. 
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mobility (Fig. 3, cf. lane 3 with lane 2). The unusual reduced
mobility of mature cathepsin K is most probably explained by
its alkaline nature, i.e. the isoelectric point was calculated with
pI 8.8. In homogenates, mature cathepsin K and, in addition, a
protein band with a molecular mass of about 35 kDa, was
recognized by the antibodies (Fig. 3, lane 1), most probably
representing the proform of the protease. 

Localization of cathepsin K in cultured thyroid
epithelial cells
Immunolabeling of formaldehyde-fixed and Triton X-100-
permeabilized cultured thyrocytes with cathepsin K-specific
antibodies demonstrated the presence of the protease in
vesicular structures (Fig. 4A). Cathepsin K-containing vesicles
were detected in the perinuclear region and were identified as
lysosomes by colocalization of cathepsin K immunolabeling
with that of the lysosomal marker cathepsin D (Fig. 4A, left
inset; yellow signals represent vesicles containing both
cathepsin K (green) and cathepsin D (red)). When cultured
thyrocytes were immunolabeled directly after fixation but
without Triton X-100 permeabilization the antibodies against
cathepsin K showed an intense labeling over lamellipodial
extensions at the growing margins (Fig. 4B, arrowheads),
suggesting the extracellular presence of cathepsin K at the cell
surface. Because cathepsin K belongs to the class of soluble
lysosomal enzymes such patterns indicated the secretion of the
enzyme and its reassociation with the plasma membrane of
thyrocytes. Indeed, cathepsin K-positive vesicles were detected
in the cell periphery (Fig. 4C), and in close apposition to
cellular contact sites labeled by vinculin when basal portions
of thyrocytes were analyzed by confocal laser scanning
microscopy (Fig. 4D, arrows; yellow signals represent green
cathepsin K-positive vesicles overlapping in part with red
vinculin-labeled focal adhesions). The results demonstrated
that cathepsin K was localized to lysosomes (Fig. 4A), and, in
addition, that it was secreted from cultured thyroid epithelial
cells (Fig. 4B). 

Proteolytic activity of cathepsin K 
To analyze the proteolytic activity of cathepsin K
cytochemically, cultured porcine thyroid epithelial cells
were incubated with the cathepsin K-specific substrate Z-
Gly-Pro-Arg-4MβNA at pH 6.2 or pH 7.2, and in the
presence of nitrosalicylaldehyde as the precipitating agent for
proteolytically released 4MβNA. The reaction product was
then visualized by fluorescence microscopy. The fluorescent
precipitate was detected within vesicles in the perinuclear
region, i.e. lysosomes, of formaldehyde-fixed cells (Fig. 5A,B).
Living cells after reaction with the substrate showed the
fluorescent precipitate mainly at the cell surface, and at the
borders of neighbouring cells (Fig. 5C-F). These results are
most probably explained by the inability of living thyroid
epithelial cells to internalize the substrate. The specificity of
the substrate Z-Gly-Pro-Arg-4MβNA for cathepsin K cleavage
has been shown before (Aibe et al., 1996; Buhling et al., 1999),
and was further proved by incubation of thyroid epithelial cells
with this substrate in the presence (Fig. 5C,D) or absence (Fig.
5E,F) of the cathepsin B-specific inhibitor CA-074. In both
experiments, i.e. in the absence or presence of CA-074, the
fluorescent precipitates were detected at the surface of
thyrocytes, indicating that cathepsin K was proteolytically
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Fig. 6.Localization of cathepsin K in porcine and human thyroid
follicles. Confocal fluorescence and corresponding phase-contrast
micrographs (insets) of cryosections from porcine (A,B) or human
(C) thyroid glands after immunolabeling with rabbit anti-human
cathepsin K (A) or rabbit anti-recombinant human cathepsin K
(B,C). Cathepsin K was recognized within apically located vesicles
of various sizes (A, arrows), or over the extracellular lumen (B, star).
In addition, an intense labeling was observed at the apical cell
surface (B, arrowheads). A similar distribution pattern of cathepsin K
was detected in follicles of the human thyroid (C). Cathepsin K was
not restricted to lysosomes, but was also detectable at extracellular
locations of thyroid epithelial cells in situ. Bars, 50 µm (A), 20 µm
(B,C).
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active at the cell surface at slightly acidic (Fig. 5E,F) to neutral
pH conditions (Fig. 5C,D). 

Cathepsin K in thyroid follicles
To investigate the localization of cathepsin K in situ,
cryosections from porcine or human thyroids were
immunolabeled. The expression and localization patterns of
cathepsin K varied between different thyroid follicles, thereby
reflecting the well-known morphological and physiological
heterogeneity of single follicles within the thyroid gland.
Cathepsin K was detected in vesicles of various sizes that were
located close to the apical plasma membrane of epithelial
cells of porcine thyroids (Fig. 6A, arrows). Cathepsin K
immunolabeling was also detected in a punctate pattern over
the extracellular follicular lumen (Fig. 6B, star), and in
association with the apical plasma membrane of thyroid
epithelial cells (Fig. 6B, arrowheads). Immunolabeling of
cryosections from human thyroids showed cathepsin K within
vesicles of thyrocytes (Fig. 6C, arrows), or in association with
the apical plasma membrane (Fig. 6C, arrowheads). Compared
to the localization of the protease in porcine thyroids, cathepsin
K was detected more often over the extracellular follicular
lumen of human thyroids (Fig. 7A, stars). The lumen of thyroid

follicles contains Tg in a highly concentrated and covalently
cross-linked form, and concentric rings of Tg depositions
are found frequently (Berndorfer et al., 1996). Double
immunolabeling of cryosections from human thyroids using
antibodies against cathepsin K (green signals) or Tg (red
signals) revealed the colocalization of both proteins (yellow
signals as a result of overlapping green and red signals in Fig.
7A) in most of the follicle lumina. Interestingly, concentric
rings of Tg depositions perfectly matched with the intensity of
cathepsin K labeling (Fig. 7A). Furthermore, the brightest
fluorescence was observed in the outermost portions of the
luminal content (Fig. 7A, arrowheads), i.e. apposed to the
apical plasma membrane of thyroid epithelial cells. 

In vitro degradation of Tg by cathepsin K
To test whether Tg is a substrate for extracellular proteolysis
by cathepsin K, purified Tg was incubated with increasing
amounts of recombinant cathepsin K for 60 minutes at pH 7.2.
Samples were analyzed by electrophoresis on SDS-gels and
immunoblotting. Upon incubation of Tg with cathepsin K,
protein bands reflecting dimeric or monomeric Tg disappeared,
and high molecular mass degradation fragments of Tg became
detectable with increasing amounts of cathepsin K (Fig. 7B).

Fig. 7. In vitro degradation of Tg by cathepsin K. (A) Confocal fluorescence and corresponding phase contrast (black/white) micrographs of a
cryosection from human thyroid after double-immunolabeling with antibodies against recombinant human cathepsin K (green) or Tg (red).
Note that concentric rings of Tg depositions (red) in the follicular lumen (star) perfectly matched (yellow) with the intensity of cathepsin K
labeling (green). The brightest fluorescence was observed in regions apposed to the apical plasma membrane of thyroid epithelial cells
(arrowheads). Bars, 20 µm. (B) In vitro degradation assays at neutral pH and subsequent immunoblotting demonstrated that dimeric and
monomeric Tg disappeared while Tg degradation fragments of high molecular mass became detectable after incubation of Tg (upper panel)
with increasing amounts of recombinant cathepsin K (lower panel). A representative example out of three independent experiments is shown.
Molecular mass markers are given in the left margin. (C) The prohormone Tg was incubated at neutral pH without (column 1) or with
recombinant cathepsin K in the absence (columns 2-3) or presence (column 4) of E64, and the amounts of liberated T4 from Tg were quantified
by radioimmunoassay (FT4; values are means ± s.d.). Note the liberation of T4 from Tg by cathepsin K, and its inhibition by the cysteine
protease inhibitor E64.
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These results demonstrated that cathepsin K mediated limited
proteolysis of Tg under neutral pH conditions. The amount of
T4 liberated by cathepsin K-mediated Tg proteolysis was
quantified by radioimmunoassay. Incubation of Tg with
recombinant cathepsin K at neutral pH resulted in the liberation
of T4 (Fig. 7C, columns 2-3), and was inhibited by the
preincubation of cathepsin K with E64 (Fig. 7C, column 4),
i.e. an inhibitor of cysteine proteases.

DISCUSSION

We have cloned and sequenced the cDNA of porcine thyroid
cathepsin K. The cDNA and its deduced amino acid sequence
predict a protein of 330 amino acids consisting of a 16-amino
acid prepeptide, a 99-amino acid proregion and a 215-amino
acid mature cysteine protease of the papain family, i.e.
porcine thyroid cathepsin K. Cathepsin K was not restricted
to lysosomes, but also occurred in a secreted form in the
follicular lumen and in close association with the apical
plasma membrane of epithelial cells of thyroid follicles. This

unique localization pattern makes cathepsin K an excellent
candidate for involvement in extracellular proteolysis.
Indeed, cathepsin K mediated T4 liberation by limited
proteolysis of the prohormone Tg at neutral pH, indicating
that cathepsin K has a specific and physiologically important
function in the thyroid, i.e. hormone liberation by
extracellular proteolysis.

Cathepsin K was first cloned and sequenced from a rabbit
osteoclast cDNA library, and was originally named rabbit OC-
2 (Tezuka et al., 1994). Human cathepsin K was described as
cathepsin OC-2 (Inaoka et al., 1995), cathepsin O (Shi et al.,
1995), cathepsin X (Li et al., 1995) and cathepsin O2 (Bromme
and Okamoto, 1995). Cathepsin K was also cloned from
chicken, and named JTAP-1 (Hadman et al., 1996), mouse
(Gelb et al., 1996b) and more recently, from monkey
(McQueney et al., 1998). 

The overall homologies of porcine thyroid cathepsin K with
cathepsin K from other species were in the range 56-95%.
However, the highest degree of conservation, 81-97% identical,
was observed in the mature portion of cathepsin K. The
propeptides were 46-95% identical, and lowest levels of
conservation, 33-53% identical, were found in the prepeptide
regions that largely differed in length. The 16-amino-acid
prepeptide of porcine thyroid cathepsin K differed from
human, monkey, rabbit, rat and mouse cathepsin K in that the
latter all contain a 15-amino-acid prepeptide, and it also
differed from chicken JTAP-1, which contains a 20-amino-acid
prepeptide.

Tissue-specificity of cathepsin K expression
It has been shown that cathepsin K is not a constitutive gene
product (Li and Chen, 1999), at least in mice. Although
cathepsin K transcript was detectable in the mouse heart and
in melanocytes, mouse cathepsin K is believed to be expressed
predominantly in osteoclasts (Gelb et al., 1996b; Li and Chen,
1999). However, cathepsin K expression has also been
observed in cell types other than osteoclasts (Ortego et al.,
1997; Soderstrom et al., 1999; Haeckel et al., 1999). Cathepsin
K was detected in human breast carcinomas and in various
breast cancer cell lines (Littlewood-Evans et al., 1997).
Similarly, cathepsin K is expressed by different cell types,
especially during pathological processes where extensive
matrix remodelling occurs, and under these conditions
cathepsin K is believed to contribute to the degradation of ECM
components like elastin or collagen (Hummel et al., 1998;
Sukhova et al., 1998; Buhling et al., 1999). 

Our results with RT-PCR cDNA amplification using
cathepsin K-specific primers demonstrated the expression of
cathepsin K in epithelial cells of the porcine, bovine, mouse
and the rat thyroid gland. From immunolabeling experiments
with various cathepsin K-specific antibodies, we concluded
that cathepsin K is also present in human thyroid epithelial
cells, and thus cathepsin K is expressed in the thyroid of several
species. 

Proposed function of cathepsin K in the thyroid
Antibodies specific for cathepsin K demonstrated the presence
of the protease within lysosomes of thyroid epithelial cells and,
in addition, at extracellular locations, either associated with the
apical plasma membrane of the epithelial cells or within the
lumen of thyroid follicles. Because cathepsin K is a soluble
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Fig. 8.Model of cysteine protease-mediated extracellular proteolysis
of Tg. Tg, the major secretory product of thyroid epithelial cells, is
stored in the lumen of thyroid follicles at high protein concentrations
and, in part, in a covalently cross-linked form (Herzog et al., 1992).
Before its endocytosis Tg is partially degraded (Brix et al., 1996).
This process of extracellular proteolysis of Tg was largely mediated
by secreted cysteine proteases, e.g. cathepsins B and L, and resulted
in the rapid liberation of T4. Finally, Tg is internalized by thyroid
epithelial cells for complete degradation and T3 liberation within
lysosomes. From its unique localization pattern and its ability to
degrade Tg at neutral pH, we conclude that cathepsin K is involved
in extracellular proteolysis of Tg and T4 liberation at the apical cell
surface of thyroid epithelial cells.
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protein lacking a transmembrane domain, these results indicate
the secretion of this lysosomal cysteine protease from thyroid
epithelial cells. Similarly, we have shown recently that porcine
thyroid epithelial cells have developed a transport pathway that
directs mature lysosomal enzymes from late endosomes or
lysosomes to the apical cell surface, from where they are
partially released into the thyroid follicle lumen (Brix et al.,
1996; Lemansky et al., 1998). It remains unknown how the
secreted lysosomal enzymes are attached to the cell surface of
thyrocytes. Mannose-6-phosphate receptors (von Figura, 1991)
are expressed at the apical plasma membrane of thyroid
epithelial cells (Scheel and Herzog, 1989), and might therefore
function as the binding partners of the secreted lysosomal
enzymes. However, mannose-6-phosphate receptors are most
likely involved in the binding of the proforms rather than the
mature forms of cathepsin K, since the glycosylation site is
located within the propeptide region which is lacking in the
mature form. On the other hand, it has been shown that
lipoprotein receptor-related proteins (LRPs) (Brown et al.,
1997) such as gp330/megalin function in principle as cell
surface receptors for secreted lysosomal proteins (Hiesberger
et al., 1998). Because gp330/megalin has been detected at the
apical cell surface of thyrocytes (Lemansky et al., 1999), we
assume that gp330/megalin is a possible receptor, keeping
secreted lysosomal enzymes like cathepsin K attached to the
apical surface of thyroid epithelial cells. 

Cathepsin K, like cathepsins B, H, L and S, belongs to the
class of lysosomal cysteine proteases of the papain family,
most of them exhibiting pH optima for proteolysis in the range
pH 4.0-6.5, depending on their substrates (Barrett and
Kirschke, 1981; Bromme and Okamoto, 1995; Bromme et al.,
1996; Gelb et al., 1997; Kafienah et al., 1998; Kirschke et al.,
1977; Kirschke and Wiederanders, 1994). Because of the
requirements of acidic pH conditions for proteolytic cleavage,
the involvement of lysosomal cysteine proteases in
extracellular proteolysis has long been questioned. However,
recent findings suggest that the function of lysosomal cysteine
proteases is not restricted to endosomal or lysosomal protein
degradation. Rather, lysosomal cysteine proteases contribute to
the proteolysis of extracellular protein targets (for reviews see
Chapman et al., 1997; Andrews, 2000). In tumor cells, for
example, the secreted cysteine proteases cathepsins B and L
are involved in the degradation of extracellular matrix
components at or near the cell surface (Sloane et al., 1990;
Spiess et al., 1994; Mort et al., 1984). 

Furthermore, we have shown previously in the thyroid that
extracellular proteolysis precedes endocytosis of Tg, and that
the process of extracellular Tg proteolysis is largely mediated
by cysteine proteases like the cathepsins B and L (Brix et al.,
1996). Here, we demonstrate that cathepsin K is proteolytically
active at the plasma membrane of thyroid epithelial cells.
Taken together with the ability of cathepsin K to degrade Tg
at neutral pH, thereby releasing T4 from the prohormone, we
propose that cathepsin K contributes to the extracellular
proteolysis of Tg (Fig. 8). Experiments with cathepsin-
deficient mice will show which of the cysteine proteases, i.e.
cathepsin B, K or L, is most important for extracellular
proteolysis of Tg, or whether a cooperation of different
proteases is needed to enable the thyroid gland to fulfil its main
function, i.e. the liberation of thyroid hormones from the
prohormone Tg.
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