
Review

Cysteine Proteinases Mediate Extracellular Prohormone
Processing in the Thyroid

posed of a monolayer of thyroid epithelial cells which sur-
round an extracellular lumen (Fujita, 1988). Thyroglobulin
(Tg) (Figure 2), the major secretory product of thyroid ep-
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Thyroglobulin, the precursor of thyroid hormones, is
extracellularly stored in a highly condensed and co-
valently cross-linked form. Solublization of thy-
roglobulin is facilitated by cysteine proteinases like
cathepsins B and K which are proteolytically active at
the surface of thyroid epithelial cells. The cysteine
proteinases mediate the processing of thyroglobulin
by limited extracellular proteolysis at the apical plas-
ma membrane, thereby rapidly liberating thyroxine.
The trafficking of cysteine proteinases in thyroid ep-
ithelial cells includes their targeting to lysosomes
where they become maturated before being trans-
ported to the apical plasma membrane and, thus, into
the extracellular follicle lumen. We propose that thy-
roid stimulating hormone regulates extracellular pro-
teolysis of thyroglobulin in that it enhances the rate of
exocytosis of lysosomal proteins at the apical plasma
membrane. Later, thyroid stimulating hormone up-
regulates thyroglobulin synthesis and its secretion
into the follicle lumen for subsequent compaction by
covalent cross-linking. Hence, cycles of thyroglobulin
proteolysis and thyroglobulin deposition might result
in the regulation of the size of the luminal content of
thyroid follicles. We conclude that the biological sig-
nificance of extracellularly acting cysteine proteinas-
es of the thyroid is the rapid utilization of thyroglobu-
lin for the maintenance of constant thyroid hormone
levels in vertebrate organisms.
Key words: Cathepsin /Epithelial cells /Thyroglobulin /
Thyroid hormones.

Introduction

The main function of the thyroid gland is the organifica-
tion of iodine and the maintenance of constant levels of
thyroid hormones in the circulation. Thyroid follicles are
the functional units enabeling the thyroid gland to fullfil
these tasks (Figure 1); they are spherical structures com-

Fig. 1 Thyroid Follicles.
The extracellular follicle lumen (asterisk) is surrounded by a
monolayer of thyroid epithelial cells (B), and represents a storage
compartment for covalently cross-linked Tg. The hexagonal ar-
ray of thyroid epithelial cells in a three-dimensionally recon-
structed follicle is visualized by staining of the F-actin system
underneath the plasma membrane (A). The apical plasma mem-
brane, characterized by the abundancy of microvilli (arrow-
heads), is exposed to the follicle lumen (C). 
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ithelial cells and the macromolecular precursor of thyroid
hormones (Mercken et al., 1985; Ekholm, 1990; Dunn et
al., 1991a; Kohn et al., 1993), is stored in the lumen of thy-
roid follicles. This luminal Tg provides an important extra-
cellular reservoir for iodothyronines which is regulated in
size by the addition of newly synthesized Tg and by its
endocytic removal. As constant levels of thyroid hor-
mones are essential for the normal development and the
maintenance of vertebrate organisms, the extracellular
storage of Tg, its function as an iodine reservoir and
mechanisms for rapid mobilization of Tg, i. e. for thyroid
hormone liberation, are of central importance.

Extracellular storage is effectively brought about by a
compaction process which involves the tight packaging
of Tg molecules to reach high luminal concentrations of
up to 800 mg/ml (Hayden et al., 1970; Smeds, 1972). We
recently discovered that the compaction process is
reached through specific protein-protein interactions.
These interactions are dominated by the formation of in-
termolecular disulfide bonds (Berndorfer et al., 1996).
This process is made possible by thioredoxin-boxes
present in Tg of various species (Figure 2) which facilitate
the formation of disulfide bonds in a self-assisted fashion
(Klein et al., 2000). The additional action of transglutami-
nase resulting in the formation of intermolecular isodipep-
tide cross-links of bovine Tg (Herzog et al., 1992; Saber-
Lichtenberg et al., 2000), or the peroxidase-mediated
formation of intermolecular dityrosine bridges in the
porcine thyroid (Baudry et al., 1998) have been described. 

Covalently cross-linked luminal Tg forms globules of
up to 20 – 120 µm in diameter (Herzog et al., 1992; Bern-
dorfer et al., 1996) which cannot be taken up by thyroid
epithelial cells as an entity. Hence, the presence of thyroid
globules within the lumen requires extracellular mecha-
nisms of Tg solubilization which precede endocytosis of
Tg by thyroid epithelial cells and its delivery to endo-
somes and lysosomes. In vitro, proteolysis is the only way
to solubilize thyroid globules. Because of the covalent na-

ture of Tg cross-linkage, we postulated extracellular pro-
teolysis as the mechanism of globule-solubilization in
vivo.

First evidence for the existence of acidic proteinases
within the thyroid follicle lumen came from de Robertis
who isolated the luminal content by micromanipulation
techniques (de Robertis, 1941). Later, with the discovery
of lysosomes (de Duve and Wattiaux, 1966), the concept
was conceived that storage and proteolysis of Tg are
separated in time and space, in that Tg degradation was
believed to occur exclusively within lysosomes (Wollman,
1969). In clear contrast, limited proteolysis of Tg was
shown to occur at the surface of thyroid epithelial cells
and to precede its endocytosis (Brix et al., 1996; Tepel et
al., 2000a). The process of extracellular proteolysis of Tg
is largely mediated by secreted lysosomal cysteine pro-
teinases resulting in the rapid liberation of thyroxine (T4)
from its prohormone Tg (Brix et al., 1996; Tepel et al.,
2000a). Finally, fragments of Tg are internalized by thy-
roid epithelial cells for complete degradation and the lib-
eration of triiodothyronine (T3) within lysosomes (Brix et
al., 1996). Therefore, thyroid epithelial cells and their
mechanism of Tg mobilization can be regarded as a
physiologically important example of lysosomal cysteine
proteinases being involved in extracellular proteolysis
under non-pathological conditions. Such mechanisms of
cysteine proteinase-mediated extracellular proteolysis
might also account for the solubilization of covalently
cross-linked Tg although no direct evidence for this pro-
posal exists so far.

Thyroidal Cysteine Proteinases Cleave Tg

Besides the full set of ubiquitously expressed cysteine
proteinases, i. e. cathepsins B, H, and L (Nakagawa et al.,
1981; Dunn and Dunn, 1982, 1988; Uchiyama et al., 1989;
Soderstrom et al., 1999), the tissue-specific cathepsins K
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Fig. 2 Molecular Structure of Tg.
Schematic drawing summarizing the characteristics in the primary structure of the Tg molecule. The 330 kDa prohormone contains the
preformed thyroid hormones close to its N- and C-terminal portions (T4, T3). The positions of numerous putative N-glycosylation sites
are indicated by flags. Within the primary structure of Tg, the positions of repeated internal homology domains of types IA, IB, II, IIIA and
IIIB are indicated. Note that Tg type-I domains contain the conserved structural motif CWCV ( ) characteristic for cysteine proteinase
inhibitors, i. e. thyropins (Lenarcic et al., 1997). Thioredoxin boxes composed of the motif CXXC are present within the Tg type-II do-
mains, and have been shown to facilitate Tg cross-linking by disulfide bond isomerization in a self-assisted process (Klein et al., 2000).
Tg proteolysis is the prerequisite for Tg mobilization and for the liberation of thyroid hormones. The cysteine proteinases cathepsins B
(CB) and L (CL) cleave the prohormone Tg at various sites (arrowheads); note, that these cleavage sites were determined by in vitro in-
cubation of rabbit Tg with cysteine proteinases purified from human thyroid (Dunn et al., 1991b). The sequence of human Tg taken from
Malthiery and Lissitzky (1987) is highly homologous to the sequence of bovine Tg (Mercken et al., 1985). 
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(Figure 3; Tepel et al., 2000a) and S (Petanceska and Devi,
1992) were more recently detected in thyroid epithelial
cells. In addition, several proteolytic enzymes not belong-
ing to the family of cysteine proteinases are present in the
thyroid which might contribute to proteolysis of Tg, i. e.
the ectopeptidases aminopeptidase I (Feracci et al.,
1981) and dipeptidylpeptidase IV (Zurzolo et al., 1992),
and the aspartic protease cathepsin D (Lemansky et al.,
1998). However, the cysteine proteinases cathepsins B
and L appear to be more important than cathepsin D in the
degradation of Tg (Dunn and Dunn, 1988; Dunn et al.,
1991a, b). 

Our current knowledge on the molecular mechanism
of Tg proteolysis comes almost exclusively from degra-
dation studies using soluble Tg as a substrate. In vitro
studies have shown that proteolysis of Tg for the libera-
tion of thyroid hormones is a complex process that nor-
mally requires synergism among various proteases (Dunn
et al., 1991a, b). It is generally assumed that an endopep-
tidase acts initially on Tg and produces smaller peptides
which contain the hormonogenic sites (Dunn et al., 1996).
Subsequently, such Tg degradation intermediates might
become substrates for exopeptidases which are able to
liberate the thyroid hormones. Cathepsins B and L have

been attributed as endopeptidases which cleave Tg at
various peptide bonds (Figure 2) (McQuillan and Trikojus,
1971; Dunn and Dunn, 1982, 1988; Yoshinari and Taurog,
1985; Dunn et al. 1991a, b). Both enzymes have several
cleavage sites within the Tg molecule, but cleavage by
cathepsins B and L occurs near the N- and C-terminal
portions of Tg (Dunn and Dunn, 1988), i. e. in close vicin-
ity of the preformed thyroid hormones (Figure 2). No such
evidence is available for the cleavage of Tg by cathepsins
H or S, however, the known properties of both cysteine
proteinases would argue for their action as endopepti-
dases (Kirschke and Barrett, 1987; Wiederanders et al.,
1992; Kirschke and Wiederanders, 1994). 

Cathepsin B does not only cleave Tg endoproteolyti-
cally, but it is also potent to act as an exopeptidase on a
20 kDa N-terminal peptide of rabbit Tg thereby releasing
dipeptides T4-Gln, corresponding to residues 5 and 6 of
Tg (Dunn et al., 1996). In a combined action with another
exopeptidase, i. e. thyroid lysosomal dipeptidase I, the
N-terminal T4 might be liberated from the 20 kDa Tg frag-
ment (Dunn et al., 1996). More recently, we showed that
the newly identified thyroid cathepsin K by itself is able to
directly liberate T4 from Tg (Tepel et al., 2000a), indicating
that cathepsin K acts as both, as endo- and exopepti-
dase on Tg. Thus, up to now cathepsin K is unique
among the cysteine proteinases of the thyroid in that it
seems to be the only enzyme able to liberate T4 from Tg
without the aid of any collaborative partner protease. 

Localization of Cysteine Proteinase Activities
within the Thyroid

The thyroidal cysteine proteinases, i. e. cathepsins B, H,
K, L, and S, all belong to the family of papain-like lysoso-
mal enzymes. Therefore, one might assume that their
function is restricted to the compartments of the endo-
cytic pathway of thyroid epithelial cells. Earlier immuno-
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Fig. 3 Porcine Thyroid Cathepsin K.
The structure of the 330 amino acid porcine thyroid cathepsin K
(Tepel et al., 2000a) includes a 16 amino acid signal peptide (pre),
a 99 amino acid propeptide (pro), and a 215 amino acid mature
enzyme with the active site residues Cys-140, His-277, Asn-297,
which are characteristic for papain-like cysteine proteinases.
One potential N-glycosylation site was identified in the proregion
of porcine thyroid cathepsin K at position Asn-104. 

Fig. 4 Co-Localization of Tg and Cysteine Proteinases within the Follicle Lumen.
Concentric rings of Tg depositions are detectable within the follicle lumen (A and B). Central portions of the luminal content are not eas-
ily accessible by antibodies against Tg (B), most probably due to its compaction by covalent cross-linking. In contrast, solubilized Tg in
the outermost portions of the luminal content, i. e. apposed to the apical plasma membrane, is intensely labeled (B), and matched with
the intensitiy of cathepsin K labeling (C), demonstrating that the cysteine proteinase cathepsin K (C, green) is co-localized with its sub-
strate Tg (B, red) within the lumen of thyroid follicles. Cathepsin K is the only enzyme known so far which cleaves Tg as endo- and ex-
opeptidase thereby liberating T4 from its prohormone at the apical plasma membrane of thyroid epithelial cells. Punctate lines indicate
the position of the basal lamina.
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cytochemical studies indeed suggested that the pres-
ence of cathepsins B, H and L is restricted to intracellular
vesicles of epithelial cells of the rat thyroid (Uchiyama et
al., 1989). However, we have shown that various lysoso-
mal enzymes of thyroid epithelial cells, i. e. cathepsins B,
D, K and L, are detectable at extracellular locations, i. e.
within the follicle lumen or in association with the apical
surface of thyroid epithelial cells (Brix et al., 1996; Le-
mansky et al., 1998; Tepel et al., 2000a). Hence, the cys-
teine proteinases are co-localized with their substrate Tg
(Figure 4), and act extracellularly in the processing of the
prohormone (Tepel et al., 2000a). Similarly, numerous
studies on non-thyroidal systems suggest that the func-
tion of lysosomal cysteine proteinases is not restricted to
endosomal or lysosomal protein degradation, rather,
lysosomal cysteine proteinases contribute to the proteol-
ysis of various extracellular protein targets (for reviews
see Sloane et al., 1990; Chapman et al., 1997; Andrews,
2000).

A mandatory prerequisite for such a function of lysoso-
mal enzymes is their stability and their proteolytic activity
at the neutral pH-conditions of extracellular locations.
This, however, has long been questioned because
cathepsin B, as the most prominent example, is believed
to be irreversibly inactivated above pH 7.0 (Barrett and
Kirschke, 1981) with a half-life of approximately 7 min at
pH 7.5 (Mort et al., 1984). In contrast, it was shown that
human liver cathepsin B cleaves extracellular matrix pro-
teins at pH 7.4 (Buck et al., 1992). Furthermore, cathep-
sin B activity was visualized at the plasma membrane of
lung tumor cell lines (Spiess et al., 1994) by an enzyme
cytochemical approach (Smith and van Frank, 1975). By
using this approach, we showed that the lysosomal cys-
teine proteinases cathepsin B and K are proteolytically
active at the surface of thyroid epithelial cells (Brix et al.,
1996; Tepel et al., 2000a) thereby providing thyrocytes
with a pathway of cysteine proteinase-mediated extra-
cellular proteolysis of Tg. 

As molecular mechanism for proteolysis of Tg, a two-
step process was hypothesized with thyroid hormones
being released by selective and limited cleavage preced-
ing non-selective and delayed proteolysis of the protein
backbone (Rousset et al., 1989; Rousset and Mornex,
1991). Experimental evidence for this proposal came
from our studies on the degradation of circulating Tg by
macrophages (Brix and Herzog, 1994) and from the ob-
servation that lysosomal cysteine proteinases function as
prohormone processing enzymes catalyzing the extra-
cellular liberation of T4 (Brix et al., 1996; Tepel et al.,
2000a). From these studies, we concluded that Tg under-
goes limited and extracellular proteolysis leading to the
rapid liberation of T4 prior to its endocytosis and lysoso-
mal breakdown. As these studies were undertaken in
very distinct cellular systems, i. e. thyroid epithelial cells
and macrophages, the results further suggested that the
molecular mechanism of its degradation is directed by Tg
itself.

From their localization and their ability to cleave Tg at

neutral pH, we concluded that lysosomal cysteine pro-
teinases of the thyroid mediate extracellular proteolysis
of soluble Tg (Brix et al., 1996; Tepel et al., 2000a). In the
sera of patients suffering from Graves’ disease, i. e. the
autoimmune morbus Basedow, preoperative levels of T3,
T4, and thyroid stimulating hormone (TSH) have been de-
termined (Shuja et al., 1999). The results demonstrated
that high cathepsin B levels correlated with abnormally
high preoperative serum levels of T3 and T4, and reduced
serum levels of TSH (Shuja et al., 1999). Most important-
ly, the upregulation of cathepsin B and the concomitant
high serum levels of thyroid hormones correlated with an
increased immunostaining for cathepsin B along the 
apical plasma membrane of thyroid epithelial cells of pa-
tients with Graves’ disease (Shuja et al., 1999). This ob-
servation from a pathological situation of hyperthy-
roidism strongly supports our proposal that lysosomal
cysteine proteinases of the normal thyroid are involved in
extracellular Tg proteolysis at the apical surface of thy-
roid epithelial cells.

Transport of Cysteine Proteinases to the Apical
Surface of Thyroid Epithelial Cells Is
Physiologically Meaningful 

In the normal thyroid, cysteine proteinases are clearly not
restricted to the compartments of the endocytic pathway,
i. e. endosomes and lysosomes. Rather, cathepsins B, K
and L were detected at extracellular locations such as the
follicle lumen and at the apical plasma membrane of thy-
roid epithelial cells in a proteolytically active form (Brix et
al., 1996; Tepel et al., 2000a). These observations can
only be explained by the secretion of cysteine proteinas-
es into the follicle lumen and their subsequent reassocia-
tion with the apical plasma membrane of thyrocytes. In
principle, two alternative transport pathways might be
envisioned. The proforms of cysteine proteinases might
become secreted and subsequently processed to the
mature and proteolytically active enzymes extracellularly.
Alternatively, intralysosomal processing and maturation
of cysteine proteinases might be the prerequisite for their
retrograde transport from lysosomes to the apical plasma
membrane and their secretion into the extracellular
space.

Analysis of the transport of another lysosomal en-
zyme, i. e. cathepsin D, indicated that thyroid epithelial
cells have indeed developed a retrograde transport
mechanism to target mature lysosomal enzymes into
vesicles that are transported to the apical plasma mem-
brane (Lemansky et al., 1998). More recently, we have
used fusion proteins consisting of rat cathepsin B
tagged with the green fluorescent protein (GFP) and an-
alyzed the trafficking of the chimeric protein in rat thyroid
epithelial cells (Figure 5). The results indicated that in-
tralysosomal processing to the mature and proteolytical-
ly active cysteine proteinases precedes their secretion
(M. Linke, V. Herzog, K. Brix, unpublished results). Fur-
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thermore, the results of both studies suggest that lyso-
somes in thyroid epithelial cells might be considered as
secretory organelles. Hence, lysosomes in thyroid ep-
ithelial cells resemble those in hematopoietic cells and
osteoclasts in that they all are redirected to the plasma
membrane from where their content is secreted by exo-
cytosis (for a review see Griffiths, 1996). The molecular
machinery necessary for lysosome exocytosis has only
began to become characterized (for a review see An-
drews, 2000). 

The underlying mechanisms of lysosome targeting to
the apical or to the basolateral plasma membrane do-
main of various epithelial cells are important but still un-
resolved. Basolaterally secreted lysosomal enzymes are
often involved in the degradation of ECM constituents,
e. g. during development of epithelial organs or in the
process of tumor metastasis (for reviews see Sloane et
al., 1990; Chen, 1992; Chapman et al., 1997; Mort and
Buttle, 1997; Turk et al., 2000). A non-regulated secretion
of mature lysosomal enzymes at the basolateral plasma
membrane would be deleterious for the integrity of the
thyroid. In clear contrast, a transport of lysosomes to the
apical plasma membrane of thyroid epithelial cells is
physiologically meaningful and less dangerous, because
mature lysosomal enzymes are prevented from escaping
the follicle lumen by the presence of tight junctions. In ad-
dition, the abundance of highly concentrated Tg as a
substrate for secreted cysteine proteinases might hinder
the mature enzymes from degrading constituents of the
apical cell surface. The extracellular lumen of thyroid fol-
licles may therefore be viewed as a protective compart-
ment, and in this regard it resembles the resorptive lacu-
nae of osteoclasts during active bone resorption (Hall
and Chambers, 1996). Future studies are focussed on the
elucidation of the molecular machinery necessary for the
targeting of lysosomes to the apical plasma membrane of
thyroid epithelial cells. 

Possible Regulation of Tg Proteolysis by
Cysteine Proteinase Inhibitors 

Under non-pathological conditions, the proteolytic activ-
ity of cysteine proteinases is balanced by the anti-prote-
olytic activity of their endogenous inhibitors, i. e. cys-
tatins (for reviews see Rawlings and Barrett, 1990;
Abrahamson, 1994). Cysteine proteinase inhibitors (CPI)
of the cystatin superfamily are present in a variety of hu-
man tissues and body fluids. Cystatins of family 1, i. e.
cystatins/stefins A and B, can be excluded as modulators
of extracellularly acting cysteine proteinases, because
they are cytosolic proteins. In contrast, cystatins C-F as
members of the cystatin family 2, and kininogens of fam-
ily 3 are secreted from cells. Therefore, they might have
an important function in the regulation of extracellular
proteolysis mediated by cysteine proteinases. So far, no
published data is available on the expression and local-
ization of cystatins or kininogens in the thyroid. However,
by immunolabeling we have detected cystatins of family
2 within compartments of the secretory route and in as-
sociation with the plasma membrane of thyroid epithelial
cells as well as in the extracellular lumen of the thyroid of
various species (C. Esser, V. Herzog, K. Brix, Bonn, Ger-
many, in collaboration with M. Abrahamson, Lund, Swe-
den, unpublished observations). These observations
suggest a regulatory role of family 2 cystatins in cysteine
proteinase-mediated extracellular proteolysis of Tg. Fu-
ture studies are underway to elucidate the significance of
cystatin expression for the regulation of thyroid function. 

In addition to cystatins, a new class of CPI’s has been
identified by Vito Turk’s group, i. e. the so-called thy-
ropins (for a review see Turk et al., 1999). Equistatin and
saxiphilin as members of this family of low molecular
mass inhibitors of cysteine proteinases were isolated
from such divert organisms as the sea anemone Actinia
equina and the bullfrog, respectively (Lenarcic et al.,
1997, 2000). Both proteins contain repeated domains
which show significant homology to the Tg type-I domain
which is present in several repeats within the internal ho-
mology domain of Tg itself (Mercken et al., 1985; Lenar-
cic et al., 1997). Tg type-I domains are also present in the
41 kDa form of invariant chain, nidogen, insulin-like
growth factor proteins, and chum salmon egg CPI (Lenar-
cic et al., 1997; Guncar et al., 1999; Hitzel et al., 2000). In
vitro, the isolated Tg type-I domains or the entire thy-
ropins have been proven to exhibit an inhibitory potential
against various cysteine proteinases including papain,
and the cathepsins B and L (Lenarcic et al., 1997, 2000;
Guncar et al., 1999; Lenarcic and Turk, 1999; Strukelj et
al., 2000). The selectivity of binding of thyropins to dis-
tinct cysteine proteinases is clearly determined by their
structure (Guncar et al., 1999), and the inhibitory action of
thyropins seems to be favored in an acidic milieu (Lenar-
cic and Turk, 1999). Recently, we have shown that the Tg
type-I domains of invariant chain 41 are exchangeable
with type-IA or –IB repeats of Tg, and that the new con-
structs were still able to inhibit their own degradation by
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Fig. 5 Cathepsin B-GFP Visualizes the Trafficking of Lysoso-
mal Enzymes.
Cathepsin B-GFP chimeras were detected within numerous
vesicles of thyroid epithelial cells (A, green). Immunolabeling of
cathepsin B (B, red) showed that endogenous cathepsin B and
cathepsin B-GFP chimeras were present within identical com-
partments as it is obvious from the abundance of yellow signals
in the merged image (D, yellow), demonstrating that GFP-tag-
ging of cysteine proteinases is a suitable tool to visualize their
transport to lysosomes.
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cathepsin L (Hitzel et al., 2000). The results further sug-
gested that the inhibitory potential of Tg type-I domains
is dependent on the presence of certain cysteine
residues within their sequence (Hitzel et al., 2000).

Thus, thyropins containing Tg type-I domains might
also act as potent CPI’s under in vivo conditions. Indeed,
a model for their contribution to regulation of Tg proteol-
ysis within endosomes and lysosomes of thyroid epithe-
lial cells has been proposed (Molina et al., 1996). This
model is in accordance with the assumption that Tg pro-
teolysis occurs within lysosomes of thyrocytes. Similarly,
from the pH-optima of binding of thyropins to cysteine
proteinases (Lenarcic et al., 1997, 2000; Lenarcic and
Turk, 1999) it would be predicted that thyropins primarily
function in the regulation of cysteine proteinase activities
within acidic compartments, i. e. endosomes and lyso-
somes, rather than regulating cysteine proteinase activi-
ties at neutral pH-conditions, i. e. in the extracellular
space where Tg proteolysis begins. On the contrary, the
structural requirements for exerting their inhibitory poten-
tial (Guncar et al., 1999; Hitzel et al., 2000) might point to
an inhibitory function of thyropins in the more oxidizing
conditions of the extracellular space.

Hence, another pathway of cysteine proteinase regula-
tion by thyropins might be proposed. In undegraded and
intact Tg, the type-I domains are most probably hidden
within the Tg molecule, and would not contribute to the in-
hibition of cysteine proteinases because of their inacces-
sibility. Consequently, a putative regulatory function of
thyropins would begin with their release from Tg during its
degradation. In such a model, cysteine proteinases would
first cleave Tg, thereby releasing thyroid hormones and
degradation fragments of Tg which could contain the
type-I domains in an inhibition competent form. Thyropins
within these degradation fragments of Tg might then bind
to the cysteine proteinases, and as a consequence the
further degradation of Tg would be terminated by their in-
hibitory potential. Although this model provides a very at-
tractive mechanism to explain the limited proteolysis of Tg
mediated by cysteine proteinase within the follicle lumen,
experimental evidence for this proposal is lacking up to
now. Obviously, further studies are needed to clarify the
biological function and significance of thyropins in vivo.

Regulation of Cysteine Proteinases and of Tg
Proteolysis by TSH

Thyroid epithelial cells and their functions are regulated
by the pituitary glycoprotein hormone TSH. It exerts
pleiotropic effects on the thyroid in that it promotes dif-
ferentiation of thyrocytes, mainly by its action on the reg-
ulation of Tg gene expression and secretion of Tg, i. e.
TSH acts on the transcriptional, translational and post-
translational level on Tg synthesis (for a review see Du-
mont et al., 1992). On the molecular level, the stimulatory
action of TSH is induced by its binding to TSH-receptors
at the basolateral plasma membrane domain, and results

in the activation of adenylate cyclase which leads to an
increase in intracellular cyclic AMP levels which might
also trigger increased rates of exocytosis of Tg (Ekholm,
1990). Thus, the so-called long-term effects of TSH, i. e.
stimulation of Tg synthesis and secretion, which are re-
sponsible for a marked increase in luminal Tg are most
probably mediated via cyclic AMP (Chabaud et al., 1988;
Chambard et al., 1990). 

In contrast, the so-called short-term effect of TSH is an
increase of serum levels of T4 indicating that Tg proteoly-
sis is markedly enhanced under conditions of acute TSH
stimulation of the thyroid (for reviews see: Wollman, 1969;
Ekholm, 1990). Up to now, this short-term effect of TSH,
i. e. enhanced T4-release from the thyroid, has been ex-
plained by an upregulation of Tg endocytosis resulting in
enhanced lysosomal degradation (Wollmann, 1989).
However, it has also been described that a stimulation of
thyroid epithelial cells with TSH results in a redistribution
of lysosomes from the basal to the apical pole, a phenom-
enon which has been observed long ago (Seljelid, 1967)
and was confirmed in a later analysis (Uchiyama et al.,
1989). Furthermore, it has been discussed that the stimu-
latory effect of TSH on thyroid epithelial cells involves a
second major intracellular signalling system, i. e. the
phosphatidylinositol cascade, leading to a rise in intracel-
lular Ca2+-levels (Chiovato and Pinchera, 1991; Dumont et
al., 1992). In many cell types, a rise in intracellular free
Ca2+ seems to trigger fusion of lysosomes with the plas-
ma membrane (Andrews, 2000). In the thyroid, it might
therefore be well possible that TSH upregulates intracel-
lular free Ca2+, which in turn might promote fusion of more
apically located lysosomes with the plasma membrane.
This would enhance the potency of thyroid epithelial cells
to degrade Tg by means of extracellular proteolysis. 

Recently, an increase in cathepsin B immunoreactivity
associated with the apical plasma membrane of thyroid
follicle cells has been shown in conditions of Graves’ dis-
ease where thyroid epithelial cells are chronically hyper-
stimulated by autoantibodies against the TSH receptor
(Shuja et al., 1999). Apparently, a correlation exists be-
tween stimulation of thyrocytes and enhanced secretion
of lysosomal enzymes at the apical plasma membrane. 

TSH has also been shown to upregulate the messenger
RNA levels of cathepsin S (Petanceska and Devi, 1992)
and of cathepsin B (Phillips et al., 1989). Although both
studies were undertaken with rat thyroid epithelial cells,
i. e. FRTL-5 cells, the results of TSH regulation of cathep-
sin B mRNA were conflicting in both papers. In rabbit thy-
roids, TSH has been reported to induce a two-fold en-
hancement of cysteine proteinase activities whereas the
effects on aspartic cathepsin D were less well pro-
nounced (Dunn, 1984). Thus, future studies are needed to
analyze the exact distribution of cysteine proteinases un-
der conditions of acute or chronic TSH stimulation, and to
compare the localization of cysteine proteinase activities
with the localization of Tg proteolysis. These studies
might be able to clarify the impact of TSH on cysteine pro-
teinase transport and function in the thyroid.
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Conclusion – The New Concept of Extracellular
Tg Proteolysis

As the action of cysteine proteinases is strictly depend-
ent on reducing conditions, it is also most important to
gain information on the redox conditions within the extra-
cellular follicle lumen of the resting and the stimulated
thyroid. Recently, we have shown that Tg can multimerize
in vitro under mildly oxidizing conditions and that the
CXXC-boxes of Tg might provide the structural basis for
this self-assisted intermolecular cross-linking via disul-
fide bond isomerization (Klein et al., 2000). In addition, it
has been observed that TSH, in a Ca2+-dependent fash-
ion, stimulates the generation of H2O2 at the apical plas-
ma membrane (Ekholm, 1990) which ultimately leads to
more oxidizing conditions within the follicle lumen and
which would further support cross-linking of Tg. 

Hence, we would like to propose that TSH first and
acutely stimulates Tg proteolysis by enhancing the rate of
exocytosis of lysosomes thereby promoting rapid thyroid
hormone liberation, i. e. short-term TSH effects. Later ef-
fects of TSH, i. e. stimulation of H2O2-generation, could
then negatively regulate cysteine proteinase activities
within the now more oxidizing extracellular follicle lumen
and would furthermore support the reformation of cova-
lently cross-linked Tg, i. e. long-term TSH effects. Thus,
cycles of Tg proteolysis and Tg cross-linking might result

in the regulation of the size of the luminal content. Such
cycles of proteolysis, synthesis, and cross-linking of Tg
might also explain the observation that Tg deposits ac-
quire an onion-like multilayered appearance (Berndorfer
et al., 1996; Tepel et al., 2000a). Support for this propos-
al of cycles of Tg proteolysis and depositions (Figure 6)
comes from our very recent observation that such multi-
layered Tg globules are absent from thyroids of cathepsin
B or L-deficient mice (Tepel et al., 2000b) indicating the
importance of thyroid cysteine proteinases in the regula-
tion of Tg deposition and Tg utilization.

Acknowledgements

Work in our laboratory is supported by the Bonner Forum Bio-
medizin, and by grants from the Deutsche Forschungsgemein-
schaft, Sonderforschungsbereich 284, projects B1 (V.H.) and B9
(K.B.).

References

Abrahamson, M. (1994). Cystatins. Methods Enzymol. 244,
685 – 700.

Andrews, N.W. (2000). Regulated secretion of conventional lyso-
somes. Trends Cell Biol. 10, 316 – 321.

Barrett, A.J., and Kirschke, H. (1981). Cathepsin B, Cathepsin H,
and cathepsin L. Methods Enzymol. 80, 535 – 561.

Baudry, N., Lejeune, P.J., Delom, F., Vinet, L., Carayon, P., and
Mallet, B. (1998). Role of multimerized porcine thyroglobulin in
iodine storage. Biochem. Biophys. Res. Commun. 242,
292 – 296.

Berndorfer, U., Wilms, H., and Herzog, V. (1996). Multimerization
of thyroglobulin (TG) during extracellular storage: isolation of
highly cross-linked TG from human thyroids. J. Clin. En-
docrinol. Metab. 81, 1918 – 1926.

Brix, K., and Herzog, V. (1994). Extrathyroidal release of thyroid
hormones from thyroglobulin by J774 mouse macrophages.
J. Clin. Invest. 93, 1388 – 1396.

Brix, K., Lemansky, P., and Herzog, V. (1996). Evidence for ex-
tracellularly acting cathepsins mediating thyroid hormone lib-
eration in thyroid epithelial cells. Endocrinology 137,
1963 – 1974.

Buck, M.R., Karustis, D.G., Day, N.A., Honn, K.V., and Sloane,
B.F. (1992). Degradation of extracellular-matrix proteins by
human cathepsin B from normal and tumour tissues.
Biochem. J. 282, 273 – 278.

Chabaud, O., Chambard, M., Gaudry, N., and Mauchamp, J.
(1988). Thyrotrophin and cyclic AMP regulation of thyroglobu-
lin gene expression in cultured porcine thyroid cells. J. En-
docrinol. 116, 25 – 33.

Chambard, M., Depetris, D., Gruffat, D., Gonzalvez, S.,
Mauchamp, J., and Chabaud, O. (1990). Thyrotrophin regula-
tion of apical and basal exocytosis of thyroglobulin by porcine
thyroid monolayers. J. Mol. Endocrinol. 4, 193 – 199.

Chapman, H.A., Riese, R.J., and Shi, G.P. (1997). Emerging roles
for cysteine proteases in human biology. Annu. Rev. Physiol.
59, 63 – 88.

Chen, W. (1992). Membrane proteases: roles in tissue remodel-
ling and tumor invasion. Curr. Opin. Cell Biol. 4, 802 – 809.

Chiovato, L., and Pinchera, A. (1991). The microsomal/peroxi-
dase antigen: modulation of its expression in thyroid cells. Au-
toimmunity 10, 319 – 331.

Cysteine Proteinases in Epithelia of the Thyroid 723

Fig. 6 Concept of Extracellular Tg Storage and Proteolysis.
The new concept is based on the bidirectional secretion and re-
capture pathway of Tg (blue) which, after exocytosis (a), leads to
the multimerization and compaction of Tg by intermolecular
disulfide bond formation (b), or to the direct endocytosis of solu-
ble Tg (c). Covalently cross-linked Tg can be dissociated and,
together with soluble Tg, be subjected to limited proteolysis
through the action of extracellular cysteine proteinases (d, red).
Hence, cycles of Tg deposition and Tg proteolysis regulate the
size of the luminal content. Extracellular proteolysis of Tg pre-
cedes its endocytosis and results in the liberation of T4 (yellow)
within the lumen of thyroid follicles, indicating the importance of
thyroid cysteine proteinases in the process of rapid utilization of
Tg for the liberation of T4.

Bereitgestellt von | Universitäts- und Landesbibliothek Bonn (Universitäts- und Landesbibliothek Bonn)
Angemeldet | 172.16.1.226

Heruntergeladen am | 13.07.12 14:51



De Duve, C., and Wattiaux, R. (1966). Functions of lysosomes.
Annu. Rev. Physiol. 28, 435 – 492

De Robertis, E. (1941). Proteolytic enzyme activity of colloid ex-
tracted from single follicles of the rat thyroid. Anat. Record 80,
219.

Dumont, J.E., Lamy, F., Roger, P., and Maenhaut, C. (1992).
Physiological and pathological regulation of thyroid cell prolif-
eration and differentiation by thyrotropin and other factors.
Physiol. Rev. 72, 667 – 697.

Dunn, A.D. (1984). Stimulation of thyroidal thiol endopeptidases
by thyrotropin. Endocrinology 114, 375 – 382.

Dunn, A.D., and Dunn, J.T. (1982). Thyroglobulin degradation by
thyroidal proteases: action of thiol endopeptidases in vitro.
Endocrinology 111, 290 – 298.

Dunn, A.D., and Dunn, J.T. (1988). Cysteine proteinases from hu-
man thyroids and their actions on thyroglobulin. Endocrinolo-
gy 123, 1089 – 1097.

Dunn, A.D., Crutchfield, H.E., and Dunn, J.T. (1991a). Proteolytic
processing of thyroglobulin by extracts of thyroid lysosomes.
Endocrinology 128, 3073 – 3080.

Dunn, A.D., Crutchfield, H.E., and Dunn, J.T. (1991b). Thy-
roglobulin processing by thyroidal proteases. Major sites of
cleavage by cathepsins B, D, and L. J. Biol. Chem. 266,
20198 – 20204.

Dunn, A.D., Myers, H.E., and Dunn, J.T. (1996). The combined
action of two thyroidal proteases releases T4 from the domi-
nant hormone-forming site of thyroglobulin. Endocrinology
137, 3279 – 3285.

Ekholm, R. (1990). Biosynthesis of thyroid hormones. Int. Rev.
Cytol. 120, 243 – 288.

Feracci, H., Bernadac, A., Hovsepian, S., Fayet, G., and Maroux,
S. (1981). Aminopeptidase N is a marker for the apical pole of
porcine thyroid epithelial cells in vivo and in culture. Cell Tis-
sue Res. 221, 137 – 146.

Fujita, H. (1988). Functional morphology of the thyroid. Int. Rev.
Cytol. 113, 145 – 185.

Griffiths, G.M. (1996). Secretory lysosomes – a special mecha-
nism of regulated secretion in haemopoietic cells. Trends Cell
Biol. 6, 329 – 332.

Guncar, G., Pungercic, G., Klemencic, I., Turk, V., and Turk, D.
(1999). Crystal structure of MHC class II-associated p41 Ii
fragment bound to cathepsin L reveals the structural basis for
differentiation between cathepsins L and S. EMBO J. 18,
793 – 803.

Hall, T.J., and Chambers, T.J. (1996). Molecular aspects of os-
teoclast function. Inflamm. Res. 45, 1 – 9.

Hayden, L.J., Shagrin, J.M., and Young, J.A. (1970). Micropunc-
ture investigation of the anion content of colloid from single rat
thyroid follicles. A micromethod for the simultaneous determi-
nation of iodide and chloride in nanomole quantities. Pflugers
Arch. 321, 173 – 186.

Herzog, V., Berndorfer, U., and Saber, Y. (1992). Isolation of in-
soluble secretory product from bovine thyroid: extracellular
storage of thyroglobulin in covalently cross-linked form. J.
Cell Biol. 118, 1071 – 1083.

Hitzel, C., Kanzler, H., Konig, A., Kummer, M.P., Brix, K., Herzog,
V., and Koch, N. (2000). Thyroglobulin type-I-like domains in
invariant chain fusion proteins mediate resistance to cathep-
sin L digestion. FEBS Lett. 485, 67 – 70.

Kirschke, H., and Barrett, A.J. (1987). Chemistry of lysosomal
proteases. In: Lysosomes: their role in Protein Breakdown, H.
Glaumann and F.J. Ballard, eds. (London, UK: Academic
Press), pp. 193 – 238.

Kirschke, H., and Wiederanders, B. (1994). Cathepsin S and re-
lated lysosomal endopeptidases. Methods Enzymol. 244,
500 – 511.

Klein, M., Gestmann, I., Berndorfer, U., Schmitz, A., and Herzog,
V. (2000). The thioredoxin boxes of thyroglobulin: possible im-
plications for intermolecular disulfide bond formation in the
follicle lumen. Biol. Chem. 381, 593 – 601.

Kohn, L.D, Saji, M., Kosugi, M., Ban, T., Giuliani, C., Hidaka, A.,
Shimura, H., Shimura, Y., and Okajima, F. (1993). Thyroid dis-
eases: Basic Science, Pathology, Clinical and Laboratory Di-
agnosis, L. Troncone, B. Shapiro, M.A. Satta and F. Monaco,
eds. (Boca Raton, USA: CRC Press), pp. 59 – 118.

Lemansky, P., Brix, K., and Herzog, V. (1998). Iodination of ma-
ture cathepsin D in thyrocytes as an indicator for its transport
to the cell surface. Eur. J. Cell Biol. 76, 53 – 62.

Lenarcic, B., and Turk, V. (1999). Thyroglobulin type-1 domains
in equistatin inhibit both papain-like cysteine proteinases and
cathepsin D. J. Biol. Chem. 274, 563 – 566.

Lenarcic, B., Ritonja, A., Strukelj, B., Turk, B., and Turk, V. (1997).
Equistatin, a new inhibitor of cysteine proteinases from Actinia
equina, is structurally related to thyroglobulin type-1 domain.
J. Biol. Chem. 272, 13899 – 13903.

Lenarcic, B., Krishnan, G., Borukhovich, R., Ruck, B., Turk, V.,
and Moczydlowski, E. (2000). Saxiphilin, a saxitoxin-binding
protein with two thyroglobulin type 1 domains, is an inhibitor
of papain-like cysteine proteinases. J. Biol. Chem. 275,
15572 – 15577.

Malthiery, Y., and Lissitzky, S. (1987). Primary structure of human
thyroglobulin deduced from the sequence of its 8448-base
complementary DNA. Eur. J. Biochem. 165, 491 – 498

McQuillan, M.T., and Trikojus, V.M. (1971). Thyroid acid pro-
teinase. In: Tissue Proteinases. A.J. Barrett and J.T. Dingle,
eds. (Amsterdam, London: North-Holland Publishing Co.), pp.
157 – 166.

Mercken, L., Simons, M.J., Swillens, S., Massaer, M., and Vas-
sart, G. (1985). Primary structure of bovine thyroglobulin de-
duced from the sequence of its 8,431-base complementary
DNA. Nature 316, 647 – 651.

Molina, F., Pau, B., and Granier, C. (1996). The type-1 repeats of
thyroglobulin regulate thyroglobulin degradation and T3, T4
release in thyrocytes. FEBS Lett. 391, 229 – 231.

Mort, J.S., and Buttle, D.J. (1997). Cathepsin B. Int. J. Biochem.
Cell. Biol. 29, 715 – 720.

Mort, J.S., Recklies, A.D., and Poole, A.R. (1984). Extracellular
presence of the lysosomal proteinase cathepsin B in rheuma-
toid synovium and its activity at neutral pH. Arthritis Rheum.
27, 509 – 515.

Nakagawa, H., Endo, Y., and Ohtaki, S. (1981). A new protease in
hog thyroid lysosomes. II. A partial purification and character-
ization of a leupeptin-sensitive protease. Acta Endocrinol.
(Copenh.) 98, 390 – 395.

Petanceska, S., and Devi, L. (1992). Sequence analysis, tissue
distribution, and expression of rat cathepsin S. J. Biol. Chem.
267, 26038 – 26043.

Phillips, I.D., Black, E.G., Sheppard, M.C., and Docherty, K.
(1989). Thyrotrophin, forskolin and ionomycin increase
cathepsin B mRNA concentrations in rat thyroid cells in cul-
ture. J. Mol. Endocrinol. 2, 207 – 212.

Rawlings, N.D., and Barrett, A.J. (1990). Evolution of proteins of
the cystatin superfamily. J. Mol. Evol. 30, 60 – 71.

Rousset, B., Selmi, S., Bornet, H., Bourgeat, P., Rabilloud, R.,
and Munari-Silem, Y. (1989). Thyroid hormone residues are re-
leased from thyroglobulin with only limited alteration of the
thyroglobulin structure. J. Biol. Chem. 264, 12620 – 12626.

Rousset, B., and Mornex, R. (1991). The thyroid hormone secre-
tory pathway-current dogmas and alternative hypotheses.
Mol. Cell Endocrinol. 78, C89 –C93.

Saber-Lichtenberg, Y., Brix, K., Schmitz, A., Heuser, J.E., Wilson,
J.H., Lorand, L., and Herzog, V. (2000). Covalent cross-linking

724 K. Brix et al.

Bereitgestellt von | Universitäts- und Landesbibliothek Bonn (Universitäts- und Landesbibliothek Bonn)
Angemeldet | 172.16.1.226

Heruntergeladen am | 13.07.12 14:51



of secreted bovine thyroglobulin by transglutaminase. FASEB
J. 14, 1005 – 1014.

Seljelid, R. (1967). Endocytosis in thyroid follicle cells. V. On the
redistribution of cytosomes following stimulation with thy-
rotropic hormone. J. Ultrastruct. Res. 18, 479 – 488.

Shuja, S., Cai, J., Iacobuzio-Donahue, C., Zacks, J., Beazley,
R.M., Kasznica, J.M., O’Hara, C. J., Heimann, R., and Mur-
nane, M. J. (1999). Cathepsin B activity and protein levels in
thyroid carcinoma, Graves’ disease, and multinodular goiters.
Thyroid 9, 569 – 577.

Sloane, B.F., Moin, K., Krepela, E., and Rozhin, J. (1990).
Cathepsin B and its endogenous inhibitors: the role in tumor
malignancy. Cancer Metastasis Rev. 9, 333 – 352.

Smeds, S. (1972). A microgel electrophoretic analysis of the col-
loid proteins in single rat thyroid follicles. II. The protein con-
centration of the colloid single rat thyroid follicles. Endocrinol-
ogy 91, 1300 – 1306.

Smith, R.E., and van Frank, R.M. (1975). The use of amino acid
derivates of 4-methoxy-ß-naphtylamine for the assay and
subcellular localization of tissue proteinases. In: Lysosomes in
biology and pathology, Vol. 4, J.T. Dingle and R.T. Dean, eds.
(Amsterdam, The Netherlands: North-Holland Publ.), pp.
193 – 249.

Soderstrom, M., Salminen, H., Glumoff, V., Kirschke, H., Aro, H.,
and Vuorio, E. (1999). Cathepsin expression during skeletal
development. Biochim. Biophys. Acta 1446, 35 – 46.

Spiess, E., Bruning, A., Gack, S., Ulbricht, B., Spring, H., Trefz,
G., and Ebert, W. (1994). Cathepsin B activity in human lung
tumor cell lines: ultrastructural localization, pH sensitivity, and
inhibitor status at the cellular level. J. Histochem. Cytochem.
42, 917 – 929.

Strukelj, B., Lenarcic, B., Gruden, K., Pungercar, J., Rogelj, B.,
Turk, V., Bosch, D., and Jongsma, M. A. (2000). Equistatin, a
protease inhibitor from the sea anemone Actinia equina, is
composed of three structural and functional domains.
Biochem. Biophys. Res. Commun. 269, 732 – 736.

Tepel, C., Bromme, D., Herzog, V., and Brix, K. (2000a). Cathep-
sin K in thyroid epithelial cells: sequence, localization and
possible function in extracellular proteolysis of thyroglobulin.
J. Cell. Sci. 113, 4487 – 4498.

Tepel, C., Deussing, J., Reinheckel, T., Saftig, P., von Figura, K.,
Peters, C., Herzog, V., and Brix, K. (2000b). Cathepsin-defi-
cient mice show aberrations in thyroid morphology and phys-
iology. Mol. Biol. Cell 11 (Suppl.), 323a.

Turk, D., Guncar, G., and Turk, V. (1999). The p41 fragment story.
IUBMB Life 48, 7 – 12.

Turk, B., Turk, D., and Turk, V. (2000). Lysosomal cysteine pro-
teases: more than scavengers. Biochim. Biophys. Acta 1477,
98 – 111.

Uchiyama, Y., Watanabe, T., Watanabe, M., Ishii, Y., Matsuba, H.,
Waguri, S., and Kominami, E. (1989). Immunocytochemical lo-
calization of cathepsins B, H, L, and T4 in follicular cells of rat
thyroid gland. J. Histochem. Cytochem. 37, 691 – 696.

Wiederanders, B., Bromme, D., Kirschke, H., von Figura, K.,
Schmidt, B., and Peters, C. (1992). Phylogenetic conservation
of cysteine proteinases. Cloning and expression of a cDNA
coding for human cathepsin S. J. Biol. Chem. 267,
13708 – 13713.

Wollman, S.H. (1969). Secretion of thyroid hormones. In: Lyso-
somes, Vol. 2, J. D. Dingle and H. B. Fell, eds. (Amsterdam,
The Netherlands: North-Holland Publ.), pp. 483 – 512. 

Wollman, S.H. (1989). Turnover of plasma membrane in thyroid
epithelium and review of evidence for the role of micropinocy-
tosis. Eur. J. Cell Biol. 50, 247 – 256.

Yoshinari, M., and Taurog, A. (1985). Lysosomal digestion of thy-
roglobulin: role of cathepsin D and thiol proteases. En-
docrinology 117, 1621 – 1631.

Zurzolo, C., Le Bivic, A., Quaroni, A., Nitsch, L., and Rodriguez-
Boulan, E. (1992). Modulation of transcytotic and direct tar-
geting pathways in a polarized thyroid cell line. EMBO J. 11,
2337 – 2344.

Cysteine Proteinases in Epithelia of the Thyroid 725

Bereitgestellt von | Universitäts- und Landesbibliothek Bonn (Universitäts- und Landesbibliothek Bonn)
Angemeldet | 172.16.1.226

Heruntergeladen am | 13.07.12 14:51


