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The role of cathepsin X in cell signaling
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Cathepsin X is a lysosomal cysteine protease, found predomi-
nantly in cells of monocyte/macrophage lineage. It acts as a
monocarboxypepidase and has a strict positional and narrower
substrate specificity relative to the other human cathepsins. In
our recent studies we identified—f, subunit of integrin recep-
tors and o and y enolase as possible substrates for cathepsin X
carboxypeptidase activity. In both cases cathepsin X is capable to
cleave regulatory motifs at C-terminus affecting the function of
targeted molecules. We demonstrated that via activation of f3, inte-
grin receptor Mac-1 (CD11b/CD18) active cathepsin X enhances
adhesion of monocytes/macrophages to fibrinogen and regulates
the phagocytosis. By activation of Mac-1 receptor cathepsin X may
regulate also the maturation of dendritic cells, a process, which is
crucial in the initiation of adaptive immunity. Cathepsin X activates
also the other {3, integrin receptor, LFA-1 (CD11a/CD18) which
is involved in the proliferation of T lymphocytes. By modulating
the activity of LFA-1 cathepsin X causes cytoskeletal rearrange-
ments and morphological changes of T lymphocytes enhancing
ameboid-like migration in 2-D and 3-D barriers and increasing
homotypic aggregation. The cleavage of C-terminal amino acids of
a and ¥ enolase by cathepsin X abolishes their neurotrophic activity
affecting neuronal cell survival and neuritogenesis.

Proteases comprise a group of enzymes that catalyse the cleavage of
a peptide bond in a polypeptide chain by nucleophilic attack on the
carbonyl carbon. The proteases are either exopeptidases cleaving one
or a few amino acids at the N- or C-terminus of polypeptide chain or
endopeptidases that cleave the peptide bond internally. According to
the catalytic mechanism the endopeptidases are divided into aspartic,
cysteine, serine, threonine and metallo endoproteases—see MEROPS
database.! To date, 561 genes encoding for proteases have been iden-
tified in human genome. Among them 148 genes encode for cysteine
proteases including a group of eleven lysosomal cysteine proteases
(members of C1 family) also called cathepsins. They exhibit different
expression patterns, levels and specificities, all of which contribute to
their differential physiological roles. Some of them, like cathepsins
B, H, L and C are ubiquitously present in tissues, whereas others

(cathepsins S, V, X, O, K, F and W) are expressed by specific cell
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types. Cysteine cathepsins were long believed to be responsible for
the terminal protein degradation in the lysosomes, however, this view
has changed dramatically when they have been found to be involved
in a number of important cellular processes and pathologies.>>

In contrast to other cathepsins, cathepsin X was discovered only

45 67 and activity properties®? show

recently. Its gene,*” structure
several unique features that distinguish it clearly from other human
cysteine proteases. It has a very short pro-region” and a three residue
insertion motif which forms a characteristic “mini loop.”® Cathepsin
X exhibits carboxypeptidase activity® and, in contrast to cathepsin
B, the other carboxypeptidase, it does not act as an endopeptidase.
Contrary to the first reports,% cathepsin X is not widely expressed in
cells and tissues, but is restricted to the cells of the immune system,
predominantly monocytes, macrophages and dendritic cells.!® Higher
levels of cathepsin X were also found in tumor and immune cells of
prostate!! 12

mucosa, especially after infection by Helicobacter pylori.'3 Recently it

and gastric'* carcinomas and in macrophages of gastric
was shown that cathepsin X is abundantly expressed in mouse brain
cells, in particular glial cells. Its upregulation was also detected in the
brains of patients with Alzheimer disease.!4

The involvement of cathepsin X in signal transduction is implied
by the integrin-binding motifs, present in its pro-form (RGD:
Arg-Gly-Asp) and mature form (ECD: Glu-Cys-Asp).*> Moreover,
cathepsin X binds cell surface heparan sulfate proteoglycans!> which
are also involved in integrin regulation. A strong co-localization of
pro-cathepsin X with f3; integrin subunit was demonstrated in our
study in pro-monocytic U-937 cells.!® Further, it was reported that
the pro-form of cathepsin X interacts with o 85 integrin through the
RGD motif in lamellipodia of human umbilical vein endothelial cells
(HUVECs).!” However, we showed that the active form of cathepsin
X co-localized predominantly with {3, integrin subunit in various
cells of monocytes/macrophage lineage. Active cathepsin X was
shown to regulate 3, integrin-dependent adhesion, phagocytosis and
T lymphocyte activation by interaction with macrophage antigen-1
(CD11b/CD18, Mac-1). We showed that inhibitors and monoclonal
antibodies, capable to impair cathepsin X enzymatic activity, reduced
the binding of differentiated U-937 cells to fibrinogen and poly-
styrene surface in a dose dependent manner. The co-localization of
active cathepsin X with f8, integrin chain was particularly enhanced
in interactions of monocyte/macrophages with endothelial and
tumor cells.

Besides in monocytes and macrophages the active cathepsin X
plays a role in 3, integrin activation also in dendritic cells (DC),
which are crucial for effective antigen presentation and initiation of
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T cell dependent immune response. Maturation of dendritic cells is
accompanied by a range of morphological and cytoskeleton structure
changes. In response to maturation stimuli in vitro, DCs rapidly
adhere, develop polarity and assemble actin rich structures at the
leading edge, known as podosomes.!® The adhesion of immature
DCs to the extracellular matrix, is accompanied by recruitment of
Mac-1 integrin receptor, which can be activated by cathepsin X. We
have shown that, during maturation, cathepsin X translocates to the
plasma membrane of maturing DCs, enabling Mac-1 activation and,
consequently, cell adhesion.!” In mature DCs cathepsin X redistrib-
utes from the membrane to the perinuclear region, which coincides
with the de-adhesion of DCs, formation of cell clusters and acquisi-
tion of the mature phenotype. Again, the inhibition of cathepsin
X activity during DC differentiation and maturation reduced the
capacity of DCs to stimulate T lymphocytes.

B, integrin receptors are important also in T lymphocyte func-
tions, such as migration and invasion across the endothelium and
tissues. Lymphocyte function-associated antigen-1 (CD11a/CD18,
LFA-1), the predominant f, integrin receptor in T lymphocytes
enables cell-cell interactions and homotypic aggregation via LFA-1-
ICAM-1 (intracellular adhesion molecule-1) interactions. LFA-1 can
act also as a true signaling receptor, causing F-actin reorganization
that leads to cytoskeletal changes of the cell?
a spherical to a polarized shape.?! Although the concentration of

and a switch from

cathepsin X in T lymphocytes is lower compared to monocytes and
macrophages, we showed that it interacts with LFA-1 promoting
cytoskeleton-dependent morphological changes and migration across
2D and 3D models of ICAM-1 and Matrigel.?23 Its co-localization
with LFA-1 was particularly evident at the trailing edge protrusion,
the uropod, which plays an important role in T lymphocyte migra-
tion and cell-cell interactions (Fig. 1). Uropodal active cathepsin
X cleaves C-terminal amino acids of § chain in LFA-1 promoting
its high affinity conformation and the binding of the cytoskeletal
protein talin. This interaction stabilizes the uropod and promotes its
elongation (Jevnikar, et al. submitted).

We demonstrated that uropods of cathepsin X upregulated
T lymphocytes elongate to extreme length and form cell-to-cell
connections, the nanotubes (Obermajer, et al. in press). Membrane
(or tunneling) nanotubes were recently found as a new principle of
cell-to-cell communication enabling transmission of complex and
specific messages to distant cells through a physically connected
network. Calcium fluxes, vesicles and cell-surface components can
all traffic between cells connected by nanotubes. In immune system
nanotubes integrate communities of cells for a better coordination of
their action in various stages of immune response. We showed that
nanotubes of cathepsin X upregulated T lymphocytes could readily
transfer cellular organelles such as mitochondria and lysosomes and
proposed that nanotube mediated transfer makes possible T lympho-
cyte activation without the need for direct contact with antigen
presenting cells.

The exact mechanism of cathepsin X translocation towards
plasma membrane and degradation of C-terminal amino acids of
B chain remains unclear. In lysosomes cathepsin X can be found as
a pro- and active form. After cell activation cathepsin X containing
16 25 observed
also for some other lysosomal proteases.* During this process it
is possible that pro-cathepsin X is activated by the other cysteine

vesicles translocate towards the plasma membrane,
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Figure 1. Activation of LFA-T integrin receptor by cathepsin X at the uropod
of T lymphocyte promotes cytoskeleton-dependent morphological changes
and cell migration.30
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Figure 2. Cathepsin X activates LFA-1 by sequential cleavage of Cerminal
amino acids of B, integrin subunit.

protease cathepsin L, as shown already in vitro.® Both proteases were
strongly co-localized with (3, integrin chain at plasma membrane of
activated monocytes/macrophages and at uropodes of T lymphocytes.
Simultaneous co-localization with the lysosomal markers demon-
strates that at least the initial translocation of cathepsin X towards
cytoplasmic tail of B, integrin chain is vesicular. The interaction of
cathepsin X with f3, integrin subunit was confirmed by immunopre-
cipitation and FRET.?? According to in vitro experiments we propose
that cathepsin X cleaves sequentially C-terminal aminoacids F766,
A767 E768 and 7% of B, integrin subunit (Fig. 2) until reaching
proline in penultimate position, confirming previous observation
that the proline in S2 position leads to resistance to cathepsin X
proteolysis.?> Also, our results are in agreement with the previously
mentioned monocarboxypeptidase activity of cathepsin X.2%27 Since
the signaling to and from the integrins is mainly regulated by the
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short cytoplasmic tail of B, subunit,® cathepsin X mediated f,
integrin truncation leads to regulation of the receptor signaling. The
interaction of cytoplasmic tail with different cytoskeletal and regula-
tory proteins, such as talin, filamin, radixin and a-actinin is crucial
for signal transduction and modulation of cytoskeleton.?’

Besides B3, integrin chain we recently identified isozymes o and
Y enolases as another molecular target for cathepsin X carboxypep-
tidase activity (Obermajer, et al. submitted). We demonstrated that
cathepsin X sequentially cleaves C-terminal amino acids of both
isozymes, abolishing their neurotrophic activity. On this way the
neuronal cell survival and neuritogenesis can be regulated. Inhibition
of cathepsin X activity increases the generation of plasmin, essential
for neuronal differentiation and changes the length distribution of
neurites, especially in the early phase of neurite outgrowth. Moreover,
cathepsin X inhibition increases neuronal survival and reduces serum
deprivation induced apoptosis, particularly in the absence of nerve
growth factor.
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