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Extracellular cysteine cathepsins are known to drive
cancer progression, but besides degradation of extra-
cellular matrix proteins little is known about their phys-
iological substrates and thus the molecular mechanisms
they deploy. One of the major mechanisms used by
other extracellular proteases to facilitate cancer pro-
gression is proteolytic release of the extracellular do-
mains of transmembrane proteins or ectodomain shed-
ding. Here we show using a mass spectrometry-based
approach that cathepsins L and S act as sheddases and
cleave extracellular domains of CAM adhesion proteins
and transmembrane receptors from the surface of can-
cer cells. In cathepsin S-deficient mouse pancreatic
cancers, processing of these cathepsin substrates is
highly reduced, pointing to an essential role of cathep-
sins in extracellular shedding. In addition to influencing
cell migration and invasion, shedding of surface pro-
teins by extracellular cathepsins impacts intracellular
signaling as demonstrated for regulation of Ras GTPase
activity, thereby providing a putative mechanistic link
between extracellular cathepsin activity and cancer pro-
gression. The MS data is available via Proteome-
Xchange with identifier PXD002192. Molecular & Cellu-
lar Proteomics 14: 10.1074/mcp.M114.044628, 2213–2228,
2015.

Cysteine cathepsins, a family of cysteine proteases nor-
mally confined to the endolysosomal system, emerged as
major players in cancer progression (1–3). Genetic ablation of
several cathepsins, including cathepsins B, L, and S, signifi-
cantly slowed down cancer growth and metastatic spread in
several mouse cancer models including mammary gland tu-
mors and pancreatic islet cancer (3–6). Moreover, inhibition of
cathepsins by broad-spectrum small molecule inhibitors sig-
nificantly delayed cancer progression in vivo, consistent with
cathepsin knockout data (7, 8). Such inhibition was also
shown to significantly sensitize mammary gland tumors to
standard chemotherapeutics including paclitaxel (9). Similarly,
inhibition of cathepsin L secretion by expression of a recom-
binant anti-cathepsin L single chain variable fragment com-
pletely abolished melanoma invasion in vivo (10), whereas
inhibition of extracellular cathepsin S by specific antibodies or
by the recombinant propeptide significantly reduced cancer
cell invasion and angiogenesis (11, 12). In addition, a signifi-
cant synergistic effect on angiogenesis inhibition was ob-
served when cathepsin S therapy was combined with anti-
VEGF therapy (11). Collectively, these examples suggest that
cathepsins may present valid therapeutic targets for cancer
treatment.

In cancer, cathepsins S and L are secreted into the tumor
microenvironment by tumor cells, fibroblasts, endothelial
cells, and infiltrating immune cells (13). Among the immune
cells, macrophages are a major source of tumor-associated
cathepsins (14). Secreted cathepsins were found to be in-
volved in several processes that contribute to carcinogenesis,
including extracellular matrix (ECM)1 degradation, activation
of proteases such as urokinase-type plasminogen activator
(uPA) and matrix metalloproteinases (MMPs), and in E-cad-
herin cleavage (2). However, this evidence comes predomi-
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nantly from in vitro studies and little is known about the in vivo
substrates of these enzymes. Identification of the substrates
of secreted cathepsins is therefore key to understanding their
biological functions in cancer (15).

Membrane-anchored proteins, including receptors, growth
factors, cytokines, and adhesion proteins, have a major role in
cancer progression. A general mechanism for their functional
regulation is the release of their extracellular domains through
limited proteolysis, also known as ectodomain shedding (16–
18). Most of the proteases involved in ectodomain shedding
are members of the two zinc-dependent protease families,
matrix metalloproteases (MMPs) and disintegrin-type metalo-
proteases (ADAMs), among which the best known is ADAM17
(reviewed in (19, 20)).

Here we show that extracellular cathepsins can act as
sheddases and release protein ectodomains from the surface
of cancer cells. Among the identified substrates are cell ad-
hesion proteins and membrane receptors. We confirmed ca-
thepsin-mediated shedding of these substrates in cell based
models as well as in vivo in a mouse model of pancreatic
cancer. Collectively, this work has identified possible molec-
ular mechanisms by which cysteine cathepsins may regulate
cancer progression.

EXPERIMENTAL PROCEDURES

Cathepsins—Human cathepsin B was expressed in E. coli and
purified as described in (21). Human cathepsins S and L were ex-
pressed in the methylotrophic yeast P. pastoris and purified as de-
scribed in (22).

Cell Culture—Cancer cell lines MDA-MB-231, MCF-7, PANC-1,
HT-144, and T98-G were grown to confluence in Dulbecco’s modified
Eagles media supplemented with 10% fetal bovine serum (FBS), 1%
glutamine and penicillin/streptomycin (Lonza, Verviers, Belgium).
U937 cells were grown in RPMI (Roswell Park Memorial Institute,
Buffalo, NY) media supplemented with 10% FBS, 1% glutamine and
1% penicillin/streptomycin (Lonza). U937 cells were plated in a 12-
well culture plate (7 � 105 cells per well) and differentiated into
macrophages with 30 nM phorbol 12-myristate 13-acetate (PMA)
(Sigma, St. Louis, MO) for 48 h, followed by 24 h of recovery without
PMA in the completed RPMI media. For a coculture experiment, 1.4 �
106 of detached MDA-MB-231 cells were resuspended in PBS buffer
(Lonza) (pH 6.0, 0.5 mM dithiothreitol (DTT) (Fluka Biochemica)) and
plated in 12-well cell culture dish containing differentiated U937 cells
(0.7 � 106 cells per well).

Cell Treatment with Recombinant Cathepsins—Cells were de-
tached using an enzyme-free cell dissociation solution (Millipore,
Darmstadt, Germany). Per condition, thirty million cells were incu-
bated in parallel in 500 �l of PBS (Lonza) (pH 6.0, containing 0.5 mM

DTT (Fluka Biochemica, Steinheim, Germany)), with human recombi-
nant cathepsin L, S, or B (1 �M and 0.2 �M) or with E-64-inhibited
cathepsin (1 �M cathepsin L, S, or B incubated in PBS containing 20
�M broad spectrum cysteine cathepsin inhibitor E-64 (Peptide Insti-
tute, Osaka, Japan) for 1 h at 37 °C) serving as a negative control for
1 h at 37 °C, followed by collection of the supernatant (sample was
centrifuged for 5 min at 500 � g, supernatant was removed and
centrifuged again for 5 min at full speed). Residual cathepsin activity
was blocked by the addition of E-64 to each sample (20 �M final
concentration). In the microscopy experiments, MDA-MB-231 cells
were first grown to confluence, thereby establishing contacts with
neighboring cells, in contrast to most other experiments herein that

were performed on detached cells. Similar protease concentrations
were used in vitro in recent degradomic studies to identify putative
substrates of various matrix metalloproteases, caspase-3, and aspar-
tic cathepsins D and E (23–26).

Mass Spectrometry Sample Preparation—The obtained protein su-
pernatants were separated on a 12.5% SDS-PAGE gel (Lonza). The
gel was stained with Comassie Brilliant Blue and each protein lane
was cut into six bands (six samples), which were destained using
destaining solution (25 mM NH4HCO3 (Fluka Biochemica), 50% ace-
tonitrile (JT Baker, Deventer, The Netherlands)). The gel pieces were
washed with acetonitrile and vacuum dried before rehydrating the gel
pieces in reducing solution (10 mM DTT (Fluka Biochemica), 25 mM

NH4HCO3) followed by an incubation at 56 °C for 45 min before
exchanging to an alkylating solution (55 mM iodoacetamide (Amer-
sham Biosciences, Little Chalfont, UK), 25 mM NH4HCO3). The reac-
tion was allowed to proceed in the dark for 30 min before washing the
gel pieces with 25 mM NH4HCO3 using intense vortexing. Afterward,
the gel pieces were washed with acetonitrile and vacuum dried before
rehydrating in 80 �l of trypsinization buffer (25 mM NH4HCO3) con-
taining 1 �g of sequencing-grade modified porcine trypsin (Promega,
Madison, WI) per sample. The gel pieces were allowed to rehydrate
on ice for 15 min before adding more trypsinization buffer to cover the
gel pieces completely. Trypsin was then left to digest overnight at
37 °C. Next day, the trypsin solution was collected and remaining
peptides were extracted from the gel pieces using extraction solution
(50% acetonitrile, 5% formic acid (JT Baker)). Trypsin solution was
added to extraction solution and concentrated by vacuum drying to a
final volume of about 20 �l.

Analysis by Nano LC-MS/MS—Liquid chromatography tandem MS
(LC-MS/MS) analyses were performed with an EASY-nanoLC II HPLC
unit (Thermo Scientific, San Jose, CA) coupled to an Orbitrap LTQ
Velos mass spectrometer (Thermo Scientific). The peptide sample
was first loaded on a C18 trapping column (Proxeon EASY-Col-
umnTM, 2 cm (length), 100 �m internal diameter, 5 �m 120Å, C18-A1
beads) and then separated on a 10 cm long C18 PicoFritTM AQUASIL
analytical column, (75 �m internal diameter, 5 �m 100 Å, C18 beads)
(New Objective, Woburn, MA) using forward flushing. Peptides were
eluted with a 90 min linear gradient of 5–50% solvent B (0.1% formic
acid in acetonitrile) at a flow rate of 300 nl/min. MS spectra were
acquired in the Orbitrap analyzer with a mass range of 300–2000 m/z
and 30,000 resolution. MS/MS spectra were obtained by higher-
energy collision dissociation fragmentation (normalized collision en-
ergy at 35) of the nine most intense precursor ions from the full MS
scan. Dynamic exclusion was enabled with repeat count of 2 and
120 s exclusion time.

Data Analysis—The database search and quantification by spectral
counting were performed using the MaxQuant proteomics software
(version 2.0.18), with imbedded Andromeda search engine (27, 28).
Search was performed against the human IPI protein database v.385
(89,952 sequences, 36,291,020 residues), using the trypsin cleavage
specificity with maximum two missed cleavages. Carbamidomethy-
lation of cysteines was set as static, whereas methionine oxidation
and N-terminal acetylation were set as dynamic modifications. Pre-
cursor and fragment mass tolerances were set at 6 and 20 ppm.
Reversed database search was performed and false discovery rate
(FDR), was set at 1% for peptide and protein identifications. In Max-
Quant, identified peptides are assigned to protein groups rather than
proteins and groups with at least two identified peptides were con-
sidered as positive identifications. Relative quantification of identified
proteins was performed by spectral counting of their razor and unique
peptides. This approach is known to reliably detect differences in
protein abundance if at least a twofold difference in spectral count is
observed (29). To minimize the number of false positives especially in
the case of proteins with lower spectral counts (5–10 counts per
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protein), only proteins with at least threefold spectral count change
were considered to have significantly altered abundance (30). Protein
spectral count ratios (SCRs) were computed by the division of spec-
tral counts in cathepsin treated sample with spectral counts in neg-
ative control (sample treated with inhibited cathepsin). Spectral
counts of all proteins identified in compared data sets were increased
by 1 in order to avoid division by zero. Gene Ontology analysis was
performed by g:Profiler web interface (31).

Flow Cytometry—MDA-MB-231 cells were grown to confluence
and detached with enzyme-free cell dissociation solution (Milipore). A
total of 7.2 million cells per parallel were incubated in 120 �l PBS
(Lonza) (pH 6.0, with 0.5 mM DTT (Fluka Biochemica)), with added
human recombinant cathepsin L (0.2 or 1 �M) or inhibited cathepsin (1
�M cathepsin 1 h preincubated with 20 �M E-64 (Peptide Institute)) as
a negative control. After 1 h of incubation at 37 °C the cells were
washed with PBS. Annexin V-PE and PI were used to determine the
phosphatidylserine exposure and the loss of membrane integrity ac-
cording to the manufacturer’s instructions (BD PharmigenTM, Erem-
bodegem, Belgium). Analysis was made with a FACSCalibur flow
cytometer (Becton Dickinson) and the CellQuest software.

Western Blotting—The supernatants used in the sample prepara-
tion for mass spectrometry were also analyzed on 12% SDS-PAGE
gels followed by immunoblotting. For the detection of the shed pro-
teins in the supernatant, antibodies against neuropilin 1 (R&D Sys-
tems, Minneapolis, MN) (sheep polyclonal, dilution 1:500), transferrin
receptor protein 1 (R&D Systems, goat polyclonal, dilution 1:500),
CD44 (R&D Systems, mouse monoclonal, dilution 1:500), ALCAM
(R&D Systems, goat polyclonal, dilution 1:500), L1CAM (R&D Sys-
tems, goat polyclonal, dilution 1:500), plexin B2 (R&D Systems, sheep
polyclonal, dilution 1:200), MUC18 (R&D Systems, goat polyclonal,
dilution 1:500), and ephrin type A receptor 2 (Novus Biologicals,
Abingdon, UK) (rabbit polyclonal, dilution 1:5000) were used. Cathe-
psins B and S in the RIP1-Tag2 tumors were detected by antibodies
against cathepsin B (R&D Systems, goat polyclonal, dilution 1:2000)
and cathepsin S (R&D Systems, goat polyclonal, dilution 1:500). K-ras
was detected using sheep polyclonal antibodies (R&D Systems, dilu-
tion 1:200). Secondary antibodies were used at 1:5000 dilutions and
ECL kit was used for detection (GE Healthcare).

Cathepsin Activity Assay—The cleavage of the fluorogenic sub-
strate Z-Phe-Arg-AMC (Bachem, Bubendorf, Switzerland) was used
to determine cathepsin activity in the coculture supernatants. Fifty
microliters of each sample were mixed in a 96-well plate with buffer
(100 mM phosphate buffer, 1 mM EDTA, 1 mM dithiothreitol, and 0.1%
(w/v) polyethyleneglycol, pH 6.0) to the final volume of 90 �l. After 15
min incubation at 37 °C, substrate was added to a final concentration
of 10 �M and its hydrolysis continuously measured in a 96-well plate
reader (Tecan Safire, Mannedorf, Switzerland) at excitation and emis-
sion wavelengths of 370 and 460 nm, respectively. In an additional
experiment, the active concentration of the cathepsins in the super-
natants was determined by active site titration with E-64 (32, 33). For
activity probe labeling, differentiated U937 cells (7 � 105 cells per
well) and MDA-MB-231 cells (1.4 � 106 cells per well) were grown
separately and in a coculture on a 12-well culture plate. Cells were
incubated for 2 h at 37 °C in PBS buffer (Lonza) (pH 6.0, 0.5 mM DTT
(Fluka Biochemica)) in the presence of 10 �M DCG-04 probe. After the
incubation, the PBS buffer was collected and centrifuged for 5 min at
500 � g and 30 min at maximum speed. The supernatant was then
used for immunological detection of biotinylated cathepsins.

Substrate Shedding in a Cell Coculture—MDA-MB-231 and differ-
entiated U937 cells were plated in a coculture as described in the cell
culture section. After 2 h incubation at 37 °C, the PBS buffer was
collected and centrifuged once for 5 min at 500 � g and once for 5
min at the maximum speed. The buffer was then used for imunode-
tection of the shed ectodomains by Western blotting. As a negative

control, differentiated U937 and MDA-MB-231 cells were pretreated
with E-64 (25 �M) (Peptide Institute), GM6001 (10 �M) (Calbiochem,
San Diego, CA) or batimastat (10 �M) (Tocris Bioscience, Bristol, UK).
Cells were pretreated with inhibitor for 2 h before the coculturing and
same inhibitor concentration was also present during the coculture
Additionally, differentiated U937 and MDA-MB-231 cells were also
incubated with PBS buffer (Lonza) for 2 h (pH 6.0, 0.5 mM DTT (Fluka
Biochemica)) in the presence and absence of 50 �M E-64, 10 �M

GM6001, and batimastat.
The cathepsin activity in the coculture and macrophage superna-

tant was monitored as described in the Cathepsin activity assay.
Migration Assay—MDA-MB-231 cells were grown to confluence

followed by starvation in FBS-free media for 48 h with 1% nutridoma
(Roche, Basel, Switzerland) added. Cells were subsequently de-
tached with a cell dissociation solution. A total of 4.2 � 104 cells per
experimental setup were incubated in 100 �l of PBS buffer (Lonza)
(pH 6.0 or 7.4, with 0.5 mM DTT (Fluka Biochemica)) with cathepsin B,
S, or L (0.2 �M and 0.02 �M) or inhibited cathepsins (0.2 �M cathepsin,
1 h preincubated with 20 �M E-64 (Peptide Institute)) as a negative
control. After 10 min at 37 °C the buffer with cathepsin was removed
and the cells were put into a 24-well cell culture insert (BD Falcon Cell
culture inserts, 8 �m pore size) to assay migration. 10% FBS (Lonza)
was used as chemoattractant. Cells that migrated through the pores
of the insert were counted after 40 h. To check whether the difference
between the samples’ arithmetic means were statistically significant,
we used a homoscedastic (two samples with equal variance) St-
udent’s t-test with two-tailed distribution. If the probability associated
with the Student’s t-test (p value) was lower than 0.05, the sample
was considered statistically significantly different from the control and
was marked with an asterisk (*). The same statistical approach was
applied also for the invasion assay below.

Invasion Assay—MDA-MB-231 cells were grown to confluence,
followed by starvation in the FBS-free medium containing 1% nu-
tridoma (Roche) for 48 h. The cells were detached with a cell disso-
ciation solution. A total of 4.2 � 104 cells per experimental condition
was incubated in 100 �l of PBS buffer (Lonza) (pH 6.0 or 7.4, with 0.5
mM DTT (Fluka Biochemica)) with cathepsin B, S, or L (0.2 �M and
0.02 �M) or inhibited cathepsin (0.2 �M cathepsin B, S, or L pre-
incubated with 20 �M E-64 (Peptide Institute) for 1 h) as a negative
control. After 10 min at 37 °C the buffer was removed and the cells
were put into a 24-well cell culture insert with an 8 �m pore size
polycarbonate membrane coated with ECMatrixTM (Milipore QCMTM

cell invasion assay). Ten percent FBS (Lonza) was used as a che-
moattractant. The invaded cells that migrated through the ECM layer
were dissociated from the membrane and detected by CyQuant GR®

dye using a fluorescence plate reader.
RIP1-Tag2 Soluble Tumor Extracts—Tumors were prepared from

wild-type, cathepsin B-deficient and cathepsin S- deficient RIP1-
Tag2 mice as described previously (4). Three wild-type tumors (28
mm3, 33 mm3, and 65 mm3) and three tumors from each cathepsin
knockout mouse (1.2 mm3, 4.2 mm3, and 6.5 mm3, respectively, from
cathepsin B-deficient mice, and 1.2 mm3, 1.8 mm3, and 2.4 mm3,
respectively, from cathepsin S-deficient mice) were used in the study,
each originating from a different mouse. In agreement with previous
results, tumors from cathepsin-deficient mice were considerably
smaller than wild-type tumors (4). Samples were weighed and dounce
homogenized on ice in an ice-cold PBS buffer (Lonza) containing 0.5
mM EDTA (Serva). The buffer volume was adjusted according to the
tumor mass (700 �l buffer per 1 mg tumor mass). The homogenate
was centrifuged at 4 °C for 30 min at the maximum speed. The
supernatant was used for the immuno-detection of substrate ectodo-
mains by Western blotting. Actin was used as a loading control.

Light Microscopy—MDA-MB-231 cells were grown to confluence
in a 24-well plate. They were washed twice with PBS. In each well the
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PBS was then replaced with 500 �l PBS (pH 7.4) with 0.5 mM DTT and
active cathepsin B, L, or S at the final concentration of 1 �M. No
cathepsins were added to the control wells. The cells were observed
under the light microscope (Olympus IX81, 100� magnification). The
pictures were taken immediately after addition of the cathepsins (t �
0), 3 (t � 3 min), and 10 min (t � 10 min) after the incubation.

Ras GTPase Activity Assay—MDA-MB-231 cells were grown to
confluence in Dulbecco’s modified Eagles media. They were de-
tached with enzyme-free cell dissociation solution (Milipore). Cells
(30,000 cells per setup) were incubated in 300 �l PBS (Lonza) (pH 6.0,
with 0.5 mM DTT (Fluka Biochemica)), with added human recombinant
cathepsin L or S (0.05 �M) or inhibited cathepsin (0.05 �M cathepsin
1 h preincubated with 20 �M E-64 (Peptide Institute)) as a negative
control. After 1 h of incubation at 37 °C whole-cell extracts were
prepared and 100 �g of total protein was used for ELISA-based
chemiluminescence assay according to manufacturer’s instructions
(Active Motif, La Hulpe, Belgium). Briefly, Ras proteins were bound to
GST-Raf-RBD and loaded into glutathione coated 96-well plate. Im-
mobilized Ras proteins were labeled with Ras antibody (specific
against human H-Ras and K-Ras) and quantified by chemilumines-
cence measurement (Tecan Infinite M1000 Pro). The experiment was
performed using three biological replicates.

Whole Cell Lysates—MDA-MB-231 and MCF-7 cells were grown to
confluence, detached with enzyme-free cell dissociation solution (Mil-
lipore) and washed with PBS. 1 � 106 cells were lysed in 100 �l 1%
SDS in PBS buffer. The whole cell lysates were analyzed on 12%
SDS-PAGE gels followed by immunoblotting.

RESULTS

Cathepsins S and L Shed Several Membrane-anchored Pro-
teins from the Cell Surface In Vitro—In order to identify puta-
tive cathepsin substrates on the surface of tumor cells we
initially treated intact breast cancer cells MDA-MB-231 cells
with recombinant cathepsins L, S, and B. Cells were treated in
multiple biological replicates (three for cathepsins L and S and
two for cathepsin B) and E-64 inhibited cathepsins were used
as negative controls. Cathepsin treatment did not affect cell
viability (� 95%; (supplemental Fig. S1). Next, mass spec-
trometry and spectral counting were used to identify and
assign protein fragments released into the cellular superna-
tant, thereby reflecting differences in protein abundance (34)
(supplemental Table S3). The majority of identified proteins
(�90%) were abundant intracellular proteins, which were not
further considered as their abundance did not change signif-
icantly compared with the negative control (Fig. 1A). Such
intracellular proteins largely originate from cancer cells that
are known to secrete significant amounts of intracellular pro-
teins. A recently reported secretome analysis of MDA-MB-231
cells thus showed that after 24 h intracellular proteins repre-
sent as much as 55% of all proteins present in the medium
(35). In addition, intracellular proteins in the medium partially
resulted from the small portion of damaged cells (� 5% total;
see supplemental Fig. S1). Because of the short incubation
time (1 h), these proteins were enriched in the medium as
compared with the secreted proteins. However, the proteins
that reproducibly showed at least a threefold increase in their
SCR in the presence of active cathepsins were considered for
further analysis. In the case of cathepsins L and S, over one

third of these proteins were cell surface membrane proteins.
Mass spectrometry analysis identified nine putative extracel-
lular membrane substrates of cathepsin L and 11 substrates
of cathepsin S, which were found in all three biological repli-
cates (Fig. 1A). Moreover, data comparison showed that
cathepsins L and S shed the same group of 13 proteins (Fig.
1B) and that four of cathepsin L substrates and two of ca-
thepsin S substrates were not observed in one out of three
biological replicates (supplemental Table S1). Furthermore, all
identified peptides were located in the extracellular portion of
these molecules, which confirms that cleavages occurred on
the surface of the intact cells (supplemental Fig. S2).

Among the identified substrates, there were several mem-
bers of the immunoglobulin superfamily of cell adhesion mol-
ecules (CAMs) and several receptors. Although all the identi-
fied proteins were cleaved by cathepsins S and L, only
neuropilin 1 was cleaved by cathepsin B. In the control ex-
periment in the presence of the selective cysteine protease
inhibitor E-64, processing was essentially abolished, indicat-
ing that cathepsins were responsible for the processing. Im-
munological detection of 8 selected substrate candidates (out
of 13 identified) showed that cathepsins L and S, but not B,
processed these proteins at one or more specific sites in a
similar fashion, thereby generating stable protein fragments of
the sizes that correlated well with the complete extracellular
parts of the identified substrates (Fig. 1B and 1C), suggesting
that cathepsins indeed shed these proteins from the cell
surface. The same set of substrates was also identified using
attached MDA-MB-231 cells, however, the yields of shed
proteins were generally much lower and therefore this ap-
proach was not further pursued (data not shown). We next
evaluated cathepsins L and S as potential sheddases in a
number of other cancer cell lines, including the melano-
ma (HT-144), glioblastoma (T98-G), pancreatic carcinoma
(PANC-1), and breast adenocarcinoma (MCF-7) cell lines. As
shown in Fig. 2, both cathepsins S and L also acted as
sheddases on these cell lines, indicating that cathepsin-me-
diated shedding is not limited to a single cancer cell line.
Moreover, the majority of substrates identified in the MDA-
MB-231 cell line was also identified in the other cell lines
tested, suggesting that the process of cathepsin-mediated
shedding is well-conserved.

However, in other cell lines, additional substrates were
identified, including other members of the neuropilin, ephrin
receptor, and CAM families, accounting for 45 putative mem-
brane substrates in total in the five cell lines tested (supple-
mental Table S2, supplemental Table S4). Among these, 32
are transmembrane proteins, three are GPI-anchored pro-
teins, and the remaining 10 proteins are present on the cell
surface as components of the ECM (Fig. 3A). The majority of
identified substrates were not previously reported to be
cleaved by cathepsins. However, several of the identified
ECM components were previously shown to be cathepsin
substrates (fibronectin, laminin, tenascin, collagen, nidogen,
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and perlecan (1, 36, 37)), validating our approach as a means
to study cathepsin-mediated substrate shedding. A number
of the identified substrates share a high degree of similarity
and closely related family members of substrates were iden-
tified in different cell lines (neuropilin 2, ephrin type B re-

ceptor 4). In addition, protein domain annotation using the
InterPro database (38) showed that 60% of the shed pro-
teins have immunoglobulin, EGF, and/or concavalin A lec-
tin-like folds (Fig. 3B), suggesting that cathepsins may have
a preference to shed distinct and structurally related groups

FIG. 1. Identification of cell surface substrates of cysteine cathepsins. A, Intact MDA-MB-231 cells were treated with active or
E-64-inhibited cathepsins L, S, or B. The pie charts for the cathepsin L, S, and B treatment show the ratios between the proteins with
unchanged abundance (0.3 � SCR � 3), proteins with decreased abundance (SCR � 0.3) and proteins with increased abundance (spectral
count ratio � 3) upon cathepsin treatment. Proteins with SCR � 3 were further subdivided according to their subcellular localization
(membrane, cytoplasmic, or nuclear). B, List of potential cathepsin substrates that display plasma membrane localization with at least threefold
increased spectral counts in the cathepsin-treated samples. For each substrate, the number of identified peptides and the theoretical mass
of its ectodomain are shown. C, Intact cells were treated with active cathepsins L, S, or B or E-64-inhibited cathepsins as negative controls.
Shed protein domains of ALCAM, CD44, ephrin type A receptor 2, L1CAM, MUC18, neuropilin 1, plexin B2, and transferrin receptor protein
1 were detected by immunoblotting the supernatant of cells.
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of proteins from the cell surface. A functional analysis of the
identified targets using Gene Ontology annotation showed
enrichment for proteins involved in cell adhesion, migration,
morphogenesis, and receptor signaling. In the molecular
function category, semaphorin receptor activity showed the
most prominent enrichment (Fig. 3C), suggesting that ca-

thepsin-mediated shedding plays an important role in these
processes.

Cathepsins Secreted by Macrophages Induce Ectodomain
Shedding—We next tested whether cathepsins secreted from
macrophages, which are the main source of extracellular
cathepsins in the tumor microenvironment (14, 39, 40), can

FIG. 2. Identification of shed membrane proteins in PANC-1, HT-144, T98-G, and MCF-7 cells and their immunological detection.
Intact cells were treated with active cathepsins L, S, or B or E-64-inhibited cathepsins as negative controls. For each cell line, proteomic data
and immunological detection of selected targets is shown. A, Three substrates identified using the MDA-MB-231 cell line were detected in the
PANC-1 cell line, five in the HT-144 cell line, seven in the T98-G cell line and three in the MCF-7 cell line. Shedding of related receptor families
was also observed in some cell lines (neuropilins 1 and 2, ephrin receptors A2 and B4), indicating cathepsin cleavage preference toward
functionally related proteins. B, PANC-1 cells. Shed protein domains of ephrin type A receptor 2 and plexin B2 were detected by immunobloting
using the culture media of treated cells. C, HT-144 cells. Shed protein domains of ALCAM, ephrin receptor, neuropilin, and plexin B2 were
detected by immunobloting using the culture media of treated cells. In this cell line, neuropilin 2 and ephrin type B receptor 4, which are close
homologs of neuropilin 1 and ephrin type A receptor 2, were identified by mass spectrometry. D, T98-G cells. Shed protein domains of ALCAM,
L1CAM, MUC18 and plexin B2 were detected by immunobloting in the culture media. The same group of proteins was detected by mass
spectrometry. ALCAM was identified only in one proteomic experiment, hinting to its lower abundance. E, MCF-7 cells. ALCAM, L1CAM, and
plexin B2 were detected by immunobloting in the culture media.

FIG. 3. Structural and functional annotation of membrane substrates identified in all tested cell lines. A, Substrates were divided
according to their attachment to the membrane surface. The majority of them are classical transmembrane proteins whereas only three of them
are attached to the membrane using a GPI anchor. Components of the extracellular matrix (ECM) are secreted from the cell. B, Structural
diversity of the identified substrates. About 60% of the cathepsin substrates have immunoglobulin, concavalin A or EGF-like fold, or a
combination of the three folds. Only 40% of them displayed a different domain architecture. C, Functional enrichment of the identified
membrane substrates determined by Gene Ontology. Highly enriched biological processes (BP) and molecular functions (MF) are listed
according to their p value.
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induce shedding of the same membrane-anchored proteins
from tumor cells. We therefore used a well-established cellu-
lar model of macrophage-differentiated U937 cells, and per-
formed coculture experiments with MDA-MB-231 breast
cancer cells. Cathepsin activity measurements verified
macrophages as the main source of extracellular cathepsin
activity in coculture both by hydrolysis of a small general
cathepsin substrate Z-Phe-Arg-AMC (Fig. 4A) and by the
broad spectrum cathepsin activity-based probe DCG-04 (41)
(Fig. 4B). Moreover, by active site titration we found out that
the concentration of secreted cysteine cathepsins in macro-
phage secretome was �65 nM (supplemental Fig. S3). Be-
cause a much higher cell density was used in the same
reaction volume in the initial in vitro experiments (�45-fold
higher), this further suggests that 1 �M cathepsin concentra-
tion, which was applied in these experiments, was a good
estimate. In addition, cathepsins are known to reach millimo-
lar concentrations in the lysosomal compartments of cancer
cells and macrophages (42) and their secretion in the tumor
microenvironment was reported to be highly localized (43),
which further implies that cathepsin concentrations in the low
micromolar range can be expected in the specific regions of
the tumor microenvironment.

Next, we evaluated substrate shedding in the culture me-
dium by Western blot. Three of the identified substrates,
ALCAM, neuropilin 1, and plexin B2, were shed into the me-
dium only when cells were grown in coculture, suggesting that
macrophage-secreted cathepsins are responsible for the
shedding (Fig. 4C). This was confirmed by the addition of
E-64, which significantly reduced the release of their ectodo-
mains. Moreover, the broad-spectrum metalloprotease inhib-
itors GM6001 and batimastat did not prevent shedding (sup-
plemental Fig. S4), indicating that cysteine cathepsins are
required for the shedding of these proteins.

Cathepsins are Involved in Ectodomain Processing of
Several Substrates In Vivo—The in vivo relevance of substrate
shedding by cathepsins was evaluated in the tumor microen-
vironment in a murine pancreatic islet cancer model (RIP1-
Tag2) (44). Initially, we found evidence of ectodomain proc-
essing in the soluble extracts of RIP1-Tag2 tumors from
wild-type mice for three proteins; neuropilin 1, ALCAM, and
CD44. Processing of other targets identified from the cell-
based screen was not found, possibly reflecting the difference
between the situation in vitro and in vivo, as well as between
human and mouse. Next, a comparison was made with tu-
mors from RIP1-Tag2 mice with deletion of cathepsins B or S
(supplemental Fig. S5), which in this model significantly im-
paired tumor invasion, with effects also observed on tumor
growth, cell proliferation, tumor formation, and angiogenesis
(4). The genetic loss of cathepsin S expression largely abol-
ished the processing of ALCAM and CD44, whereas process-
ing of neuropilin 1 was diminished. In the cathepsin B knock-
outs, however, a much smaller effect on ectodomain
processing was observed, in agreement with its generally

poor shedding efficiency observed in in vitro experiments (Fig.
4D). Addition of high concentration of E-64 (20 �M) in the
buffer before homogenization of RIP1-Tag2 tumors did not
affect the observed cleavage pattern, indicating that the
cathepsins eventually released during preparation of tumor
extracts were not involved in the processing (supplemental
Fig. S6). These results further suggest that cysteine cathep-
sins, in particular cathepsin S, are responsible for processing
of a subset of membrane proteins in vivo and that in some
cases, they cannot be substituted by other proteases, such as
metalloproteases. Interestingly, ALCAM, CD44, and neuropi-
lin 1 were not identified among the substrates, which were in
vitro shed from the human pancreatic carcinoma cell line
PANC1 (supplemental Table S2). This is likely because of the
different origin of the two cell types as the PANC1 cell line is
derived from the pancreatic ductal carcinoma, whereas RIP1-
Tag2 tumors are formed in the islets of Langerhans.

Cathepsin Treatment Increases Migration and Invasion Rate
of Cancer Cells—As there were a number of CAM molecules
among the identified cathepsin targets, which have a major
role in cell adhesion and establishment of cell–cell contacts
(45), we next investigated whether their shedding influenced
cell migration and invasion capabilities. We first evaluated
whether cathepsins can disrupt cell–cell contacts and influ-
ence cell surface attachment using MDA-MB-231 cells grown
to confluence. Following exposure to exogenously added
cathepsins S, L, and B, an extremely rapid rounding and
detachment of the cells was observed upon cathepsin S
treatment even at neutral pH. Cathepsin L was slightly less
potent, possibly because of its lower stability under these
conditions (46), whereas cathepsin B was the least efficient
(Fig. 5A).This supported the idea that cell–cell contacts are
lost at least in part because of cathepsin-mediated shedding
of CAM proteins.

The rapid detachment of cells further suggests that such
individual cells could have higher migration properties that
could facilitate metastatic spread. At slightly acidic pH, cathe-
psins S and L statistically significantly increased the migration
potential of tumor cells compared with the negative control at
both concentrations tested, whereas cathepsin B increased
the migration potential of the cells to a smaller extent and only
at a higher concentration (Fig. 5B). At neutral pH, only cathep-
sin S increased cell mobility (Fig. 5C), in agreement with the
high stability and activity of this enzyme under these condi-
tions (47).

Because elevated cell migration could be linked to in-
creased metastatic dissemination, we next investigated the
effects of cathepsins L, S, and B on invasion in cell-based
assays. All three cathepsins statistically significantly in-
creased the invasion of MDA-MD-231 cells compared with
the untreated cells. Cathepsin S was the most potent, fol-
lowed by cathepsins L and B (Fig. 5D).

Extracellular Cathepsins Decrease the Activity of Intracellu-
lar Ras GTPases—Finally, we evaluated whether shedding
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affected intracellular signaling pathways that are known to
have an important role in cancer signaling. One such pathway
is the Ras signaling pathway, which is known to affect a large

variety of cancer-related processes and which is regulated by
several receptors identified as cathepsin substrates. Among
these are plexins and their coreceptors neuropilins, which

FIG. 4. Cathepsins mediate shedding in macrophage/tumor cell cocultures and in solid tumors in vivo. A, Cathepsin activity in the cell
culture medium was based on continuous monitoring the turnover of the fluorogenic substrate Z-Phe-Arg-AMC. Error bars show standard
deviations based on duplicate values for each data set. B, Activity-based profiling of cathepsin activity in the cell culture medium using the
fluorescent broad spectrum cathepsin activity-based probe DCG-04. C, Immunoblot analysis of shedding of ALCAM, neuropilin 1 and plexin
B2 in the culture media of the coculture of U937 cells differentiated into macrophages and MDA-MB-231 cells. No shedding was detected in
individual cell lines or in inhibitor-treated cells (typical result from three biological replicates is shown). D, Shedding of ALCAM, CD44 and
neuropilin 1 in soluble RIP1-Tag2 tumor extracts. Actin was used as a loading control.
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have a vital role in the semaphorin signaling pathway (48).
Here, semaphorin binding activates the cytosolic GTPase-
activating (GAP) domain of plexins, which in turn inactivates
signaling proteins from the Ras GTPase family (49, 50). Be-
cause genetic removal of the extracellular domain of plexins
results in their constitutive activation (51), we evaluated
whether proteolytic removal of this domain would have a
similar effect. In addition, EGFR is another receptor known to
strongly influence Ras activity (52), and ablation of EGFR
activity was shown to strongly decrease K-Ras activity in
pancreatic ductal adenocarcinoma (53). To test whether ex-
tracellular cathepsins can influence intracellular Ras activity
through such receptor shedding we used MDA-MB-231 cells
that were found to express high levels of receptors (plexin A1,
plexin B2, EGFR, and neuropilin), and MCF-7 cells, which
express these at substantially lower levels (e.g. plexin B2 was
the only semaphorin receptor identified in the shed fraction of

MCF-7 cells by mass spectrometry). Interestingly, levels of
K-Ras, the downstream target in this receptor signaling, were
higher in MCF-7 cells than in MDA-MB-231 cells (Fig. 6A).
Shedding of plexin B2 by cathepsins S and L was compared
between the two cell lines and a much higher amount of plexin
B2 was shed from MDA-MB-231 as compared with MCF-7
cells (Fig. 6B), consistent with the difference in the expression
levels of the proteins. Receptor shedding by cathepsins was
therefore expected to either largely suppress the Ras activity
(MDA-MB-231 cells) or to have a more moderate effect
(MCF-7 cells). We focused on K-Ras and H-Ras, which are
known for their role in cancer (54), using a selective ELISA-
based chemiluminescence assay. A major suppression of
K-Ras and H-Ras activity was observed in the MDA-MB-231
cells, essentially reaching the basal level as observed in the
presence of GDP, which is known to abolish signaling, whereas
only a marginal effect was observed in MCF-7 cells, thereby

FIG. 5. Cysteine cathepsin shedding promotes migration and invasion of MDA-MB-231 cells. A, Detachment of MDA-MB-231 cells by
cathepsins B, L, and S. Cells were monitored under the light microscope and pictures were taken immediately after adding PBS (t � 0), after
3 min and after10 min of incubation with active cathepsins (t � 3 min or t � 10 min). B, Migration of cathepsin-treated MDA-MB-231 cells
through the PET membrane after cathepsin treatment (10 min at pH 6.0). After 40 h, the cells that had migrated through the membrane were
counted in a counting chamber. *p � 0.05, compared with the control setup in the absence of cathepsins. C, Migration of cathepsin-treated
MDA-MB-231 cells through the PET membrane after cathepsin treatment at pH 7.4. *p � 0.05, compared with the control setup in the absence
of cathepsins. Error bars show the standard deviations based on triplicate values of each data set. D, Invasion of cathepsin treated
MDA-MB-231 cells into the EC matrix at pH 6.0. After 6 h the cells that had invaded the matrix were quantified by the CyQuant GR dye using
a plate reader. *p � 0.05, compared with the control setup in the absence of cathepsins. Error bars show the standard deviations based on
triplicate values of each dataset.

FIG. 6. Cathepsin treatment abrogates Ras GTPase activity in MDA-MB-231, but not in MCF-7 cells. A, Immunological detection of
plexin B2 and K-ras in the whole cell lysates of MDA-MB-231 and MCF-7 cells. B, Immunological detection of plexin B2 in the supernatant of
MDA-MB-231 and MCF-7 cells, after treatment with cathepsins L or S. Presence of plexin B2 is barely detectable in MCF-7 cells, which is
consistent with the proteomic data. C, Ras GTPase activity (H-Ras and K-Ras) in cell lysates after treatment with cathepsins L and S. In control
experiment cell lysates were incubated with GDP, which inhibits the GTPase activity. A major decrease in Ras GTPase activity was observed
(53% with cathepsin L, 71% with cathepsin S, 65% with GDP) in MDA-MB-231, but not in MCF-7 cells (� 20%).
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demonstrating an important role of cathepsin-mediated plexin
shedding in the regulation of Ras activity in cancer (Fig. 6C).

DISCUSSION

Although cysteine cathepsins are established promoters of
tumor growth and cancer invasion, little is known about their
molecular mechanisms of action. In order to get better in-
sights into these mechanisms, we applied proteomics for the
identification of extracellular substrates. Cysteine cathepsins
L and S were found to shed a distinct group of membrane
proteins from the cell surface, and the majority of these pro-
teins are known mediators of cancer progression and are
involved in regulation of cell adhesion and signaling. Their
shedding could explain many tumorigenic processes related
to extracellular cathepsin activity such as angiogenesis, inva-
sion, and metastasis formation (55).

Among the substrates identified in the MDA-MB-231 cell
line, ALCAM, MUC18, L1CAM, and nectin-like protein 5 are
members of the immunoglobulin superfamily of CAM proteins.
They influence cell migration, motility, and invasion either by
direct cell–cell adhesion or through intracellular signaling (re-
viewed in (56–59). CAM proteins are not the only regulators of
cell migration among the identified substrates. CD44 is an
important regulator of cell binding to the ECM, because its
major ligand hyaluronan (HA) is one of the most abundant
components of extracellular matrix (60). Plexin A1, plexin B2,
and neuropilin 1 are involved in the regulation of semaphorin
signaling. Neuropilin 1 was originally discovered as an adhe-
sion molecule, but it also interacts with plexins in order to
mediate semaphorin signaling (61). Although B type plexins
interact with semaphorins directly, A type plexins strictly need
neuropilin 1 as a coreceptor for this interaction. This pathway
regulates angiogenesis, cell migration, and other signaling
pathways within the tumor microenvironment (48, 62). A sec-
ond larger group of identified substrates were proteins pri-
marily involved in cell signaling, including EGFR, ephrin type A
receptor 2, and the decay accelerating factor (CD55). EGFR is
a well-known oncogene involved in a variety of cancer pro-
cesses such as tumor cell motility, adhesion, angiogenesis,
proliferation, and metastasis (63, 64), and antibodies against
EGFR have already been approved for colorectal cancer treat-
ment (65). Another promising new therapeutic target is the
ephrin receptor family. Up-regulation of their activity signifi-
cantly decreases migration and invasion of many types of
cancer cells and tumor growth in mouse cancer models (re-
viewed in (66)). Inactivation of the ephrin receptor activity by
proteolytic processing could therefore enhance oncogenic
signaling pathways. Finally, CD55 is the major inhibitor of the
complement system. It is broadly expressed in malignant
tumors, where it promotes tumorigenesis by decreasing com-
plement-mediated tumor cell lysis. This protein can also pro-
mote invasion and metastasis formation through activation of
the tyrosine kinase pathway (67). Several additional cathepsin
substrates were identified in other cell lines, the most com-

mon being ECM components and components of the base-
ment membrane (supplemental Table S2). One example is
perlecan, a ubiquitous pro-angiogenic proteoglycan here
found to be shed by cathepsins L and S in all tested nonbreast
cancer cell lines.

Some of the substrates identified here have already been
reported as substrates of metalloproteases, including ADAM
17, which was found to shed ectodomains of CD44, ALCAM,
L1CAM, and MUC18 (reviewed in (68)). This shedding influ-
ences cell migration and invasion. In a similar manner, met-
alloproteases have been proposed to shed transferrin recep-
tor protein 1 and EGFR although it remains unclear which
metalloproteases are involved (69, 70). However, our cocul-
ture experiments in the presence of the broad-spectrum met-
alloprotease inhibitors GM6001 and batimastat, and the in
vivo results from the cathepsin S-deficient RIP1-Tag2 tumors
suggest that cathepsins are indispensable for the shedding of
at least some of these substrates. This further suggests that
cathepsins could have been involved in the generation of the
soluble forms of ALCAM, CD44, and EGFR, which were de-
tected in the serum of cancer patients and in mouse cancer
models, with increased serum levels found to correlate with
poor prognosis (71, 72), thereby having a potential as cathep-
sin-dependent biomarkers. Moreover, several of the identified
substrates, plexin A1, ephrin type A receptor 2, nectin-like
protein 5, and E-NPP 1, were not yet reported to be proteo-
lytically shed. It can be therefore suggested that cathepsins
influence cellular processes in a unique way.

One of the major signaling pathways affected through ca-
thepsin-mediated protein shedding seems to be semaphorin
signaling. Semaphorin binding to plexins leads to the activa-
tion of the latter and facilitates their interaction with either
guanine nucleotide exchange factors (GEFs) or GTPase acti-
vating proteins (GAPs) (73), thereby critically regulating the
activity of Ras proteins and, indirectly, their downstream tar-
gets Raf and ERK (74). Plexin activation thus leads to inacti-
vation of Ras GTPases, as demonstrated for plexin B1, which
was found to inactivate R-Ras and M-Ras (49, 75). However,
interaction of plexins with other Ras GTPases such as K-Ras,
H-Ras, and N-Ras, which have major roles in cancer (76), has
not been established as yet. Because genetic ablation of the
semaphorin binding domain or the whole extracellular plexin
domain leads to constitutive activation of plexin A1 (51), it can
be suggested that cathepsin-mediated removal of the plex-
ins’ extracellular domain(s) also results in constitutive plexin
activation and thereby sustained inactivation of Ras-
GTPases as observed for the K-Ras and H-Ras activity in
MDA-MB-231 cells (Fig. 6). EGFR, here identified as a ca-
thepsin substrate, is another receptor involved in Ras sig-
naling as its activation is known to lead to Ras activation.
Ablation of its activity decreased the activity of K-Ras in
pancreatic ductal adenocarcinoma (53), consistent with the
idea that cathepsin-mediated shedding of EGFR would ad-
ditionally impair Ras activation. However, this is a very
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FIG. 7. Molecular mechanism of extracellular cathepsin involvement in tumorigenesis. A, Normal tissue. Plexins are inactive and only
semaphorin ligand binding can trigger their GAP activity. EGFR can increase Ras activity upon ligand stimulation. Cell–cell contacts formed
by CAM proteins are intact, as well as extracellular matrix. Cysteine cathepsins are mainly localized within the endo/lysosomal compartments.
B, Tumor microenvironment. Infiltrated immune cells and tumor cells secrete cathepsins, which cleave receptor ectodomains. Plexin cytosolic
GAP activity is constitutively activated and inactivates Ras proteins. Simultaneously, removal of the EGFR ectodomain inactivates the receptor,
which loses capability of Ras activation. Shedding of CAM proteins and degradation ECM destroys cell–cell contacts and increases migration
and invasion of cancer cells.
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complex process and the role of individual receptor shed-
ding remains to be elucidated.

Based on these findings, we propose a model for how
cathepsins that are secreted into the tumor microenvironment
by various cell types could promote cancer progression at the
molecular level (Fig. 7). Secreted cathepsins could originate
from various cell types including cancer cells and tumor as-
sociated macrophages (TAMs) (1). Once in the extracellular
milieu, these cathepsins, in addition to degrading ECM, shed
a number of CAMs, thereby destroying cell–cell contacts and
increasing cell mobility. Such detached tumor cells can easily
enter the circulation and thus contribute to metastasis spread.
In addition, the cathepsins might have partially a tumor sup-
pressing role as demonstrated by the inactivation of small Ras
GTPases through the disruption of semaphorin or EGFR sig-
naling. However, cancer cells use numerous mechanisms to
circumvent the organism’s immune system, including numer-
ous mutations in the critical regulatory genes such as Ras,
resulting in inability of the organism to remove the tumor. This
leads to a further recruitment of inflammatory cells to the
tumor system and sustained inflammation, partially through
the cathepsin-mediated chemokine processing (77), which
then promotes tumorigenesis. Increased macrophage infiltra-
tion is often observed at the invasive front of tumors (78),
which suggests that TAMs could directly promote tumor in-
vasion, in agreement with our idea. However, this is still a
simplified model and does not fully explain the complex role(s)
of cathepsins in tumor progression. It is namely very likely that
cathepsins do not affect tumorigenesis through a single path-
way or by shedding of a single substrate but rather through a
combination of multiple pathways, which in vivo is likely tis-
sue- and cancer type-specific.

In summary, this study provides novel insights into the
molecular pathways that govern the processes of tumorigen-
esis. Here we show that cathepsins can shed ectodomains
of a group of membrane proteins involved in cancer pro-
gression, thereby providing a link between extracellular
cathepsins and their regulation of cancer cell migration and
invasion. Moreover, cathepsins were found to be indispen-
sable for the processing of some of the substrates in vivo in
a pancreatic islet mouse tumor model. Finally, through
shedding of substrates, cathepsins were found to regulate
intracellular signaling as demonstrated for the regulation of
Ras protein activity.

Acknowledgments—We thank M. Prebanda and D. Caglič (Jožef
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