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Abstract Endolysosomal cysteine cathepsins functionally
cooperate. Cathepsin B (Ctsb) and L (Ctsl) double-knockout
mice die 4 weeks after birth accompanied by (autophago-)
lysosomal accumulations within neurons. Such accumu-
lations are also observed in mouse embryonic fibroblasts
(MEFs) deficient for Ctsb and Ctsl. Previous studies showed
a strong impact of Ctsl on the MEF secretome. Here we
show that Ctsb alone has only a mild influence on extracellu-
lar proteome composition. Protease cleavage sites dependent
on Ctsb were identified by terminal amine isotopic labeling
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of substrates (TAILS), revealing a prominent yet mostly
indirect impact on the extracellular proteolytic cleavages. To
investigate the cooperation of Ctsb and Ctsl, we performed
a quantitative secretome comparison of wild-type MEFs
and Ctsb™~ CtslI”’~ MEFs. Deletion of both cathepsins led
to drastic alterations in secretome composition, highlighting
cooperative functionality. While many protein levels were
decreased, immunodetection corroborated increased levels
of matrix metalloproteinase (MMP)-2. Re-expression of Ctsl
rescues MMP-2 abundance. Ctsl and to a much lesser extent
Ctsb are able to degrade MMP-2 at acidic and neutral pH.
Addition of active MMP-2 to the MEF secretome degrades
proteins whose levels were also decreased by Ctsb and Ctsl
double deficiency. These results suggest a degradative Ctsl—
MMP-2 axis, resulting in increased MMP-2 levels upon
cathepsin deficiency with subsequent degradation of secreted
proteins such as collagen a-1 (I).

Keywords Cathepsin L - Cathepsin B - MMP-2 -
Proteomics - TAILS - Proteolysis

Abbreviations

ADAMTS A disintegrin and metalloproteinase with
thrombospondin motifs

BM Basement membrane

BSA Bovine serum albumin

CCM Cell-conditioned media

Ctsb Cathepsin B

Ctsd Cathepsin D

Ctsl Cathepsin L

Ctsz Cathepsin Z

DMEM Dulbecco’s modified Eagle's medium
DTT Dithiothreitol

E64d (2S, 3S)-trans-epoxysuccinyl-

L-leucylamido-3-methylbutane ethyl ester
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ECM Extracellular matrix

EDTA Ethylene diamine tetraacetic acid

FACS Fluorescence-assisted cell sorting

Fc Fold change

GFP Green fluorescent protein

GO Gene ontology

HPLC High-performance liquid chromatography

IGF Insulin-like growth factor

IGFBP Insulin-like growth factor-binding protein

IRES Internal ribosomal entry site

Lamp Lysosome-associated membrane
glycoprotein

LC-MS/MS Liquid chromatography tandem mass
spectrometry

LDH Lactate dehydrogenase

LEF Lymphocyte enhancer factor

MEF Mouse embryonic fibroblast

MMP Matrix metalloprotease

MS Mass spectrometry

NCAM Neural cell adhesion molecule

ON Overnight

PBS Phosphate-buffered saline

PICS Proteomic identification of protease cleav-
age sites

PMSF Phenylmethanesulfonyl fluoride

POSTN Periostin

PVDF Polyvinylidene fluoride

SCX Strong cation exchange

SDS Sodium dodecylsulfate

STRING Search tool for the retrieval of interacting
genes

SFRP Secreted frizzled-related protein

TAILS Terminal amine isotopic labeling of
substrates

TCF T-cell factor

wt Wild-type

XIC Extracted ions chromatograms

Introduction

Cathepsins belong to the Cl-family of papain-like cysteine
proteases with 11 members in man [1] and 18 members in
mouse [2]. Cysteine cathepsins are predominantly described
as endopeptidases such as cathepsin L, while cathepsin B
shows additional carboxydipeptidase activity [3]. Local-
ized in the endosomal/lysosomal compartment, cathepsins
were traditionally thought to participate in lysosomal pro-
tein turnover. Meanwhile, cathepsins have been described
in additional locations such as the extracellular space [4—6]
(for review, [7, 8] and linked to more specific functions in
many physiological and pathological processes in which
they act as digestive as well as regulatory proteases [9].
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The ubiquitously expressed cathepsins B (Ctsb) and
L (Ctsl) are upregulated, translocated to the cell surface,
and secreted during pathological processes such as tumor
progression [10, 11]. The complex set of proteins secreted
by living cells is defined as the secretome [12]. A previous
secretome analysis of Ctsl-deficient MEFs demonstrated
an impact of Ctsl on secretome composition, especially
affecting abundances of extracellular matrix (ECM) com-
ponents, signaling proteins, and further proteases as well as
endogenous protease inhibitors [13]. Strong alterations in
ECM composition and extracellular proteolysis have been
observed in vivo in a proteomic analysis of Ctsl-deficient
skin and to a lesser extent in Ctsb-deficient skin. Among
others, Ctsl deficiency altered protein abundance of cath-
epsin D, cystatin B and M/E, periostin as well as collagens
[14]. Mice deficient in Ctsb and Ctsl die 4 weeks after birth
caused by neuronal cell death in the cerebral cortex and a
degeneration of cerebellar Purkinje and granule cells [15,
16]. Since neurons of single-gene-deficient mice develop
normally, mutual compensation between Ctsb and Ctsl in
vivo has been suggested [15, 17].

To elucidate if cooperative functionality of Ctsb and Ctsl
affects extracellular biology, we performed a proteomic
analysis of Ctsb single-deficient and Ctsb~'~ Ctsl~/~ MEFs.
To determine how Ctsb alone contributes to secretome
composition, we compared Ctsb knockout mouse embry-
onic fibroblasts (MEFs) to wild-type MEFs using a twofold
strategy. This consists first of a gel-free quantitative prot-
eomic approach to investigate alterations in protein abun-
dance [18, 19]. Second, terminal amine isotopic labeling
of substrates (TAILS) [20] was performed to identify Ctsb-
dependent cleavage sites and to determine alterations in the
secretome cleavage pattern. This strategy has already been
successfully applied to the proteomic analysis of Ctsl-defi-
cient MEFs and wild-type MEFs [13]. To establish whether
alterations in secretome composition potentiate upon dou-
ble deletion of Ctsb and Ctsl, a quantitative proteome com-
parison was performed comparing Ctsb and Ctsl double-
knockout MEFs to wild-type MEFs. All approaches were
performed in true biological replicates with each MEF cell
line originating from a different mouse, which minimizes
bias caused by individual biological variability, which typi-
cally exceeds technical variability [21]. Selected proteomic
data were corroborated by immunodetection.

Whereas single Ctsb depletion has a limited effect on
secretome composition, drastic alterations in secretome
composition are observed upon depletion of Ctsb and
Ctsl, pointing to a strong synergistic functionality of both
proteases. TAILS revealed Ctsb-dependent cleavage sites
upon Ctsb depletion in both biological replicates. Moreo-
ver, we demonstrate that Ctsl and to a lesser extent Ctsb are
involved in MMP-2 degradation and processing, resulting
in increased MMP-2 levels upon Ctsb and Ctsl depletion.
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While MMP-2 accumulates, almost all other significantly
affected proteins upon Ctsb and Ctsl deficiency, like col-
lagen a-1 (I), display a decreased abundance.

Materials and methods
Generation and culturing of cell lines

Mouse embryonic fibroblasts were prepared as described
previously [22]. Two cell lines were generated from wild-
type FVB mice, two cell lines were generated from Ctsb ™~
FVB mice, and two cell lines were generated from Ctsh ™~
Ctsl™’~ FVB mice. Ctsl was re-expressed in Ctsl-deficient
and wild-type MEFs, as described previously [14]. Cells
were cultured in Dulbecco’s modified Eagle's medium
(DMEM, PAN, Aidenbach, Germany) supplemented with
10 % fetal calf serum (PAN) and 1 % penicillin/strepto-
mycin stock solution (Gibco/Invitrogen, Paisley, UK) at
37 °C in humidified air containing 5 % CO,. All cell lines
were immortalized with the simian virus-40 large-T antigen
(pBABE-puro SV40 LT; Addgene, Cambridge, MA, USA)
[23] with a retroviral transfection procedure [24].

To analyze the protein abundance of MMP-2 upon dif-
ferent growth conditions, MEFs were grown on coated
plates coated with either fibronectin (BD Biosciences, Bed-
ford, MA, USA) or collagen type IV (BD Biosciences).
MEFs were cultured in serum-free DMEM, serum-free
DMEM without arginine and lysine (Silantes, Munich,
Germany) or serum-free DMEM containing 0.1 % albumin
without arginine and lysine.

Proliferation and cell viability

Proliferation was measured using the XCELLigence system
(Roche, Mannheim, Germany); 15,000 cells were grown per
well in tissue culture plates, called E plates (Roche, Man-
nheim, Germany). Cell growth was monitored in real time
by measuring electrical impedance across interdigitated gold
micro-electrodes integrated in the bottom of Roche E-plates.

To measure cell viability, 100,000 cells per well were
seeded in 3.8 cm® wells. After adherence, cells were
washed three times with pre-warmed phosphate-buffered
saline (PBS) and switched to serum-free DMEM without
phenol red for 24 h. Cell viability was assayed by LDH
activity according to the manufacturer’s instructions (Cyto-
Tox 96 non-radioactive cytotoxicity assay, Promega, Madi-
son, WI, USA).

Cell stainings

Acridine orange staining was performed by seeding 50,000
cells per well on cover slips in 24-well plates. After 24 h,

cells were incubated with acridine orange (Invitrogen,
Eugene, OR, USA) at a dilution of 1:25,000 in culture
medium from a 10 mg/ml stock for 15 min at 37 °C in
humidified air containing 5 % CO,. Slides were washed
with PBS and analyzed using the Axio fluorescence
microcope (Zeiss) with excitation channels Texas Red
(596/615 nm).

Lamp-1 staining was performed by seeding 45,000 cells
per well on cover slips in 24-well plates. After overnight
incubation, cells were fixed with 4 % PFA in PBS for
15 min at room temperature, washed with PBS and per-
meabilized with 0.2 % Triton X-100 in PBS for 7 min at
room temperature. Afterwards cells were treated for 4 min
with —20 °C cold acetone, washed with PBS, and blocked
with 5 % BSA for 30 min. Lamp-1 antibody (1:700; cata-
log no. ab25245; Abcam, Cambridge, UK) was applied in
5 % BSA over night at 4 °C. After washing with PBS sec-
ondary antibody (Alexa 488 goat anti-rat, 1:1,000: Invitro-
gen, A11006) was applied in 5 % BSA for 1 h at room tem-
perature. Cells were washed with PBS and nuclei stained
for 5 min with 2 pg/ml Hoechst (Fluka/Sigma, Munich,
Germany). After a final wash with PBS, cover slips were
mounted with Permafluor (Labvision, Fremont, CA, USA)
and analyzed using the Axio fluorescence microcope
(Zeiss).

Quantitative secretome comparison

Cells were grown to near confluence in serum-containing
medium, washed three times with pre-warmed PBS, and
switched to serum-free DMEM without phenol red. Cell-
conditioned media were collected after 24 h, supplemented
with protease inhibitors (5 mM EDTA, 0.01 mM E64,
1 mM PMSF), centrifuged, and filtered using a 0.2-pum
filter to ensure removal of dead cells. Protein content was
measured using the Bradford assay (BIO-RAD, Munich,
Germany); 300 pg of protein was used per condition for
the quantitative secretome comparison.

Preparation of mass spectrometry samples was per-
formed as described previously, including stable isotope
labeling with either di*C-formaldehyde (“heavy,” employed
for wild-type skin samples) or d}*C formaldehyde (“light,”
employed for cathepsin-deficient skin samples) for quan-
titative comparison and pre-fractionation by strong cation
exchange (SCX) chromatography [13]. Labeling was per-
formed after tryptic digestion. LC-MS/MS analysis is
described in the corresponding section. Data were con-
verted to mzXML format [25] using Proteowizard [26]
with centroiding of MS1 and MS2 data. Peptide sequences
were identified by X! Tandem (version 2010.12.01) [27],
including cyclic permutation, in conjunction with Peptide-
Prophet (part of version 4.3.1 of the Trans Proteomic Pipe-
line) [28] and a decoy search strategy: the complete mouse
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proteome file was downloaded from UniProt [29] on 16
October 2011, comprising 44,819 protein sequences. It was
appended with an equal number of randomized sequences,
derived from the original mouse proteome entries. The
decoy database was generated with DBToolkit [30]. Tryp-
tic cleavage specificity with no missed cleavage sites was
applied. Mass tolerance was 10 ppm for parent ions and
0.3 Da for fragment ions. Static modifications are cysteine
carboxyamidomethylation (+57.02 Da), lysine and N-ter-
minal dimethylation (light formaldehyde 28.03 Da; heavy
formaldehyde 34.06 Da). X!Tandem results were further
validated by PeptideProphet at a confidence level of >95 %.
Corresponding protein identifications are based on the
ProteinProphet algorithm with a protein false discovery
rate of <1.0 %. The relative quantitation for each protein
was calculated from the relative areas of the extracted ion
chromatograms of the precursor ions and their isotopically
distinct equivalents using the ASAPratio [31] algorithm. In
our experience (shared by others, [32]), ASAPratio occa-
sionally displays inaccuracies with regard to background
removal and separation of neighboring peaks along a given
mass trace. To prevent inaccurate protein quantization, pro-
tein ratios were also analyzed by the XPRESS [33] algo-
rithm. Proteins were considered if XPRESS and ASAPratio
yielded convergent results. Reported Fc values are based on
normalized ASAPratio.

Cleavage site analysis with TAILS

Terminal amine isotopic labeling of substrate was per-
formed using formaldehyde labeling according to the
original publications [20, 34]; 2 mg of protein was used
per condition. After tryptic digest samples were desalted
using a reversed phase C18 column, prefractionated by
SCX as described, and desalted using self-packed C18
STAGE tips (Empore, USA) [35]. LC-MS/MS analysis
is described in the corresponding section. Data were con-
verted to mzXML format [25] using mzWiff (version 4.3.1,
http://sourceforge.net/projects/sashimi/files/mzWiff%20
(Analyst%20converter) with centroiding of MS1 and MS2
data, precursor charge determination, and deisotoping of
MS2 data. Peptide sequences were identified by X! Tandem
(version 2010.12.01) [27], including cyclic permutation,
in conjunction with PeptideProphet (part of version 4.3.1
of the Trans Proteomic Pipeline) [15]. The same mouse
proteome database as described in “quantitative proteome
comparison” was used. Semi Arg-C specificity with up
to three missed cleavage sites was applied. Static modifi-
cations are (+57.02 Da), lysine and N-terminal dimeth-
ylation (light formaldehyde 4 28.03 Da; heavy formalde-
hyde + 34.06 Da). For acetylated N-termini (+42.01 Da),
modifications are cysteine carboxyamidomethylation,
N-terminal acetylation, and lysine dimethylation. Mass
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tolerance was 200 ppm for parent ions and 0.1 Da for frag-
ment ions. X!Tandem results were further validated by
PeptideProphet at a confidence level of >95 %. The rela-
tive quantification for each peptide was calculated using the
ASAPratio [31] and XPRESS [33] algorithm as described
for “Quantitative secretome comparison.” Fc values are
based on ASAPratio normalized for all peptide ratios. Two
biological replicates with independent sample preparation
(not the same samples as for quantitative proteome com-
parison) and mass spectrometric measurement were ana-
lyzed. In the first replicate, the first wild-type cell line was
compared to the first Ctsb-deficient MEF cell line and in
the second replicate the second wild-type MEF cell line
was compared to the second Ctsb-deficient MEF cell line.
Ratios were divided into the following quantiles: 0-20,
20-80, and 80-100 [36]. N-termini were considered as
decreased if found in the quantile 0-20 in both biologi-
cal replicates. Similarly, N-termini were considered as
increased if found in the quantile 80-100 in both biological
replicates.

LC-MS/MS analysis

For nanoflow-LC-MS/MS, TAILS samples were analyzed
on a Qstar Elite (AB Sciex, Darmstadt, Germany) and sam-
ples for quantitative proteomic comparison on an Orbitrap
XL (Thermo Scientific GmbH, Bremen, Germany) mass
spectrometer. Both instruments were coupled to an Ulti-
mate3000 micro pump (Thermo Scientific) with a flow rate
of 300 nl/min each; 0.5 % acetic acid and 0.5 % acetic acid
in 80 % acetonitrile (water and acetonitrile were at least
HPLC gradient grade quality) with a gradient of increas-
ing organic proportion were used for peptide separation.
Column tips with 75-pm inner diameter and 11-cm length
were self-packed [37] with Reprosil-Pur 120 ODS-3 (Dr.
Maisch, Ammerbuch, Germany). The mass spectrometers
were operated in the data-dependent mode and switched
automatically between MS and MS/MS. For Qstar samples,
the smart mode for MS/MS accumulation was used.

Western blot

Cell-conditioned media were prepared as described in
“Quantitative secretome comparison” and concentrated
using Microcon columns (regenerated cellulose 10000
MWCO; Millipore, Tullagreen, Carrigtwohill, Ireland).
Protein content was determined using the Bradford method
(Bio-Rad, Munich, Germany). Total cell extracts were pre-
pared by on-plate lysis. Cells were washed twice with PBS
and lysed by adding a lysis buffer containing 20 mM Tris-
HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA, and 1 % Tri-
ton X-100 and protease inhibitors (5 mM EDTA, 0.01 mM
E64, 1 mM PMSF).
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For secretome samples, reducing the sample buffer was
added to 5 ng of protein and loaded onto 12 % SDS—pol-
yacrylamide gels; 2040 pg protein of total cell extract
was loaded. Tubulin served as internal standard for total
cell extract immunoblots. After electrophoretic separa-
tion, proteins were transferred on polyvinylidene fluoride
(PVDF) membranes using a semidry blot system (BioRad,
Munich, Germany). After blocking, the membranes were
exposed to the primary antibodies [B-catenin 1:500, colla-
gen a-1 (I) 1:5,000, Ctsb 1:500, Ctsl 1:500, Lamp-1 1:500;
MMP-2 1:200; N-cadherin 1:1,000; periostin, 1:500; tubu-
lin 1:1,000] overnight at 4 °C. After washing, the mem-
branes were incubated for 2 h with the secondary antibody.
Membranes were washed and developed with the West Pico
Chemiluminescent substrate (Pierce, Rockford, IL, USA).
Peroxidase activity was detected with a Lumilmager device
(Roche, Mannheim, Germany). Primary antibodies were
purchased from Abcam (Lamp-1: catalog no. ab25245),
BD Biosciences (f-catenin: catalog no. 610154), Acris
Antibodies [collagen a-1 (I): catalog no. R1038X], Cell
Signaling (N-cadherin: catalog no. #4061), Sigma Aldrich
(tubulin: catalog no. T 6199), and R&D Systems, Minne-
apolis, MN, USA (Ctsb: catalog no. AF965; Ctsl: catalog
no. AF1515; MMP-2: catalog no. AF1488; periostin: cata-
log no. AF2955). Western blots were quantified using the
Fusioncapt advance software (Vilber Lourmat, Eberhard-
zell, Germany).

In vitro cleavage assays

CTSB and CTSL were stored in 50 mM sodium dihydro-
gen phosphate monohydrate, 50 mM sodium phosphate
dibasic, 400 mM sodium chloride, and 5 mM EDTA at pH
6. CTSB and CTSL were activated by adding 2 mM DTT.
Human MMP-2 (active site mutant; E404A) (50 ng/pl)
and recombinant human CTSL (0.5 ng/nl) or CTSB
(0.5 ng/p.1), respectively, were incubated overnight at 37 °C
in sodium acetate buffer (200 mM sodium acetate, 1 mM
EDTA, 0.05 % Brij 35, pH 5.5), or sodium phosphate
buffer (100 mM sodium phosphate, 0.4 M sodium chloride,
10 mM EDTA, pH 7). Samples were loaded onto 12 %
SDS—polyacrylamide gels and bands visualized by silver
staining.

Activation of pro-MMP-2

A 10-mM stock solution of p-aminophenylmercuric acetate
(APMA) was prepared in 0.1 M NaOH. The stock solution
was diluted in a buffer containing 25 mM Bis-Tris-HCl,
25 mM Tris-HCI, 100 mM NaCl, and 10 mM CaCl, to a
concentration of 2.5 mM. Afterwards, pH was adjusted to
7.5. Recombinant murine pro-MMP-2 (R&D Systems,
Minneapolis, MN, catalog no. 924-MP-010) was activated

using 1 mM APMA and incubated for 3 h at 37 °C. The
activated MMP-2 was passed over Microcon columns
(regenerated cellulose 10000 MWCO; Millipore, Tulla-
green, Carrigtwohill, Ireland) to remove APMA and low-
molecular-weight impurities. Activated MMP-2 was added
to the cell culture dish in a concentration of 125 ng/ml.

Results and discussion
Generation and characterization of cell lines

Wild-type, Ctsb-deficient, and Ctsb Ctsl double-deficient
MEEF cell lines were generated as described previously [22].
In total, two wild-type MEF cell lines, two Ctsb™~ MEF
cell lines, and two Ctsb~’~Ctsl™’~ MEF cell lines were
generated and polyclonally immortalized by viral transfec-
tion with the simian virus-40 large-T antigen (SV40) [24].
Afterwards, cells were controlled for cathepsin expression,
proliferation, and alterations in morphology. SV40 immor-
talization does not affect cathepsin expression levels (Sup-
plementary Fig. S1). All immortalized cell lines showed
similar doubling times of 28-33 h (Supplementary Fig.
S2A) and MEF prototypical morphology (data not shown).

An accumulation of lysosome-like organelles has been
reported in heart and thyroid tissue as well as in keratino-
cytes and MEFs of Ctsl-deficient mice [22, 38—41]. The
accumulation of cytoplasmic acidic vesicular structures
was observed in both Ctsb™'~Ctsl~’~ MEF cell lines used
in this study. Immunostaining for the lysosomal marker
Lamp-1 in wild-type and Ctsh™~CtsI™~ MEFs showed
an accumulation of enlarged Lamp-1 positive vesicles in
MEFs deficient for Ctsb and Ctsl (Fig. 1a). Accumulation
was corroborated by immunoblotting for Lamp-1 (Supple-
mentary Fig. S2B). Staining with the pH-sensitive fluores-
cent dye acridine orange revealed that the Lamp-1 positive
vesicles are acidic (Fig. 1b). Interestingly, mice deficient
for Ctsb and Ctsl develop autophagolysosomal and lyso-
somal accumulations in neurons, leading to neuronal cell
death [15, 16], a phenotype not observed in single-deficient
mice, but reflected in MEFs deficient for Ctsb and Ctsl.
MEFs with single deficiency of Ctsb or Ctsl show a minor
accumulation of acidic Lamp-1-positive vesicles compared
to the prominent phenotype in Ctsb and Ctsl double-defi-
cient MEFs.

Proteomic secretome analysis requires harvesting of
cell conditioned media, which is obtained by growing cells
to near confluence, followed by incubation in serum-free
medium for 24 h [42-44]. To address whether serum star-
vation has different effects on wild-type and cathepsin-defi-
cient cells, a lactate dehydrogenase (LDH) assay was per-
formed and revealed similar cell viability of all cell lines
independent of the genotype (Supplementary Fig. S2C).
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A MEF collection a
wt Ctsb-/- Ctsl/- Ctsb/-Ctsl/-

]
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B MEF collection a
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wt Ctsb-/-
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< Fig. 1 Ctsb- and Ctsl-deficient MEFs, and to a lesser extent Ctsb sin-
gle and Ctsl single-deficient MEFs, show accumulations of enlarged
acidic Lamp-1-positive vesicles. a Immunofluorescent staining of
two wild-type MEF cell lines, two Ctsb-deficient cell lines, two Ctsl-
deficient cell lines, and two Ctsb Ctsl double-deficient MEF cell lines
with the lysosomal marker Lamp-1 (green). Nuclei are stained with
Hoechst (blue). b Visualization of acidic vesicles with acridine orange
staining

Hence, wild-type and cathepsin-deficient cell lines are
highly comparable for proteomic analysis.

Here we demonstrate that double deficiency of Ctsb and
Ctsl in MEFs results in accumulation of enlarged acidic
Lamp-1 positive vesicles, which does not affect cell via-
bility or morphology. Since Ctsb and Ctsl single-deficient
MEFs display minor lysosomal accumulations, this fur-
ther supports the hypothesis of collaborative functionality
between both cathepsins and generates interest as to how
Ctsb and Ctsl double deficiency affects proteome compo-
sition. A previous study demonstrated a prominent effect
of Ctsl on secretome composition [13]. To elucidate first
the impact of Ctsb alone on the extracellular proteome, we
started with a quantitative proteome comparison of wild-
type and Ctsb-deficient MEFs.

Effect of Ctsb depletion on protein abundance

To elucidate the impact of Ctsb on secretome composi-
tion, we quantitatively compared cell-conditioned media
(CCM) of wild-type MEFs and MEFs deficient for Ctsb.
Each proteomic analysis was performed in biological rep-
licates, comparing the first Ctsb-deficient MEF cell line
with the first wild-type MEF cell line and the second Ctsb-
deficient MEF cell line with the second wild-type MEF
cell line. For proteomic analysis, stable isotope labeling
with either d(2)'*C-formaldehyde (“heavy”) or d(0)!*C
formaldehyde (“light”) in combination with liquid chro-
matography—tandem mass spectrometry (LC-MS/MS)
was employed. Comparison of the secretome of wild-type
MEFs and MEFs deficient for Ctsb identified 1,562 pro-
teins in the first biological replicate (replicate 1) (Supple-
mentary Table S1) and 1,718 proteins in the second bio-
logical replicate (replicate 2) (Supplementary Table S2). A
total of 1,363 proteins were identified in both biological
replicates (Fig. 2a). Of these, ~25 % were annotated as
secreted or extracellularly localized using the Gene Ontol-
ogy database (GO) or Swissprot annotation. This percent-
age corresponds well to published secretome analyses [43,
45]. Alterations of protein abundances are stated as fold
change values [Fc; log, of the heavy/light (H/L) ratio]. The
distribution profiles of Fc values for all identified proteins
in both biological replicates showed a near normal dis-
tribution (Supplementary Fig. S3A/B) and an average Fc
close to zero (Fig. 2b).

A
Replicate 1 Replicate 2
B 3 5.0 1
k<] .
% 2.5 | :
c 0.0 - I
©
= I |
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[=]
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1 2
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Tsukushin  Protein Microfibrillar-
C .
1.5 canopy  associated
— homolog 4 protein 2
o 1.0 4
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= 0.5 - More in
E” Ctsb/-
@ 04 .
% Lessin
-l - _‘{.
© 0.5 l(:tsb
o
uw -1.0 4 M Replicate 1
1.5 J Replicate 2

Fig. 2 Protein identification and quantification for each biological
replicate of the quantitative secretome: comparison of wild-type and
Ctsb-deficient cell-conditioned media. a In both biological replicates
1,363 proteins were identified, whereas 199 and 355 proteins were
found only in the first or the second replicate, respectively. b Distribu-
tion and geometric mean (horizontal bar) of fold change values (log,)
of proteins from each replicate comparing the wild-type and Ctsb™~
MEF secretome. ¢ Proteins with significantly altered protein abun-
dance. These proteins are identified in both biological replicates, dis-
play an ASAPratio p value lower than 0.1 (indicated by arrow bars),
show an alteration in abundance of more than 50 % (Fc < —0.58;
Fc > 0.58) in both replicates (dark grey bars, replicate 1; light grey
bars, replicate 2), and are annotated as secreted or extracellularly
localized according to GO or Swissprot annotation

Proteins were considered to be significantly altered in
their abundance if they were identified in both biological
replicates, displayed an ASAPratio p value lower than 0.1
in each replicate, showed an alteration in abundance of
more than 50 % (Fc < —0.58; Fc > 0.58) in both replicates,
and were annotated as secreted or extracellularly localized
using the GO or Swissprot annotation. An ASAPratio p
value cutoff of 0.1 was suggested by the original ASAPratio
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Replicate 1 Replicate 2

Fig. 3 N-terminal peptides identified and quantified for each biologi-
cal replicate in the TAILS experiment comparing wild-type and Ctsb-
deficient cell-conditioned media. a Four hundred six peptides (natu-
rally unmodified, chemically dimethylated N-termini) were identified
in both biological replicates. b Global specificity pattern upon Ctsb
ablation. Graphical presentation of the secretome specificity profile of
all N-termini found in the 0-20 quantile and therefore decreased upon
Ctsb deletion. Only N-termini annotated as secreted or extracellularly

publication [31]. Tsukushin, protein canopy homolog 4,
and microfibrillar-associated protein 2 fulfilled these strict
criteria (Fig. 2c). Numerous proteins were altered in abun-
dance in either the first or second biological replicate. For
instance, secreted frizzled-related protein 1 (SFRP-1),
interleukin-1 receptor-like 1, C-X-C motif chemokine 5,
and periostin displayed altered protein abundance only in
one replicate. The low number of proteins affected in both
replicates illustrates nicely the intrinsic biological variabil-
ity and highlights the importance of true biological repli-
cates as done in this study.

Cathepsins D, K, L, O, Z, legumain, as well as the
cysteine protease inhibitors cystatin B and C were identi-
fied in both biological replicates, but displayed only minor
abundance alteration (Supplementary Table S1/2). Overall,
Ctsb has a very limited effect on secretome composition.
Similarly, in murine skin, Ctsl has a stronger impact on
proteome composition compared to Ctsb [14].

Identification of Ctsb-dependent cleavage events by TAILS

Proteolytic processing is a tightly regulated process that
affects every protein through either limited proteolysis or
terminal degradation [46]. Limited proteolysis yields sta-
ble cleavage products with new N- and C-termini and often
altered functionality. To elucidate how Ctsb contributes to
extracellular proteolysis and the secretome cleavage pattern
in the MEF secretome, we applied the quantitative N-termi-
nomic technique TAILS [20, 47]. TAILS allows for quan-
tification of protein N-termini from different biological
samples. Here, CCM of wild-type MEFs and Ctsb-deficient
MEFs were compared. Previously, TAILS was employed in
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fold enrichment over
natural abundance

fold enrichment over
natural abundance

Cleavage sites classified in quantile 0 - 20

localized according to GO or Swissprot annotation were considered.
Positional occurrences are shown as enrichment over natural abun-
dance of murine amino acid abundances as derived from the Interna-
tional Protein Index [74]. TAILS identifies prime-site sequences of
proteolytic cleavage sites. The corresponding non-prime sequences
are derived bioinformatically by database searches similar to the PICS
strategy for protease specificity characterization [52, 54]

a secretome cleavage analysis comparing MEFs deficient
for Ctsl to wild-type MEFs [13]. The TAILS workflow
follows a negative selection procedure in which naturally
unmodified as well as naturally modified (e.g., acetylated)
N-termini are identified and quantified. Naturally unmodi-
fied protein N-termini possess primary amines (-NH,) and
comprise native as well as proteolytically generated pro-
tein N-termini. All naturally unmodified protein N-termini,
which in most cases represent sites of proteolytic process-
ing, are chemically dimethylated using isotopically labeled
formaldehyde.

TAILS was performed in two biological replicates com-
paring the secretome of wild-type MEFs and Ctsb-deficient
MEFs. Thereby, TAILS identified 1,045 naturally free
(chemically dimethylated) protein N-termini in the first
biological replicate (Supplementary Table S3) and 1,143
naturally free (chemically dimethylated) protein N-termini
in the second biological replicate (Supplementary Table S4)
with an overlap of 406 naturally free (chemically dimethyl-
ated) protein N-termini identified in both biological repli-
cates (Fig. 3a).

To distinguish quantitatively unaltered protein N-termini
from N-termini displaying an alteration in abundance, we
chose a quantile-based approach as described in experi-
mental procedures. Quantitatively fewer abundant pro-
tein N-termini in Ctsb-deficient cells represent possible
Ctsb-dependent cleavage events. Based on these criteria,
we quantified 205 protein N-termini in the first replicate
(TAILS) (Supplementary Table S5) and 227 protein N-ter-
mini in the second replicate (TAILS) (Supplementary Table
S6) as less abundant in the Ctsb-deficient MEF secretome.
Of these, 24 protein N-termini were underrepresented in
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the Ctsb-deficient secretome in both biological replicates
and annotated as secreted or extracellular localized using
the GO database or Swissprot annotation (Table 1). This
small number reflects the result of the quantitative pro-
teome comparison of wild-type and Ctsb-deficient MEFs,
where a limited effect of Ctsb on secretome composition is
observed. In contrast, Ctsl had a more pronounced effect on
cleavage events in the secretome [13].

Included in this list are cleavage events in collagen a-1
(D and collagen a-2 (I). Overall protein abundances of both
proteins were unaffected upon Ctsb depletion (Supplemen-
tary Tables S1/2), which was further confirmed for colla-
gen o-1 (I) by immunoblotting (Fig. 5). Several additional
cleavage sites in collagen a-1 (I) and collagen a-2 (I), but
also other collagens, were identified in either the first or the
second biological replicate. Moreover, a Ctsb-dependent
cleavage site was identified in both biological replicates for
fibronectin and in the first leucine-rich repeat of biglycan.
Cleavage of collagens as well as fibronectin by Ctsb has
been reported before [48-50], underlining the important
role of Ctsb in extracellular matrix (ECM) remodeling, a
crucial step in the process of tumor cell invasion [10, 51].

Sometimes altered abundance of an N-terminus is best
explained by overall altered protein abundance. This is the
case for extracellular superoxide dismutase and the matri-
cellular protein periostin. Extracellular superoxide dis-
mutase was quantified less abundantly in the first replicate
in the quantitative proteome comparison upon Ctsb defi-
ciency (Supplementary Table S1), and periostin was quan-
tified less abundantly in the second replicate (Supplemen-
tary Table S2). A decrease of periostin was corroborated by
immunoblotting (Fig. 5). Hence, altered abundance of the
corresponding N-termini may reflect altered protein abun-
dance rather than impaired proteolytic processing.

For insulin-like  growth factor-binding protein
(IGFBP)-3 and IGFBP-6, we detected quantitatively
decreased cleavage sites corresponding to removal of sig-
nal peptides (Table 1). We consider this to be indicative of
decreased protein abundance rather than decreased activ-
ity of the signal peptidase. In fact, IGFBP-6 was quanti-
fied less abundantly upon Ctsb deficiency in both biologi-
cal replicates of the quantitative proteome comparison [Fc
(first replicate) = —0.17, Fc (second replicate) = —0.43].

N-terminomic analysis of Ctsb-deficient skin revealed
that Ctsb represents an important node in the protease web
[14], thereby affecting the abundance of several proteases
and their inhibitors. To investigate whether the majority of
affected cleavage events represent proteolytic processing
by Ctsb or further proteases, we analyzed the secretome
cleavage pattern upon Ctsb deficiency. Since TAILS iden-
tifies the prime-site sequence of proteolytic cleavage sites,
the corresponding non-prime sequences are derived bioin-
formatically using a strategy established for the proteomic

identification of protease cleavage sites (PICS) [52-54].
The global cleavage pattern of all underrepresented cleav-
age sites upon Ctsb deficiency is shown in Fig. 3b. Cleav-
age patterns of both biological replicates are highly repro-
ducible, which was observed before for cleavage patterns
of the Ctsl-deficient secretome and for the Ctsb as well as
the Ctsl-deficient skin proteome [13, 14]. This illustrates
nicely the robustness of the TAILS technique.

In vitro, Ctsb specificity is defined by a strong prefer-
ence for a glycine residue in P3’ position and for aromatic
residues in P2 position [55]. The preference for glycine res-
idues in P3’ is reflected by the secretome cleavage pattern
of the second replicate and to a lesser extent also of the first
replicate. However, the preference for aromatic residues in
P2 is not observed in the secretome cleavage pattern, indi-
cating a mixture of primary Ctsb-catalyzed cleavage events
and “overshadowing” indirect, downstream proteolysis.
In striking contrast, Ctsl deficiency alone resulted almost
exclusively in “overshadowing” indirect, downstream pro-
teolytic events. At the same time, deficiency of either cath-
epsin led to a prominent footprint on extracellular cleavage
events.

Secretome analysis of Ctsb and Ctsl double-deficient
MEFs

Cysteine cathepsins functionally cooperate with deficiency
of one cysteine cathepsin being compensated by other cath-
epsins, as has been shown for Ctsb and cathepsin Z (Ctsz)
[56, 57]. Compensatory function can be suggested for Ctsb
and Ctsl as well, since Ctsb, together with Ctsz and cathep-
sin D (Ctsd), is more abundant in Ctsl-deficient skin [14].
A decrease of Ctsd in Ctsl-deficient skin is probably caused
by diminished degradation, since Ctsl contributes signifi-
cantly to Ctsd degradation [58]. Mice deficient in Ctsb and
Ctsl develop autophagolysosomal and lysosomal accumu-
lations in neurons, leading to neuronal cell death in the cer-
ebral cortex and a degeneration of cerebellar Purkinje and
granule cells, with eventual death of these mice 4 weeks
after birth [15, 16]. Single-gene-deficient mice for Ctsb
or Ctsl do not show lysosomal storage disorders, substan-
tiating mutual compensation between Ctsb and Ctsl and a
shared substrate pool in vivo [15, 17].

To address whether alterations in secretome composition
potentiate upon Ctsb and Ctsl double deletion, a quantita-
tive proteome comparison was performed comparing the
CCM of Ctsb and Ctsl double-knockout MEFs to wild-
type MEFs. Like for the analysis of the Ctsb-deficient MEF
secretome, two biological replicates were performed, and
stable isotope labeling with differentially labeled formal-
dehyde in combination with LC-MS/MS was employed. In
the first replicate 2,173 proteins (Supplementary Table S7)
and in the second replicate 2,352 proteins were identified
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(Supplementary Table S8); 1,826 proteins were identified
in both biological replicates (Fig. 4a). Of these, ~30 % were
annotated as secreted or extracellularly localized using the
GO or Swissprot annotation. This percentage corresponds
well to published CCM proteomic data [43, 45]. The dis-
tribution profiles of Fc values for all identified proteins in
both biological replicates revealed a normal distribution
(Supplementary Fig. S3C/D) and an average Fc close to
zero (Fig. 4b).

Numerous protein alterations highlight the cooperative
functionality of Ctsb and Ctsl

To address whether overall more proteins are affected upon
Ctsb and Ctsl depletion, we determined the proportion of
proteins affected upon single deficiency of either Ctsb or
Ctsl and double deficiency. Upon Ctsb and Ctsl depletion,
a decrease or increase of protein abundance by more than

Fig. 4 a A total of 1,826
proteins were identified in both
biological replicates of the
quantitative proteome com-
parison of wild-type and Ctsb
Ctsl-deficient cell-conditioned
media. b Distribution and
geometric mean (horizontal
bar) of fold change values
(log,) of proteins from each
replicate comparing the wild-
type and Ctsb™~ CtsI”’~ MEF
secretome. ¢ Overall connec-
tivity of all extracellular and
secreted proteins altered in the (o}
quantitative proteome compari-

son of wild-type and Ctsb Ctsl-

deficient MEFs determined by

STRING (Search Tool for the

Retrieval of Interacting Genes/
Proteins). Different line colors

represent the types of evidence

for each association

A

Replicate 1

Sérpinfl
Angptl2
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50 % (Fc < —0.58; Fc > 0.58) is observed for 29 % (640
proteins) of all identified proteins in the first replicate and
for 31 % (726 proteins) of all identified proteins in the sec-
ond replicate. This percentage of altered proteins exceeds
the number of altered proteins observed from proteome
comparisons of Ctsb single-deficient or Ctsl single-defi-
cient MEFs and mirrors the strong impact of a combined
loss of Ctsb and Ctsl on the MEF secretome composition.
Of all identified proteins, 16-17 % were altered by more
than 50 % in the Ctsb-deficient MEF secretome. Similarly,
19-21 % of all identified proteins were altered by more
than 50 % in a study comparing the secretome of wild-type
and Ctsl-deficient MEFs [13].

Cutoff at a certain Fc value alone serves for a global
overview. However, to identify individual proteins as sig-
nificantly affected by Ctsb and Ctsl depletion, we chose
strict criteria as previously described for the secretome
analysis of Ctsb-deficient MEFs. Of the 49 proteins
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fulfilling these strict criteria, collagen a-1 (XII), cochlin,
glia-derived nexin (serpine E2), MMP-2, periostin, and
tenascin-N were also affected by Ctsl deficiency alone
[13]. However, the majority of proteins altered upon Ctsb
and Ctsl double deficiency were not significantly affected
in cathepsin single-deficient cells, for either Ctsb or Ctsl.
This strongly highlights cooperative activity of both pro-
teases while simultaneously illustrating a prominent con-
tribution of lysosomal proteases to extracellular proteome
composition.

Biological processes affected by Ctsb and Ctsl depletion:
cell adhesion and signaling

To identify interactions between all altered proteins in the
Ctsb- and Ctsl-deficient secretome (Table 2), we employed
the online resource Search Tool for the Retrieval of Inter-
acting Genes (STRING) [59]. STRING unravels links
between proteins based on published literature and large-
scale databases. STRING found connectivity between
affected proteins and placed MMP-2, biglycan, and peri-
ostin at the core (Fig. 4c). Additionally, STRING depicted
shared biological processes of these proteins (Supplemen-
tary Fig. S4). Many proteins affected by ablation of Ctsb
and Ctsl were involved in “Cell adhesion” and “Biologi-
cal adhesion” (classification according to Gene Ontology,
GO). Among others, periostin, tenascin-N, SPARC-related
modular calcium-binding protein 2, thrombospondin-4,
and cell growth regulator with EF hand domain protein 1
were quantified less abundantly, whereas neural cell adhe-
sion molecule 1 (NCAM-1) and cadherin-2 (N-cadherin)
were quantified more abundantly in the Ctsb- and Ctsl-
deficient secretome. Higher abundance of N-cadherin in the
secretome represents increased cell-associated N-cadherin
levels, since immunoblotting corroborated higher protein
levels for N-cadherin in the secretome as well as in total
cell lysates (Fig. Sa/Supplementary Fig. S5A).

Another biological process affected by Ctsb and Ctsl
ablation is “regulation of response to stimulus” (GO clas-
sification) (Supplementary Fig. S4) with a strong impact
on the Wnt signaling pathway. The Wnt signaling path-
way represents one of a few key molecular cascades that
determine the cell fate in animals throughout their lifespan
[60]. Wnt signaling can be inhibited by downregulation
of Wnt ligands or by secreted Wnt inhibitors belonging to
the family of Secreted Frizzled-Related Proteins (sFRPs)
[61]. SFRP-1 and sFRP-2 abundance was highly affected
upon Ctsb and Ctsl ablation, albeit in different directions:
SFRP-1 was more abundant and sFRP-2 was less abun-
dant in the Ctsb- and Ctsl-deficient secretome (Table 2).
In the canonical Wnt cascade, p-catenin is the key effec-
tor responsible for transduction of the signal to the nucleus,
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where it associates with the T-cell factor/lymphocyte
enhancer factor (TCF/LEF) transcription factors and drives
the transcription of Wnt/B-catenin target genes [60], like
sFRP-1 [62]. Interestingly, B-catenin was more abundant in
the total cell lysate (Supplementary Fig. S5B) of Ctsb- and
Ctsl-deficient MEFs, substantiating the observation that
Wht signaling is affected by Ctsb and Ctsl depletion.

Differential regulation of SFRPs indicates a specific
effect of Ctsb and Ctsl double deficiency rather than global
proteome rearrangement.

Ctsb and Ctsl double depletion strongly affects
matricellular proteins and ECM components

STRING analysis further revealed an association of many
proteins showing altered protein levels upon Ctsb and Ctsl
depletion with “extracellular matrix organization” (Supple-
mentary Fig. S4). Among these are several structural ECM
or basement membrane (BM) proteins such as members of
the collagen family; collagen a-1 (X), collagen a-1 (XII),
and collagen a-1 (XVIII) were all less abundant, which was
corroborated for collagen a-1 (I) by immunoblot analysis
(Fig. 5). The important role of Ctsb in ECM composition
is underlined by TAILS data, which revealed a number of
Ctsb-dependent cleavage events in ECM proteins (Table 1;
Supplementary Table S3/4). Laminins are glycoproteins
that are located in the BM and able to bind to collagens.
Laminin was reported to be degraded by Ctsb [63]. We
quantified the laminin subunit beta-2 to be less abundant
upon Ctsb and Ctsl double depletion. Moreover, elastin
displayed lower abundance upon Ctsb and Ctsl depletion.
Interactions between elastin and Ctsl or cathepsin K, which
was quantified less abundantly, have been shown before
[64].

The quantitative proteome comparison revealed
strongly reduced protein levels of the matricellular protein
periostin upon Ctsb and Ctsl deficiency. Periostin mediates
cancer stem cell maintenance and metastatic dissemination
by facilitating increased Wnt signaling [65] and directly
interacts with other ECM proteins such as collagen type
I, collagen type V, fibronectin, and tenascin-N [66]. In
line with these data, periostin knockout mice show abnor-
malities in collagen fibrillogenesis leading to increased
skin stiffness and decreased skin elasticity [67]. In Ctsl-
deficient skin, periostin protein accumulates, over-writing
a transcriptional downregulation [14]. In cultured MEFs,
both Ctsl and, to a larger extent, Ctsb regulate periostin
levels. Double deficiency results in a drastic decrease of
periostin levels (Fig. 5), showcasing the cooperative effect
of Band L.

Together, the three studies establish a novel yet strong
link between cathepsins B and L and periostin.
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Table 2 List of all extracellular and secreted proteins displaying altered protein abundance in the quantitative secretome comparison of wild-
type and Ctsb Ctsl-deficient MEFs (right columns)

WT/Ctsb/- WT/Ctsb”/-Ctsl/
replicates Protein name replicates
1 2 1 2
0.03 -0.22 Angiopoietin-related protein 2 Fold change
0.27 -0.05 Asporin (log, value)
N AE A disintegrin and metalloproteinase with thrombospondin motifs 1; less in cgs‘f"-
ADAMTS-1
0.07 0.07 Cadherin-2; N-Cadherin no change -0.58 to 0.58
0.11 -0.03 Cathepsin K
nd. nd Ceruloplasmin more in Cts”
'1.245% -0.05 Cell growth regulator with EF hand domain protein 1
-0.37 -0.24 Chitinase-3-like protein 1
n.d. n.d. Collagen alpha-1(X) chain
Collagen alpha-1(XIl) chain

0.52 Cochlin

-0.17 Collagen alpha-1(XVIIl) chain
-0.53 0.21 Cytokine receptor-like factor 1
-0.40 SN C-X-C motif chemokine 5

-0.58 Protein Col6a3

Elastin

0.41 Glia-derived nexin; Serpin E2
-0.28 n.d. Golgi apparatus protein 1
-0.25 0.09 Insulin-like growth factor-binding protein 4
-0.17 -0.58* Leukocyte elastase inhibitor A; Serpin B1

Interleukin-1 receptor-like 1

Laminin subunit beta-2

Lysyl oxidase homolog 1

Lysyl oxidase homolog 2
Mannan-binding lectin serine protease 1

Matrix Gla protein
Mimecan
MMP-2; 72 kDa type IV collagenase

d. Neural cell adhesion molecule 1; NCAM-1
- -0.26 Protein NOV homolog; Insulin-like growth factor-binding protein 9

0.26 - Lysosomal Pro-X carboxypeptidase
0.54 0.32 Platelet-derived growth factor D
0.45 -0.19 Pigment epithelium-derived factor
0.24 -0.22 Proenkephalin-A
0.58 0.00 Biglycan
Periostin
n.d. n.d. Poliovirus receptor-related protein 2
- n.d. Secreted frizzled-related protein 1
-0.08 Secreted frizzled-related protein 2
-0.36 -0.17 SPARC-related modular calcium-binding protein 2
- -0.03 Sushi, nidogen and EGF-like domain-containing protein 1
0.41 - Scavenger receptor cysteine-rich domain-containing protein LOC284297
homolog
-0.09 0.39 Extracellular sulfatase Sulf-1
1T A Sushi, von Willebrand factor type A, E(.SF and pentraxin domain-containing
protein 1
0.07 -0.16 Tenascin-N
- 0.21 Tetranectin
-0.51 n.d. Tissue factor pathway inhibitor
nd. -0.41 Testican-2
0.57 -0.21 Thrombospondin-4

All proteins (a) are annotated as secreted or extracellularly localized according to GO or Swissprot annotation, (b) display a ASAPratio p value
lower than 0.1 in both biological replicates and (c) show an alteration in abundance by more than 50 % (Fc < —0.58; Fc > 0.58) in both repli-
cates. For comparison protein fold changes of the quantitative secretome comparison of wild-type and Ctsb deficient MEFs are shown (left col-
umns). Fold change values were calculated based on protein ratios Ctsl~~/wild-type. Background colors indicate magnitude of protein alteration

nd no data

* p value <0.1
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Fig. 5 Western blot analysis of cell-conditioned media of wild-type,
Ctsb-deficient, Ctsl-deficient, and Ctsb™~ Ctsl~'~ MEFs for collagen
a-1 (I), MMP-2, N-cadherin, and periostin. Absence of Ctsb and/or
Ctsl was controlled by detection of the Ctsl and Ctsb proform

Deletion of Ctsb and Ctsl results in altered abundance
of proteases and protease inhibitors

Ablation of Ctsb or Ctsl has a pronounced effect on pro-
tein abundance of several proteases and protease inhibi-
tors, characterizing both cathepsins as important regulatory
modules in the proteolytic network [14]. This has been cor-
roborated by the Ctsl-deficient secretome cleavage pattern
of MEFs [13] and to some extent by the Ctsb-deficient
secretome cleavage pattern (Fig. 2b). This finding is further
highlighted by protein alterations of proteases and their
inhibitors in the Ctsb- and Ctsl-deficient secretome. These
include alterations of several serine protease inhibitors
such as glia-derived nexin (serpin E2), leukocyte elastase
inhibitor A (serpin B1), and tissue factor pathway inhibitor
(Table 2). Protein levels of glia-derived nexin were altered
upon deficiency of Ctsl alone [13], hence representing a
process independent of Ctsb.

Whereas the cysteine protease inhibitor cystatin B was
not altered, cystatin C levels are decreased upon Ctsb
and Ctsl depletion in both biological replicates, albeit not
entirely fulfilling our cutoff criteria. Ctsd and legumain
displayed only a slight decrease in both biological repli-
cates upon Ctsb and Ctsl double depletion. The proteases
mannan-binding lectin serine protease 1, cathepsin K, and
a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS)-1 were strongly reduced in abundance
in the Ctsb and Ctsl-depleted secretome (Table 2). Protein
levels of ADAMTS-1 were not affected upon sole removal
of Ctsb (Table 2) or Ctsl [13], pointing to a cooperative
role of Ctsb and Ctsl in regulation of ADAMTS-1 protein
abundance.

MMP-2 abundance was increased upon Ctsb and Ctsl
double deficiency (Table 2). Its expression and activity
are upregulated in numerous types of cancer and corre-
late with elevated metastasis and poor prognosis [68—70].
Altered protein levels of MMP-2 upon single Ctsb and Ctsl

@ Springer

depletion were confirmed by immunoblotting, revealing a
stronger increase of MMP-2 upon Ctsl deficiency compared
to Ctsb (Fig. 5). A more drastic alteration in MMP-2 abun-
dance was observed upon Ctsb and Ctsl double depletion.
Increase of MMP-2 protein levels is a very robust phenom-
enon. It occurs equally for cells grown on top of fibronectin
or collagen IV. Furthermore, the MMP-2 increase is inde-
pendent from amino acid starvation. (Supplementary Fig.
S6). This is underlined by an accumulation of MMP-2 in
primary Ctsl-deficient MEFs as well as upon treatment of
wild-type MEFs with the cysteine cathepsin inhibitor E64d
(Fig. 6a, b).

Ctsl re-expression rescues MMP-2 abundance and indicates
a degradative Cts]-MMP-2 axis

Since Ctsl deficiency alone already affects MMP-2 pro-
tein levels, we re-expressed Ctsl in Ctsl-deficient MEFs
and mildly overexpressed Ctsl in wild-type MEFs. A bi-
cistronic retroviral expression system was applied to gain
polyclonal, stable, and dosable Ctsl expression. Re-expres-
sion of Ctsl in CtsI™~ MEFs and wild-type MEFs led to a
decrease of MMP-2, underlining a strong impact of Ctsl on
MMP-2 expression (Fig. 6¢). Since it has been shown that
Ctsl does not affect gene expression, activation, or secre-
tion of MMP-2 [13], impaired MMP-2 degradation could
explain its increased protein levels upon Ctsl depletion. To
test if Ctsl itself has the ability to degrade MMP-2, we per-
formed in vitro cleavage assays using an MMP-2 active site
mutant protein. CTSL degrades MMP-2 at pH 5.5 and pH
7.0 (Fig. 6d), explaining higher protein amounts of MMP-2
upon Ctsl depletion. CTSB is able to degrade MMP-2 at
pH 5.5 and pH 7.0 as well, but with lower efficiency than
CTSL (Fig. 6e). This is reflected by a smaller increase
of MMP-2 protein levels upon Ctsb depletion compared
to Ctsl depletion. A strong accumulation of MMP-2 is
observed upon Ctsb and Ctsl double deficiency (Fig. 5),
highlighting a potential role of Ctsb and especially for Ctsl
in MMP-2 degradation and processing. This represents a
novel link between Ctsl and, to a lesser extent, Ctsb and
MMP-2, creating a new bond in the protease web.

A degradative Ctsl—MMP-2 axis may affect extracellular
protein abundance

In contrast to most altered proteins in the Ctsb™~ Ctsl™~
MEF secretome, MMP-2 protein levels increase (Table 2).
Hence, we hypothesized that the decrease of some proteins
in the secretome of Ctsh™~ CtsI”/~ MEFs may be due to
increased degradation by elevated MMP-2 protein levels.
To test this hypothesis, we added recombinant activated
MMP-2 to the cell supernatant of wild-type MEFs and
incubated the cells for 24 h. Afterwards, cell conditioned
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Fig. 6 a Western blot analysis of MMP-2 in cell-conditioned media
of primary wild-type and Ctsl-deficient MEFs. b Western blot anal-
ysis of MMP-2 in cell-conditioned media of DMSO-treated wild-
type MEFs and wild-type MEFs treated with 10 pM E64d for 48 h
revealed an increase in MMP-2 protein levels upon cysteine cathep-
sin inhibition. DMSO served as solvent control. ¢ Re-expression of
Ctsl in Ctsl-deficient MEFs and overexpression in wild-type MEFs
using the retroviral expression vector pMIG. Re-expression of Ctsl
results in a decrease of MMP-2 protein levels. d CTSL cleaves human

media was concentrated and analyzed by Western blot. As
MMP-2 is known as a collagen-degrading enzyme [71-73],
addition of MMP-2 to the cell supernatant led to reduced
collagen a-1 (I) protein levels (Fig. 6f).

These data indicate that Ctsl, and to a lesser extent Ctsb,
are involved in MMP-2 degradation and processing, lead-
ing to a strong accumulation of MMP-2 in the secretome
of Ctsb™~ Ctsl™’~ MEFs. Higher protein levels of MMP-2
then result in a decrease of MMP-2 substrates such as col-
lagen a-1 (I). This explanatory route fits to the overall pro-
file of the secretome from Ctsb Ctsl double-deficient cells:
while MMP-2 accumulates, almost all other significantly
affected proteins display a decreased abundance.

MMP-2 at 5.5 and 7.0. e CTSB cleaves human MMP-2 at 5.5 and
7.0, but with lower efficiency than CTSL. f Western blot analysis of
cell-conditioned media of two wild-type MEF cell lines treated with
activated pro-MMP-2 (125 ng/ml) compared to untreated cell-con-
ditioned media. Pro-MMP-2 was activated by adding APMA for 3 h
(details in “Materials and methods”). Collagen a-1 (I) protein levels
decrease upon addition of activated pro-MMP-2 in both wild-type
MEEF cell lines. ON, overnight

Conclusion

This study presents a limited impact of Ctsb to secretome
composition and extracellular proteolysis of MEFs. A more
pronounced influence was observed for Ctsl in a previous
study [13]. However, if both Ctsb and Ctsl are depleted,
numerous proteins that remain unaffected upon single cath-
epsin deletion show strongly altered abundance. This high-
lights an impact of lysosomal proteases on secretome com-
position. Furthermore, it points to a cooperative function of
Ctsb and Ctsl, especially in processes such as cell adhesion,
ECM remodeling, signaling, and proteolytic regulation,
and a collaboration of both proteases in vivo.
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Loss of both Ctsb and Ctsl has a prominent effect on the
abundance of numerous proteases and protease inhibitors,
positioning Ctsb and Ctsl as key nodes in the “protease
web.” An important role for Ctsb and Ctsl in the proteolytic
network was already described for skin proteolysis [14]
and is highlighted in this study by a potential role of Ctsb
and especially of Ctsl in MMP-2 degradation and process-
ing. Whereas many proteins decrease, Western blot analysis
corroborated increased MMP-2 protein levels in the Ctsb
and Ctsl double-deficient secretome. Re-expression of Ctsl
to the wild-type expression level resulted in decreasing
MMP-2 protein levels, confirming the link between Citsl
and MMP-2. Since Ctsl does not affect gene expression,
activation or secretion of MMP-2 [13], impaired MMP-2
degradation explains its increased protein levels. This is
shown by in vitro cleavage assays, demonstrating that Ctsl
and to a much lesser extent Ctsb are able to degrade MMP-
2. Furthermore, addition of a cysteine protease inhibi-
tor to the cell supernatant confirmed that accumulation of
MMP-2 depends on cysteine cathepsin activity.

Higher protein levels of MMP-2 result in a decrease of
MMP-2 substrates such as collagen a-1 (I). Since numer-
ous other significantly affected proteins upon Ctsb and Ctsl
double deficiency display a decreased abundance, a degra-
dation of these proteins by MMP-2 can be hypothesized.
These data support a strong impact of Ctsb and Ctsl on
ECM composition via MMP-2 degradation.
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