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Numerous studies highlight the fact that concerted pro-
teolysis is essential for skin morphology and function. The
cysteine protease cathepsin L (Ctsl) has been implicated
in epidermal proliferation and desquamation, as well as in
hair cycle regulation. In stark contrast, mice deficient in
cathepsin B (Ctsb) do not display an overt skin phenotype.
To understand the systematic consequences of deleting
Ctsb or Ctsl, we determined the protein abundances of
>1300 proteins and proteolytic cleavage events in skin
samples of wild-type, Ctsb�/�, and Ctsl�/� mice via
mass-spectrometry-based proteomics. Both protease de-
ficiencies revealed distinct quantitative changes in pro-
teome composition. Ctsl�/� skin revealed increased lev-
els of the cysteine protease inhibitors cystatin B and
cystatin M/E, increased cathepsin D, and an accumulation
of the extracellular glycoprotein periostin. Immunohisto-
chemistry located periostin predominantly in the hypoder-
mal connective tissue of Ctsl�/� skin. The proteomic iden-
tification of proteolytic cleavage sites within skin proteins
revealed numerous processing sites that are underrepre-
sented in Ctsl�/� or Ctsb�/� samples. Notably, few of the
affected cleavage sites shared the canonical Ctsl or Ctsb
specificity, providing further evidence of a complex pro-
teolytic network in the skin. Novel processing sites in
proteins such as dermokine and Notch-1 were detected.
Simultaneous analysis of acetylated protein N termini

showed prototypical mammalian N-alpha acetylation.
These results illustrate an influence of both Ctsb and Ctsl
on the murine skin proteome and degradome, with the
phenotypic consequences of the absence of either prote-
ase differing considerably. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M112.017962, 611–625, 2013.

Cathepsins B and L are ubiquitously expressed papain-like
cysteine proteases belonging to the C1a papain family (clan
CA), with 11 members in humans (1) and 18 members in mice
(2). Most cysteine cathepsins like cathepsin L are endopepti-
dases, whereas cathepsin B shows both endopeptidase and
carboxydipeptidase activity (3). Mainly localized in the endo-
somal/lysosomal compartment, cathepsins have traditionally
been thought to play important roles in lysosomal protein
turnover. Additional specific functions have been postulated
that link cathepsins to different physiological and pathological
processes.

Studies using cathepsin L (Ctsl)-gene-deficient mice1 re-
vealed an important role of Ctsl in cardiac homeostasis (4–6)
and a contribution of Ctsl to MHC II-mediated antigen pres-
entation (7, 8) and prohormone processing (9, 10). In a mouse
model of pancreatic neuroendocrine cancer, Ctsl promoted
tumor growth and invasiveness (11, 12). In stark contrast, Ctsl
was found to attenuate tumor progression in mouse models of
skin cancer, highlighting the context-specific function of this
protease (13, 14).

The most prominent phenotype of Ctsl-deficient mice is
periodic hair loss together with epidermal hyperplasia, acan-
thosis, and hyperkeratosis (15). These alterations in skin mor-
phology are assumed to be keratinocyte specific, as con-
trolled re-expression of Ctsl under a keratin 14 promoter
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gium; **Department of Pathology and Laboratory Medicine and De-
partment of Chemistry, Centre for Blood Research, University of
British Columbia, Vancouver, British Columbia, Canada V6T 1Z3;
‡‡Freiburg Institute for Advanced Studies (FRIAS), School of Life
Science-LifeNet, University of Freiburg, D-79104 Freiburg, Germany;
§§ZBSA Center for Biological Systems Analysis, University of
Freiburg, D-79104 Freiburg, Germany; ¶¶BIOSS Centre for Biological
Signaling Studies, University of Freiburg, D-79104 Freiburg, Germany

Received February 16, 2012, and in revised form, October 19, 2012
Published, MCP Papers in Press, December 10, 2012, DOI

10.1074/mcp.M112.017962

1 The abbreviations used are: Ctsb, cathepsin B; Ctsd, cathepsin D;
Ctsl, cathepsin L; E64, trans-epoxysuccinyl-L-leucylamido(4-guanidi-
no)butane; Fc, fold change; GFP, green fluorescent protein; LC-MS/
MS, liquid chromatography–tandem mass spectrometry; MEF, mouse
embryonic fibroblast; TAILS, terminal amine isotopic labeling of
substrates.

Research
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Molecular & Cellular Proteomics 12.3 611



results in inconspicuous epidermal proliferation (16). The hair
loss phenotype is caused by increased apoptosis and prolif-
eration of hair follicle keratinocytes during the regression
phase (catagen) of the hair follicle (17).

Cathepsin B (Ctsb)-gene-deficient mice do not display a
spontaneous phenotype (18, 19), but if pathologically chal-
lenged these mice are less susceptible to disease in pancre-
atitis (20) and are less affected by TNF�-induced hepatocyte
apoptosis (21). In tumor models of metastasizing breast can-
cer and pancreatic neuroendocrine neoplasias, mice deficient
in Ctsb showed delayed cancer progression and reduced
invasion (11, 22, 23). As good corroboration, the overexpres-
sion of Ctsb in the mouse mammary tumor virus–polyoma
middle T breast cancer model promotes a more severe tumor
phenotype (24).

In contrast to single-gene-deficient mice, mice with a dou-
ble deficiency in both Ctsb and Ctsl die 4 weeks after birth as
a result of pronounced lysosomal storage disease leading to
neuron death in the cerebral cortex and the degeneration of
cerebellar Purkinje cells (25). Because single-gene-deficient
mice do not show autophagolysosomal and lysosomal accu-
mulations in neurons, mutual compensation between Ctsb
and Ctsl in vivo has been suggested (26).

The present proteomic study focuses on the molecular
roles of Ctsb and Ctsl in skin homeostasis. We applied a
2-fold strategy consisting firstly of a gel-free quantitative pro-
teomic approach (27, 28) to investigate protein alterations.
Secondly, we performed terminal amine isotopic labeling of
substrates (TAILS) (29) to determine changes in the skin pro-
teome cleavage pattern and to identify Ctsb- and Ctsl-de-
pendent cleavage events. Selected proteomic data were
corroborated by means of immunodetection and immunohis-
tochemistry. Selected mRNA levels were determined via
qPCR in order to discriminate expression changes from post-
translational alterations. We identified specific proteomic and
degradomic effects stemming from the deletion of either Ctsb
or Ctsl. Our findings highlight the pivotal function of these
proteases in maintaining proteome homeostasis and in bal-
ancing the proteolytic network. This is one of the first studies
investigating how the deletion of individual proteases affects
proteolytic processing in vivo.

EXPERIMENTAL PROCEDURES

Mice—The generation of Ctsb- and Ctsl-gene-deficient mice has
been described previously (15, 19). All mice were backcrossed to the
FVB/N background for at least 10 generations. All animal experiments
were performed in compliance with institutional guidelines.

Preparation of Skin Samples—Dorsal skin was dissected after int-
racardiac perfusion with 0.9% NaCl and 0.4 units/ml heparin. Fresh
tissue samples (200 mg) were lysed in 1 ml of homogenization buffer
(100 mM Na-acetate, 5 mM EDTA, 1 mM dithiothreitol, 0.01 mM trans-
epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64), 1 mM phenyl-
methanesulfonyl fluoride, 0,05% Brij, pH 5.5) using an Ultra-Turrax
and centrifuged at 1000g for 15 min at 4 °C. Protein concentrations
were determined via Bradford assay (Bio-Rad, Munich, Germany).

Quantitative Proteome Comparison—For proteome comparison,
samples from two Ctsb-deficient mice, two Ctsl-deficient mice, and
four wild-type mice were prepared (two wild-type mice were used for
comparison to two Ctsb-deficient mice, and two different wild-type
mice were compared with two Ctsl-deficient mice). The preparation of
mass spectrometry samples was performed as described previously,
including stable isotope labeling with either d2

13C-formaldehyde
(“heavy,” employed for wild-type skin samples) or d0

12C formalde-
hyde (“light,” employed for cathepsin-deficient skin samples) for
quantitative comparison and pre-fractionation via strong cation ex-
change chromatography (30). LC-MS/MS analysis is described in the
corresponding section. Data were converted to mzXML format (31)
using ProteoWizard (32) with centroiding of MS1 and MS2 data.
Peptide sequences were identified using X!Tandem (version
2010.12.01) (33), including cyclic permutation, in conjunction with
PeptideProphet (part of version 4.3.1 of the Trans Proteomic Pipeline)
(34) and a decoy search strategy: the complete mouse proteome file
was downloaded from UniProt (35) on October 16, 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 (36).
Tryptic cleavage specificity with no missed cleavage sites was ap-
plied. The mass tolerance was 10 ppm for parent ions and 0.5 for
fragment ions. Static modifications were cysteine carboxyamidom-
ethylation (�57.02 Da), lysine, and N-terminal dimethylation (light
formaldehyde, 28.03 Da; heavy formaldehyde, 34.06 Da). X!Tandem
results were further validated using 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%. Only protein identifications stemming from at least two pep-
tide identifications were used. The relative quantitation for each pro-
tein was calculated from the relative areas of the extracted ion chro-
matograms of the precursor ions and their isotopically distinct
equivalents using the ASAPratio algorithm (37). In our experience
(shared by others (38)), ASAPratio occasionally displays inaccuracies
with regard to background removal and separation of neighboring
peaks along a given mass trace. To prevent inaccurate protein quan-
tization, protein ratios were also analyzed using the XPRESS algo-
rithm (39). Proteins were considered if XPRESS and ASAPratio
yielded convergent results. Reported fold change (Fc) values are
based on normalized ASAPratio.

Generation and Culturing of Cell Lines—Mouse embryonic fibro-
blast (MEF) cell lines have been described previously (30). A retroviral,
bicistronic expression system with an internal ribosomal entry site
was used for polyclonal, dosable expression of Ctsl. Mouse Ctsl
cDNA was cloned into a pMIG expression vector for retroviral trans-
fection (40). The resulting construct encodes for both Ctsl and green
fluorescent protein (GFP). They are controlled by the same promoter,
yielding a combined mRNA. Because of an internal ribosomal entry
site between both coding sequences, Ctsl is translated as an un-
tagged protein. However, Ctsl and GFP expression levels correlate.
GFP expression was used to fractionate the cell population by means
of preparative fluorescence-assisted cell sorting. Individual fluores-
cence-assisted cell sorting fractions were then probed for Ctsl ex-
pression via Western blot.

Western Blot—Cell conditioned media was harvested and concen-
trated as described elsewhere (30). 5 �g proteins from cell condi-
tioned media or 80 �g proteins from skin lysates were loaded on to
12% SDS-polyacrylamide gels. Actin served as an internal loading
control. After electrophoretic separation, proteins were transferred on
polyvinylidene fluoride membranes using a semidry blot system (Bio-
Rad, Munich, Germany). After blocking, the membranes were ex-
posed to the primary antibodies (actin, 1:10,000; Ctsb, 1:500; Ctsd,
1:1000; Ctsl, 1:500; Ctsz, 1:500; dermokine, 1:1000; tubulin, 1:1000;
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notch-1, 1:500; periostin, 1:500) overnight at 4 °C. After washing, the
membranes were incubated for 2 h with the secondary antibody. The
membranes were washed and developed with the West Pico Chemi-
luminescent substrate (Pierce). Peroxidase activity was detected with
a LumiImager device (Roche Applied Science, Mannheim, Germany).
The primary antibodies were purchased from MP Biomedicals
(Illkirch, France) (actin: Catalog No. 691001), Sigma-Aldrich (St. Louis,
MO) (tubulin: Catalog No. T6199), Abcam (Cambridge, MA) (notch-1:
Catalog No. ab27526), Proteintech (Chicago, IL) (dermokine: Catalog
No. 16252–1-AP), and R&D Systems (Minneapolis, MN) (Ctsb: Cata-
log No. AF965; Ctsd: Catalog No. AF1014; Ctsl: Catalog No. AF1515;
Ctsz: Catalog No. AF1033; periostin: Catalog No. AF2955).

RNA Isolation and Quantitative Real-time PCR Measurement—RNA
was isolated using the SV Total RNA Isolation System (Promega,
Madison, WI) and reversely transcribed to cDNA using the iScript
cDNA Synthesis system (Bio-Rad). The primer sequences for quan-
titative real-time PCR (by MyiQ, Bio-Rad) were as follows: actin
forward3 5�-ACC CAG GCA TTG CTG ACA GG-3�, actin reverse3
5�-GGA CAG TGA GGC CAG GAT GG-3�, Ctsd forward 3 5�-GTG
CAC ATG GAC CAG TTG GA-3�, Ctsd reverse 3 5�-CAA TAG CCT
CAC AGC CTC CCT-3�, cystatin B forward3 5�-CAC GGC CGA GAC
GCA GGA G-3�, cystatin B reverse 3 5�-CAG CCA CTA TCT GTC
TCT TGA AG -3�, cystatin C forward 3 5�-TCG CTG TGA GCG AGT
ACA AC-3�, cystatin C reverse 3 5�-ATC TGG AAG GAG CAG AGT
GC-3�, periostin forward3 5�-AAC CAA GGA CCT GAA ACA CG-3�,
periostin reverse3 5�-GTG TCA GGA CAC GGT CAA TG-3�. Cycling
conditions were as follows: 1 cycle of 72 °C for 1 min; 50 cycles of
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s; and 1 cycle of 72 °C
for 5 min.

Histology and Immunohistochemistry—Paraffin sections of back
skin were deparaffinized in xylene, hydrated in graded ethanol solu-
tions, and stained with hematoxylin and eosin. Visualization of the
primary antibody (periostin, Catalog No. AF2955, R&D Systems, Min-
neapolis, MN) was via peroxidase reaction using the Vectastain Elite
ABC Kit (Vector Laboratories, Burlingame, CA). Microscopy was per-
formed using an Axioplan microscope (Zeiss, Stuttgart, Germany),
and digital images were acquired with an Axiocam camera (Zeiss,
Stuttgart, Germany). Adobe Photoshop software was used for slight
contrast enhancement.

Preparative Fluorescence-assisted Cell Sorting—MEFs were sorted
according to their GFP expression level using a MoFlo high speed cell
sorter (Beckman Instruments).

Cleavage Site Analysis with TAILS—TAILS was performed using
formaldehyde labeling according to the original publications (29, 41).
After tryptic digest samples were desalted using a reversed phase
C18 column, prefractionated via strong cation exchange chromatog-
raphy as described, and desalted using self-packed C18 STAGE tips
(Empore 3M, Minneapolis, MN) (42). LC-MS/MS analysis is described
in the corresponding section. Data were converted to mzXML format
(31) using mzWiff (version 4.3.1) 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)
(33), including cyclic permutation, in conjunction with PeptideProphet
(part of version 4.3.1 of the Trans Proteomic Pipeline) (25). The same
mouse proteome database as described in the section “Quantitative
Proteome Comparison” was used. Semi Arg-C specificity with up to
three missed cleavage sites was applied. Static modifications are
�57.02 Da, lysine, and N-terminal dimethylation (light formaldehyde,
�28.03 Da; heavy formaldehyde, �34.06 Da). For acetylated N ter-
mini (�42.01 Da), modifications were cysteine carboxyamidomethyl-
ation, N-terminal acetylation, and lysine dimethylation. Asymmetric
mass tolerance was 0–120 ppm for precursor ions and 0.05 Da for
fragment ions. X!Tandem results were further validated by Peptide-
Prophet at a confidence level of �95%. The relative quantification for

each peptide was calculated using the ASAPratio algorithm (37) as
described in the section “Quantitative Proteome Comparison.” Fc
values were based on ASAPratio normalized for all peptide ratios.
Two biological replicates with independent sample preparation and
mass spectrometric measurement were analyzed. Samples from two
Ctsb-deficient mice, two Ctsl-deficient mice, and four wild-type mice
were prepared. Ratios were divided into the following quantiles: 0–15,
15–25, 25–75, 75–85, and 85–100 (43). N termini were considered as
decreased if found in the quantile 0–15 in one biological replicate and
in the quantile 0–25 in the second replicate. Similiarly, N termini were
considered as increased if found in the quantile 75–100 in one bio-
logical replicate and in the quantile 85–100 in the second replicate.
Analysis and graphs were done in R (v2.15.0) with Rstudio as a
front-end integrated development environment.

LC-MS/MS Analysis—For mass spectrometric measurements, two
nanoflow-LC-MS/MS systems were used: system A, an Orbitrap XL
(Thermo Scientific GmbH, Bremen, Germany), for quantitative pro-
teome comparison, and system B, a Qstar Elite (AB Sciex, Darmstadt,
Germany), for cleavage site analysis with TAILS. Each was coupled to
an Ultimate3000 micro pump (Dionex, Idstein, Germany). As mobile
phases, 0.5% acidic acid and 0.5% acetic acid (ACS reagent; Sigma,
Steinheim, Germany) in 80% acetonitrile were used (water and ace-
tonitrile were of HPLC grade or better). HPLC column tips (fused
silica) with a 75 �m inner diameter (New Objective, Woburn, MA) were
self-packed (44) with Reprosil-Pur 120 ODS-3 (Dr. Maisch, Ammer-
buch, Germany). The mass spectrometers were operated in the data-
dependent mode for MS and MS/MS. For the Orbitrap XL, each MS
scan was followed by a maximum of five MS/MS scans, and in the
case of the Qstar Elite by four MS/MS scans. For the Qstar Elite, the
smart mode of the Analyst 2.0 software for MS/MS accumulation was
used.

Statistical Analysis of Protein Abundance Data—Ratios of each
dataset were calculated as cathepsin depleted over control condition.
For data analysis and transformation, ASAPratio data were log2-
transformed. Mean Fc values, including the standard deviation and
90% confidence interval (based on a Student’s t test distribution),
were calculated for each protein identified in both replicates. ASAP-
ratio p values were combined using Fisher’s method. Protein abun-
dance was considered as significantly altered if the following three
criteria were met: (i) 90% confidence did not cross zero, (ii) Fisher’s
method yielded a combined p value � 0.1, and (iii) manual extracted
ion chromatogram inspection corroborated the calculated heavy/light
value.

TAILS Ranking Scheme—The scoring scheme was based on a
recent proteomic characterization of Ctsb and Ctsl specificity (45). In
the Ctsb ranking scheme, one point was awarded for P, F, Y, W, I, V,
or A in P2; R, K, G, A, or T in P1; G, F, L, or V in P1�; and I, V, G, A,
S, or T in P2� position. Two points were given for a G residue at
position P3�. One point was subtracted (penalty) if an E, D, or G
residue was located at P2, P1�, or P2� and if a V residue was located
at position P1. Two points were subtracted (penalty) if a P residue was
located at position P1 or P1�. In the Ctsl ranking scheme, two points
were given for P, F, Y, W, I, V, or L in P2; G, A, S, T, or Q in P1; G, A,
S, T, or H in P1�; and G, A, S, T, or P in P2�. Two points were
subtracted if G, A, S, T, E, K, or R residues were located in P2 and if
a P residue was located at position P1 or P1�.

In Vitro Cleavage Assays—Recombinant human Ctsl (0.5 ng/�l) and
murine periostin (50 ng/�l) 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 phos-
phate, 0.4 M sodium chloride, 10 mM EDTA, pH 7). Dextrane sulfate
was added at a concentration of 10 ng/�l. Samples were loaded on to
12% SDS-polyacrylamide gels, and bands were visualized by means
of silver staining.
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Aortic Ring Assay—Rat aortic explant cultures were performed as
described in Ref. 46. Briefly, rat aortas were prepared, cleared from
periaortic fibroadipose tissue, and sectioned into 1-mm-thick aortic
rings. The aortic rings were embedded in a collagen I matrix (1.5
mg/ml) (collagen R from rat tail tendons, Serva, Heidelberg, Germany)
and cultured in serum-free DMEM (GIBCO, Carlsbad, CA). Murine
recombinant VEGF (20 ng/ml) (Peprotech, Rocky Hill, NJ) was sup-
plemented to induce vessel growth. The cysteine cathepsin inhibitor
E64d (Bachem, Bubendorf, Switzerland) was administered at different
concentrations (5 �M, 20 �M). Media were replaced every third day.
Microscopic images were taken at day 9, and the vessel density was
computationally quantified as described elsewhere (47).

Microarray Processing and Data Analysis—RNA from mouse em-
bryonic fibroblasts was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). RNA integrity and quality were estimated on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), and
the RNA integrity number index was calculated for each sample using
the Agilent 2100 Expert software. All samples reached an integrity
number � 9.0 and were further processed. For transcriptomic anal-
ysis, the MouseWG-6 v2.0 Expression BeadChip Kit (Illumina, San
Diego, CA) was used according to the manufacturer’s instructions.

Microarray scanning was done using a Beadstation array scanner,
with the setting adjusted to a scaling factor of 1 and photomultiplier
tubes, settings at 430. Data extraction was done for all beads indi-
vidually, and outliers were removed at �2.5 median absolute deviation.
All remaining data points were used for the calculation of the mean
average signal for a given probe, and the standard deviation for each
probe was calculated. Data analysis was done via normalization of the
signals using the quantile normalization algorithm without background
subtraction. Probes with a bad quality score according to the manufac-
turer or those having a low detection significance (p � 0.05) were
discarded. For further analysis, only probes having an Entrez ID were
retained, always choosing probes with the largest interquartile range
across experiments if multiple probes matched the same Entrez ID.

To compare the fold differences of two wild-type cell lines and the
two respective Ctsb-deficient or Ctsl-deficient cell lines, we calcu-
lated the gene-wise fold expression difference for each wild-type-
knockout pair. The resulting fold difference distributions were fitted
with a skewed t-distribution to account for the asymmetry in differ-
entially up- and down-regulated genes (48). Overall p values for
differential regulation were calculated from the one-tailed p values of
the individual skew-t distributions using Fisher’s method. Overall fold
expression differences denote the mean of the experimental fold
differences. Genes were considered significantly up- or down-regu-
lated at a combined p value � 0.01.

RESULTS AND DISCUSSION

Impact of Ctsb or Ctsl Ablation on Skin Proteome Compo-
sition—To elucidate the contribution of Ctsb and Ctsl to the

skin proteome, we quantitatively compared the proteomes of
skin lysates of wild-type and Ctsb or Ctsl knockout mice,
respectively. Each quantitative proteome comparison was
performed in two biological replicates comparing skin from
two different wild-type and two different knockout mice. Skin
samples comprised epidermis, dermis, and hypodermis. Sta-
ble isotope labeling with either d2

13C-formaldehyde (heavy) or
d0

12C formaldehyde (light) in combination with LC-MS/MS
was applied. Comparison of wild-type and Ctsb-deficient skin
samples identified 1472 proteins in the first biological repli-
cate (supplemental Table S1) and 1546 proteins in the second
biological replicate (supplemental Table S2). 1191 proteins
were identified in both experiments (Fig. 1A). Comparison of
wild-type and Ctsl�/� skin samples identified 1635 proteins in
the first biological replicate (supplemental Table S3) and 1658
proteins in the second biological replicate (supplemental Ta-
ble S4). 1317 proteins were detected in both replicates (Fig.
1A). Alterations of protein abundance in all quantitative pro-
teome comparisons are presented as fold change values (Fc;
log2 of heavy/light ratio). Average Fc values, together with
their distribution for all identified proteins, are shown in sup-
plemental Figs. S1A and S1B and supplemental Tables S5
and S6. All replicates showed a near-normal distribution (dis-
tribution profile in supplemental Figs. S1A and S1B) and an
average Fc close to 0 (Fig. 1B). Both Ctsb and Ctsl had a
pronounced impact on the skin proteome composition. 1191
proteins were identified in both Ctsb replicates, and 1317
proteins were identified in both Ctsl replicates. 356 proteins
were changed more than 2-fold (Fc � �0.58 or Fc � 0.58) in
both Ctsb replicates, and 517 proteins were changed more
than 2-fold in both Ctsl replicates.

In order to consider individual protein abundances as sig-
nificantly altered, we combined the three following criteria: (a)
The 90% confidence interval of the averaged Fc value does
not span zero. (b) Combination of the ASAPratio p values (37)
using Fisher’s method yields a merged p value � 0.1. Note-
worthy, ASAPratio p values smaller than 0.1 to 0.2 are typi-
cally considered as indicating altered protein quantity (37, 49).
(c) Manual inspection of the extracted ion chromatograms
corroborates the heavy/light ratio calculated by ASAPratio.
With these strict criteria employed, 15 proteins displayed

FIG. 1. Protein identification and quantification for each biological replicate. A, 1191 proteins were identified in both biological replicates
for the comparison of wild-type and Ctsb�/� skin samples. 1317 proteins were identified in both biological replicates for the comparison of
wild-type and Ctsl�/� skin samples. B, distribution and geometric mean (horizontal bar) of fold change values (log2) of proteins from each
replicate of the Ctsb and Ctsl experiments, respectively.
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significantly altered abundance in Ctsb-depleted skin (Fig.
2A), and 32 proteins displayed altered abundance in Ctsl-
depleted skin (Fig. 2B).

Ctsl ablation affects the abundances of several proteins
that are associated with overt skin phenotypes in the respec-
tive gene knockout mice. This is the case for cathepsin D,
cystatin M/E, periostin, and caspase 14 (50–54). In contrast,
only one protein affected by Ctsb is associated with a murine
skin phenotype (RelA-associated inhibitor (55)). The more pro-

nounced impact of Ctsl ablation on important components in
mouse skin biology corresponds nicely to the overt skin phe-
notype in Ctsl�/� mice and the lack thereof in Ctsb�/� mice.

Ctsl Deletion Results in Altered Abundances of Several
Proteases and Protease Inhibitors—Ctsl deficiency signifi-
cantly affected the abundances of several proteases and pro-
tease inhibitors. This includes increased abundances of ca-
thepsin D (Ctsd), carboxypeptidase A4, carboxypeptidase E,
caspase 14, and cystatins E/M and B. Immunoblotting cor-

FIG. 2. Proteins with significantly altered abundance in the Ctsb (A) and Ctsl experiments (B). Horizontal bars indicate the 90%
confidence interval; black circles indicate average fold change values (log2). For each protein shown in this figure, Fisher’s test yielded a
merged p value � 0.1. See “Experimental Procedures” for details.
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roborated increased Ctsd levels in Ctsl�/� skin (Fig. 3A),
whereas qPCR analysis indicated unaffected Ctsd transcript
levels, suggesting that Ctsd accumulation is a posttransla-
tional effect (Fig. 3D). Ctsd is known as a positive regulator of
epidermal differentiation and barrier function (51, 52, 56). In
skin, its abundance is specifically affected by Ctsl deficiency
and not by the absence of Ctsb (Fig. 3B). This gives further
evidence of the long-standing hypothesis that Ctsl contrib-
utes significantly to the degradation, and thereby inactivation,
of Ctsd (57). The ability of Ctsl to degrade Ctsd has already
been shown in vitro (57, 58). Increased levels of active Ctsd
have been found in Ctsl�/� MEFs (59) and, most notably, in
the brains of Ctsb/Ctsl double deficient mice (25, 26). How-

ever, it is unresolved whether the Ctsd increase is a compen-
satory safeguard or promotes pathological tissue damage.

Cystatins are tight-binding inhibitors of cysteine proteases
like Ctsb and Ctsl (60). Cystatin E/M is important for epidermal
differentiation. Mice lacking cystatin E/M display an ichthyo-
sis-like phenotype due to impaired epidermal differentiation
and die within 2 weeks after birth (53, 61). The known target
proteases of cystatin E/M in the epidermis are legumain and
cathepsins L and V (62). The deletion of cathepsin L but not of
legumain prevents the lethality of cystatin E/M deficiency in
mice (63). While cystatin E/M is secreted, cystatin B is pre-
dominantly located in the cytosol. It inhibits a wider range of
proteases including cathepsins B, H, L, and S (64). qPCR

FIG. 3. Immunoblot analysis of
periostin, Ctsb, Ctsd, Ctsl, and Ctsz
comparing wild-type (WT) with (A)
Ctsl�/� and (B) Ctsb�/� skin sam-
ples. Actin was used as a loading con-
trol. C, averaged MS fold changes
(log2) of periostin, Ctsd, and Ctsz for
the quantitative proteome comparison
of WT/Ctsb�/� (dark gray bars) and
WT/Ctsl�/� (light gray bars). mRNA ex-
pression for Ctsd (D), cystatin B (E),
and periostin (F) in WT and Ctsl-de-
pleted skin as measured by qPCR.
Gene expression data were normalized
to the expression of �-actin and are
presented as mean � S.E. (n � 3). ns,
not significant (p � 0.05; unpaired t
test); * significant (p � 0.05; unpaired
t test); ** significant (p � 0.01; unpaired
t test). G, re-expression of Ctsl in
Ctsl�/� MEFs and over-expression in
WT MEFs. Re-expression of Ctsl to
WT-like expression levels using the ret-
roviral expression vector pMIG restores
WT-like periostin expression in cell
conditioned media. Mild overexpres-
sion of Ctsl further increases periostin
abundance.
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analysis showed an increase of cystatin B mRNA levels in the
absence of Ctsl (Fig. 3E), suggesting that its accumulation is
due to increased gene expression.

As outlined above, we chose strict criteria to identify pro-
teins with altered abundance. The strictness of our criteria is
illustrated by proteins that fail to meet these conditions but for
which immunodetection still corroborates altered abundance.
This is the case for cathepsin Z, which is more abundant in
both Ctsb- and Ctsl-deficient skin (Figs. 3A, 3B).

The examples above suggest that the removal of a single
protease can result in altered abundance of further proteases
and protease inhibitors. To evaluate this observation, we per-
formed genome-wide transcriptomic analysis of MEFs lacking
either Ctsb or Ctsl in comparison to wild-type fibroblasts. As
shown in supplemental Figs. S2A and S2B, the removal of
either Ctsl or Ctsb significantly affects the transcript levels of
a large number of proteases and protease inhibitors.

Periostin Accumulates in Ctsl�/� Skin, Superseding Tran-
scriptional Down-regulation—Periostin is an extracellular ma-
trix protein with important involvement in skin physiology and
cancer biology. Periostin-deficient mice display impaired col-
lagen fibrillogenesis leading to increased skin stiffness (50).
Periostin mediates cancer stem cell maintenance and meta-
static dissemination by facilitating increased Wnt signaling
(65). Our data reveal that periostin protein is significantly
enriched in Ctsl�/� skin. Its accumulation was corroborated
by immunoblotting (Fig. 3A). This effect was specific for Ctsl
and was not observed in Ctsb�/� skin (Fig. 3B).

qPCR analysis showed a significant decrease of periostin
mRNA levels in Ctsl deficiency (Fig. 3F). We previously de-
scribed a similar effect of Ctsl on periostin transcript levels in
MEFs (30). In MEFs, the decrease in periostin mRNA is ac-
companied by a corresponding decrease in periostin protein
(30). In murine skin, however, the decrease in periostin mRNA
is superseded by an accumulation of the corresponding pro-
tein, predominantly in the hypodermis (Fig. 4), and to a lesser
extent around hair follicles.

These results indicate that in vivo, Ctsl plays an important
role in regulating periostin abundance on both the transcrip-
tional and the post-transcriptional level. Whereas the tran-
scriptional impact likely represents a secondary or down-
stream effect of Ctsl deletion, the accumulation of periostin
protein in skin indicates impaired degradation, either by Ctsl
or by other proteases with impeded activity upon Ctsl abla-
tion. The latter possibility includes decreased protease abun-
dance or increased abundance of protease inhibitors. We are
not aware of another case in which transcriptional down-
regulation is superseded in such a prominent manner by
post-translational accumulation of the corresponding protein.

To test whether Ctsl itself has the ability to degrade perios-
tin, we performed in vitro cleavage assays. Ctsl degraded
periostin at pH 5.5. Only minor processing was observed at
pH 7.0 (supplemental Fig. S3A), even in the presence of
dextrane sulfate (supplemental Fig. S3B), which reportedly
stabilizes cathepsin activity at neutral and basic pH levels (66).
Periostin predominantly accumulates in the hypodermis with
a neutral to basic extracellular pH. Possibly, Ctsl degrades
endocytosed, internalized periostin. In fact, periostin is known
to bind to cell surface integrins (67).

To further support our observation that Ctsl has a strong
impact on periostin transcript levels, we re-expressed Ctsl in
Ctsl�/� MEFs and mildly overexpressed Ctsl in wild-type
MEFs. As outlined above, Ctsl deletion in MEFs led to de-
creased periostin mRNA (similar to the situation in skin) and a
corresponding decrease of periostin protein. We chose a
bi-cistronic expression system with retroviral transfection to
yield polyclonal, stable, and dosable Ctsl expression. In
Ctsl�/� MEFs, we achieved wild-type-like re-expression of
Ctsl (Fig. 3G). In wild-type MEFs, additional expression of Ctsl
increased its abundance more than 2-fold (Fig. 3G). Re-ex-
pression of Ctsl rescued the periostin phenotype, whereas
Ctsl overexpression in MEFs led to increased periostin abun-
dance (Fig. 3G). These data underline the strong effect of Ctsl
on periostin expression.

FIG. 4. Immunohistochemical analy-
sis for periostin in wild-type and Ctsl-
depleted skin. Periostin (POSTN)-defi-
cient skin served as the control. One
representative staining out of four inde-
pendent experiments is shown.
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Pathways and Protein Classes Affected by Cathepsin De-
pletion—To obtain a global picture of pathways and protein
classes affected by the depletion of either Ctsb or Ctsl, we
analyzed all averaged protein ratios with PANTHER gene ex-
pression tools (68) (supplemental Tables S5 and S6). This
approach focused on the combination and classification of
individual proteins and their ratios, with the aim of identifying
common biological themes. Importantly, the individual pro-
teins that are found for a biological theme might each be only
moderately affected by cathepsin ablation.

Generally, pathway analysis for Ctsb and Ctsl achieved
similar results (supplemental Figs. S4A, S4B). For example,
the ablation of either Ctsb or Ctsl led to elevated levels of
proteins involved in the ubiquitin proteasome pathway, pos-
sibly indicating a compensatory mechanism for protein turn-
over. A specific effect of Ctsb, but not of Ctsl, was observed
in the VEGF signaling pathway and in angiogenesis. This
effect involved elevated levels of several MAPKs, GSK3�, and
Stat1. A specific role of Ctsb, but not of Ctsl, in angiogenesis
was found previously in a study investigating the roles of
different cathepsins in a mouse model of pancreatic islet cell
carcinogenesis (11). Matrigel-embedded human umbilical
vein endothelial cells showed a significant reduction in the
length of capillary-like tubes upon application of the cathepsin
B specific inhibitor CA074Me (69). In line with this observa-
tion, VEGF-induced angiogenesis is reduced upon the appli-
cation of CA074Me in cathepsin B–null mice (70). By perform-
ing an aortic ring assay, we observed reduced vessel
sprouting from rat aortic rings upon VEGF induction using the
cysteine cathepsin inhibitor E64d (supplemental Fig. S5).

PANTHER protein class analysis revealed that the removal
of either Ctsb or Ctsl had a strong effect on the abundance of
numerous proteins associated with proteolysis (supplemental
Figs. S4C, S4D). In addition to the aforementioned cystatins
(affected predominantly by Ctsl), this includes the decreased
abundance of several serine protease inhibitors upon the
deletion of either cathepsin. An interconnection between ca-
thepsin and serpine abundance is further supported by the
aforementioned study investigating the contribution of ca-
thepsin L to the secretome composition of MEFs. Here, the
removal of cathepsin L repeatedly reduced the abundance of
serpine E2 by more than 50% (30). These observations ex-
emplify cross-talk between mechanistically different classes
of proteolysis. In fact, cross-class inhibition between some
serpins and several cysteine cathepsins has been reported
(71, 72). Decreased serpine abundance coincides with in-
creased proteolytic processing of serpins in cathepsin-defi-
cient skin (see below), presenting a putative explanation for
the altered abundance of this protein class.

Systemic Effect of Ctsb and Ctsl on Skin Proteolysis: N-ter-
minal Cleavage Site Analysis—Because both cathepsins are
active proteases and are important for regulating the abun-
dance of further proteases and protease inhibitors, we applied
a quantitative N-terminomic technique in order to better un-

derstand how Ctsb and Ctsl contribute to proteolytic pro-
cesses in the skin. TAILS (29, 73) has been applied to assess
the influence of Ctsl depletion on extracellular proteolysis in
MEFs (30). The TAILS approach allows for the quantitative
comparison of protein N termini from different biological sam-
ples based on a negative selection strategy. Both naturally
unmodified and naturally modified (e.g. acetylated) N termini
can be identified. “Unmodified” protein N termini possess an
amino group (–NH2) and might include native as well as pro-
teolytically generated protein N termini. These naturally un-
modified protein N termini are chemically dimethylated using
isotopic labeled formaldehyde. Thus, natively unmodified pro-
tein termini are identified as being dimethylated. In most
cases, natively unmodified protein termini correspond to sites
of proteolytic processing.

TAILS was performed in two biological replicates compar-
ing skin from two different wild-type mice and two different
mice deficient in either Ctsb or Ctsl. All replicates showed a
near-normal distribution (distribution profile in supplemental
Figs. S6A and S6B). For the Ctsb experiment, TAILS identified
1524 naturally unmodified (chemically dimethylated) N termini
in the first replicate and 936 naturally unmodified (chemically
dimethylated) N termini in the corresponding second replicate
(supplemental Tables S7 and S8; annotated spectra in sup-
plemental files 1 and 2). Of these, 570 N termini were present
in both replicates (Fig. 5A, supplemental Table S9). In the Ctsl
experiment, we identified 1429 dimethylated N termini in the
first biological replicate and 1264 N termini in the second
biological replicate (supplemental Tables S10 and S11; anno-
tated spectra in supplemental files 3 and 4). 740 dimethylated
N termini were detected in both replicates (Fig. 5B and sup-
plemental Table S12).

To discern natively unmodified cleavage sites with reduced
abundance upon cathepsin removal (cathepsin-dependent
cleavage events), we chose a quantile-based approach as
described under “Experimental Procedures.” In the Ctsb ex-
periment, 37 N termini were decreased and 61 N termini were
increased in both biological replicates. In the Ctsl experiment,
80 N termini were decreased and 116 N termini were in-
creased upon Ctsl deficiency (supplemental Tables S7, S8,
S10, and S11). This result is in good agreement with the
proteome data, where we observed stronger effects upon Ctsl
depletion than upon Ctsb depletion. Nevertheless, the re-
moval of either Ctsb or Ctsl has a systemic and substantial
effect on global skin proteolysis.

In some cases, the altered abundance of a proteolytically
processed N terminus reflects altered abundance of the cor-
responding protein rather than impaired proteolytic process-
ing. For example, several cleavage sites in collagen �-2 (type
I) are less abundant in Ctsl�/� skin. This is best explained,
however, by a reduced overall abundance of collagen �-2
(Fig. 2B), rather than assuming altered proteolysis of this
protein. Similarly, altered abundances of processing sites in
procollagen C-endopeptidase enhancer 1 in Ctsb�/� skin are
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FIG. 5. N-terminal peptides identified and quantified for each biological replicate in the TAILS experiment. A, 570 peptides were
identified in both biological replicates of the Ctsb experiment. B, 740 peptides were identified in both biological replicates of the Ctsl
experiment. Numbers refer to naturally unmodified, chemically dimethylated N termini. C, D, global specificity pattern upon Ctsb deficiency (C)
and Ctsl deficiency (D). Graphical presentation of the secretome specificity profile of all N termini found in the 0–15 quantile and therefore
decreased upon Ctsb ablation (C) or Ctsl ablation (D). Positional occurrences are shown as enrichment over natural abundance of murine amino
acid abundances as derived from the International Protein Index (97). TAILS identifies prime-site sequences of proteineous cleavage sites. The
corresponding non-prime sequences were derived bioinformatically through database searches similar to the proteomic identification of
protease cleavage sites for protease specificity characterization (74, 75).
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best explained by the decreased overall abundance of this
protein.

To test whether decreased or increased N termini predom-
inantly represent altered protein abundance (as in the above
examples), we selected those proteins for which the TAILS
procedure identified an N terminal peptide (analysis restricted
to proteins and N termini identified in both biological repli-
cates). We found only a weak correlation (Ctsb: r � 0.106;
Ctsl: r � 0.399) between Fc values of N termini and the
corresponding proteins (supplemental Figs. S7A and S7B).
This shows that quantitatively altered N termini typically do
not represent altered protein abundance and rather reflect
altered proteolysis on a global scale.

Cathepsin Deficiency Results in Dominant “Secondary” or
“Downstream” Effects on Skin Proteolysis—Although quanti-
tatively decreased cleavage events in Ctsb�/� or Ctsl�/� skin
evidently depend on the presence of either Ctsb or Ctsl, they
do not necessarily represent actual Ctsb or Ctsl cleavage
sites. As shown in this study, both Ctsb and Ctsl represent
important nodes in the protease web that regulate the abun-
dance of several other proteases and protease inhibitors.
Thus, the aforementioned decreased cleavage events might
represent the altered activity of further proteases rather than
primary cathepsin cleavage sites. In fact, we have previously
shown for MEFs that Ctsl strongly contributes to extracellular
proteolysis by altering the activity of other proteolytic en-
zymes (30).

TAILS identifies the C terminal (prime site) part of a cleav-
age site. For a more comprehensive analysis, we derived the
corresponding N terminal (non-prime site) sequences using a
bioinformatic strategy that has been established for the pro-
teomic identification of protease cleavage sites (74–76).

For those cleavage sites that depend on the presence of
either of Ctsb or Ctsl, we show the global cleavage pattern in
Figs. 5C and 5D. N-terminal to the scissile peptide bond, the
removal of either Ctsb or Ctsl predominantly affected cleav-
age sites with aromatic residues in P1 (Schechter and Berger
nomenclature, Ref. 77). Noteworthy, the “specificity patterns”
are reproducible for the biological replicates of the Ctsb or
Ctsl experiment. Similarly, the TAILS specificity pattern for the
Ctsl�/� secretome has shown robust reproducibility (30). To-
gether, these data underline that cathepsins B and L system-
atically and robustly contribute to skin proteolysis.

Importantly, the global TAILS profiles of cathepsin-depen-
dent cleavage sites do not correspond to the well-character-
ized specificity of Ctsb and Ctsl (74). Both cathepsins prefer
aromatic residues in P2. In addition, Ctsb strongly prefers P3�

glycine. Thus, global analysis of cathepsin-dependent cleav-
age events suggests that the majority of these cleavage
events do not represent actual Ctsb or Ctsl cleavage sites but
rather stem from the altered activity of other proteases. This
finding is in good agreement with our results obtained via
quantitative proteomic analysis of Ctsb- or Ctsl-deficient skin;
the outcome of these experiments points to an important role

of both cathepsins in controlling the abundance of a multitude
of proteases and protease inhibitors. The loss of either Ctsb
or Ctsl causes substantial perturbations of protease activity,
which in turn outshine actual Ctsb or Ctsl cleavage sites.

At the same time, the lack of a pronounced cathepsin
specificity fingerprint also might indicate that Ctsb and Ctsl
have predominantly degradative functions and yield only a
few stable cleavage products.

Processing Sites in Dermokine and NOTCH1—Cathepsins
are broad-specificity proteases. In contrast to highly specific
proteases such as caspases, they display positional prefer-
ences rather than strict selectivity for individual amino acids.
To account for this broad specificity and to identify depleted
cleavage sites that correspond to Ctsb or Ctsl specificity, we
implemented a scoring scheme for P2-P3� based on the ac-
tive site specificity of Ctsb and Ctsl (74). The score is aug-
mented for residues in P2-P3� that match Ctsb or Ctsl spec-
ificity, whereas residues that contradict cathepsin specificity
lead to a penalty (details provided under “Experimental Pro-
cedures”). We applied this ranking scheme to Ctsb- or Ctsl-
dependent N termini that were decreased in abundance ac-
cording to our quantile analysis in both biological replicates.
(Ctsb experiment: supplemental Table S13; Ctsl experiment:
supplemental Table S14). In agreement with the global pattern
of Ctsb- or Ctsl-dependent cleavage sites, few cleavage sites
achieved a score � 0, with maximum scores of 6 for Ctsb and
5 for Ctsl. A Ctsb-dependent cleavage site in dermokine
corresponds closely to Ctsb specificity (e.g. through a P3�

glycine) (Fig. 6A). Dermokine was not identified in the quanti-
tative proteome comparison, but immunoblotting revealed
equal dermokine protein levels in Ctsl-depleted and wild-type
skin (Fig. 6B). Cleavage products reflecting cleavage events in
dermokine were not detected. Possibly, cleavage products
are present in substantially lower amounts than in intact
dermokine and are therefore not detected by immunoblotting.
Nevertheless, the processing of dermokine by Ctsb needs to
be investigated further. Dermokine is secreted by keratino-
cytes and is discussed as a biomarker for early-stage colo-
rectal cancer (78, 79). Proteolytic processing of dermokine
has not yet been reported (80).

We also detected a novel cleavage site in the Notch 1
intracellular domain (Fig. 6C). In both biological replicates, this
cleavage event strongly depended on the presence of Ctsl.
However, the cleavage sequence lacked the prototypical Ctsl
specificity determinant of hydrophobic residues in P2. Notch
signaling is critical for epidermal and hair follicle differentiation
(81–83). The identified neo-N terminus reflects a cleavage
event at residue 2390 in the Notch intracellular domain, lead-
ing to a C-terminal fragment of 141 amino acids. This frag-
ment represents the conserved domain DUF3454 with un-
known functionality. The presence of this fragment was
corroborated via immunoblotting using an antibody detecting
the C terminus of notch-1 (supplemental Fig. S6D). Notch-1
was not identified in the quantitative proteome comparison.
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However, immunoblotting uncovered globally depleted
notch-1 levels in Ctsl-deficient skin (data not shown). This has
been observed using the C-terminal antibody and an antibody
detecting cleaved notch-1 (Val1744). Thus the C-terminal
fragment of 141 amino acids represents altered notch-1 levels
in Ctsl-deficient skin, rather than Ctsl-dependent processing.
With respect to the hair and skin phenotype of Ctsl-deficient
mice, altered Notch signaling is of great interest. However, it
is currently not known whether this novel Notch intracellular
domain processing site affects Notch signaling. Granzyme B
has been reported to process the Notch intracellular domain
at several sites (84); however, cleavage at residue 2390 does
not correspond to the strict granzyme specificity for P1 as-
partate. Interestingly, periostin has been found to interact with
notch-1, thereby influencing its extracellular proteolytic proc-
essing (85).

Increased Proteolysis of Serpines Coincides with Their De-
creased Protein Abundance—Terminomic approaches such
as TAILS are designed to detect N termini of stable cleavage
products. Although limited proteolysis differs from degrada-
tion processes, the lack of a specific cleavage event might
result in an accumulation of the corresponding protein. We
examined whether underrepresented cleavage sites in cathe-
psin-deficient skin are observed for proteins with increased
abundance (cleavage site detected in both biological repli-
cates in quantile 0–25; averaged protein Fc � 1). For Ctsl, this
is the case for epidermal fatty-acid-binding protein and cad-
herin-1. For Ctsb, decreased proteolytic processing, together
with increased protein abundance, is observed in calseques-
trin-1, hemoglobin subunits �-1 and -2, and apolipoprotein

C-III. Analogous to the above reasoning, an increase in pro-
teolytic processing can result in decreased protein abun-
dance. In Ctsl�/� skin, this is the case for a surprisingly large
number of protease inhibitors, albeit with a milder effect on
protein abundance (cleavage site detected in both replicates
in quantile 0–25; averaged protein Fc � �0.5). The affected
protease inhibitors include serpine H1, �-1-antitrypsin, �-2-
macroglobulin, antithrombin-III, serpine C1, and peptidase
inhibitor 16. The identification of the N termini mentioned
above provides evidence of processing by Ctsb or Ctsl but
needs further investigation.

N-terminal Protein Acetylation Corresponds to Prototypical
Mammalian N-� Acetylation—TAILS is a negative selection
technique and is suitable for the analysis of N-terminal protein
acetylation (86). Independently of our work on cathepsin bi-
ology, we examined the N-� acetylation pattern in order to
contribute to recent studies focusing on N-terminal protein
acetylation (87–93). In this context, we present the first pro-
teomic overview of N-� acetylation in mice. In the Ctsb ex-
periments, TAILS identified between 411 and 637 acetylated
protein N termini (supplemental Tables S15 and S16; anno-
tated spectra in supplemental files 5 and 6). In the Ctsl ex-
periment, TAILS identified 284 to 574 acetylated protein N
termini (supplemental Tables S17 and S18; annotated spectra
in supplemental files 7 and 8). In all four experiments, �75%
of all N-� acetylations occurred after the removal of a methi-
onine residue. More than 95% of all N-� acetylated proteins
were intracellular. These results correspond to several of the
aforementioned studies.

FIG. 6. A, novel processing site in
dermokine that is affected by deletion
of Ctsb. N termini were identified and
quantified via TAILS in both biological
replicates, including their fold changes
(log2) (black bars � replicate a; gray
bars � replicate b; arrows indicate the
identified cleavage site). B, immunoblot
analysis of dermokine comparing wild-
type and Ctsb�/� skin samples. Tubulin
was used as a loading control. C, novel
processing site in notch-1 that is af-
fected by the deletion of Ctsl. N termini
were identified and quantified via TAILS
in both biological replicates, including
their fold changes (log2) (black bars �
replicate a; gray bars � replicate b; ar-
rows indicate the identified cleavage
site). D, immunoblot analysis revealed a
15-kDa notch-1 cleavage product com-
paring wild-type and Ctsl�/� skin sam-
ples using an C-terminal antibody. Actin
was used as a loading control.
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To characterize the specificity of N-� acetylation in mice,
we generated sequence logos of those N-terminal acetylation
events with a P1 methionine (Fig. 7). In all four TAILS exper-
iments, there was a striking preference for small (alanine,
serine) or acidic (aspartate, glutamate) residues in P1� and,
to a lesser extent, P2�. This profile bears close resemblance
to the recently presented N-� acetylation pattern from hu-
man A2780 cells (94). Thus we have provided experimental
evidence that mice share a prototypical N-� acetylation
pattern.

CONCLUSION

A wealth of studies have demonstrated that balanced pro-
teolysis is essential for skin development and function. The
deficiency of numerous proteolytic enzymes, as well as of
endogenous protease inhibitors, leads to severe skin pheno-
types in mice (15, 51, 53, 95, 96). The present study consti-
tutes the first comprehensive investigation of how the ablation
of cathepsin B or cathepsin L affects the murine skin pro-
teome and degradome. Generally, it is one of the first studies
investigating how the deletion of individual proteases affects
proteolytic processing in vivo. Both cathepsins are deeply
involved in maintaining skin proteome composition. In some
cases (e.g. cystatin B in Ctsl�/� skin), altered protein abun-

dance stems from affected gene expression rather than im-
paired degradation. The accumulation of periostin in Ctsl�/�

skin is of particular note: here a transcriptional down-regula-
tion is superseded by impaired periostin degradation. The
ablation of Ctsb or Ctsl has a pronounced effect on further
proteases and protease inhibitors. This characterizes Ctsb
and, more prominently, Ctsl as important regulatory mod-
ules of the proteolytic network in skin. Consequently, their
genetic deficiency affects a multitude of proteolytic proc-
essing sites, albeit predominantly through dominant down-
stream effects.

The present study highlights the necessity of combining
cleavage site analysis with global quantitative proteome anal-
ysis. In some cases, altered protein abundance might be
caused by adversely affected proteolytic processing. In other
cases, quantitatively affected cleavage sites represent altered
protein abundance rather than impaired proteolysis.
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