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Deficiency of the lysosomal cysteine protease cathepsin L
(Ctsl) in mice results in a phenotype affecting multiple tissues,
including thymus, epidermis, and hair follicles, and in the heart
develops as a progressive dilated cardiomyopathy (DCM). To
understand the role of Ctsl in the maintenance of regular
heart morphology and function, it is critical to determine
whether the DCM in Ctsl�/� mice is primarily because of the
lack of Ctsl expression and activity in the cardiomyocytes or is
caused by the additional extracardiac pathologies. Cardiom-
yocyte-specific expression of Ctsl in Ctsl�/� mice, using an
�-myosin heavy chain promoter-Ctsl transgene, results in
improved cardiac contraction, normal mRNA expression of
atrionatriuretic peptide, normal heart weight, and regular
ultrastructure of cardiomyocytes. Epithelial expression of
cathepsin L2 (CTSL2) by a K14 promoter-CTSL2-transgene
resulted in rescue of the Ctsl�/� hair loss phenotype. In these
mice, cardiac atrionatriuretic peptide expression and end
systolic heart dimensions were also significantly attenuated.
However, cardiac contraction was not improved, and
increased heart weight as well as the typical changes in lyso-
somal ultrastructure of Ctsl�/� hearts persisted. Myocardial
fibrosis was detected in all Ctsl�/� mice irrespective of trans-
gene-mediated cardiac Ctsl expression or extracardiac
CTSL2 expression. Expression of collagen 1 was not
enhanced in Ctsl�/� hearts, but a reduced collagenolytic
activity suggests a role for Ctsl in collagen turnover by cardiac
fibroblasts. We conclude that the DCM of Ctsl�/� mice is
primarily caused by absence of the protease in cardiomyo-
cytes, whereas the complex gross phenotype of Ctsl-deficient
mice, i.e. the fur defect, results in additional stress to the
heart.

Cardiomyopathies represent a heterogeneous group of heart
diseases characterized by progressive myocardial remodeling
that results in impaired pump function of the heart (1). Among
other etiologic factors, abnormality of lysosomes and lysosomal
hydrolases have been shown to cause myocardial heart disease.
Thus, cardiomyopathies have beendescribed in hereditary defi-
ciencies of lysosomal glycosidases, like inmucopolysaccharido-
ses and glycogenoses (2, 3). Deficiency of LAMP-2 (lysosome-
associated membrane protein-2) has been shown to induce
accumulation of autophagic vacuoles and to cause Danon dis-
ease, leading to severemyopathy of cardiac and skeletalmuscles
(4, 5). Furthermore, LAMP-2-deficient mice manifest a Danon
disease-like vacuolar cardioskeletal myopathy (6). In hearts
from cases of dilated cardiomyopathy (DCM),2 increased activ-
ity of lysosomal enzymes was found (7), and autophagic degen-
eration was proposed to be an important mechanism (8).
Among the many lysosomal protease types, “cathepsins” are
expressed in the heart at considerable levels, although their
specific roles in maintaining the cardiac form-function rela-
tionship have not been defined yet.
The human lysosomal cysteine cathepsins represent a family

of 11 papain-like proteolytic enzymes (clan CA, family C1) with
a principal subcellular localization in the endosomal/lysosomal
compartment. Seven of these peptidases, the cathepsins B, C, F,
H, L, O, and X/Z, exhibit ubiquitous but nevertheless differen-
tial expression in mammalian tissues. Other papain-like cys-
teine peptidases are known to exhibit cell type-specific expres-
sion, e.g. cathepsin K is mainly found in osteoclasts and
cathepsin S is predominantly expressed in peripheral antigen-
presenting cells (9, 10). Traditionally, lysosomal cysteine pepti-
dases are considered to execute unspecific bulk proteolysis
inside the lysosome, which supports a homeostatic function of
these enzymes (11). However, there is growing evidence for
specific intra- and extracellular functions of these papain-like
enzymes (12, 13). For their extracellular actions, lysosomal pep-
tidases are secreted in considerable amounts (14–16). More
recently, functions of cysteine cathepsins have been identified
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in the cytoplasm, the nucleus, and even in the mitochondrion
(17–21).
Interestingly, it was shown that 1-year-old cathepsin L (Ctsl)

knock-outmice develop heart disease that resemblesmany fea-
tures of human dilated cardiomyopathy (22). Complete defi-
ciency of Ctsl in these mice causes interstitial fibrosis in the
myocardium and pleomorphism of cardiomyocyte nuclei, his-
tological alterations characteristic of human cardiomyopathies,
as well as cardiac chamber dilation, and impaired cardiac con-
traction at 12 months of age. Recently it was confirmed that
deficiency of Ctsl in the heart primarily affects the lysosomal
system, particularly by increasing the number and changing the
morphology of acidic organelles, althoughwithout the accumu-
lation of specific lysosomal storage materials (23). Further-
more, these defects in the acidic compartments of Ctsl-defi-
cient cardiomyocytes result in complex biochemical and
cellular alterations leading to loss of cytoskeletal proteins and
mitochondrial impairment, which contribute to cardiomyocyte
dysfunction (23). Interestingly, the skeletal muscles of Ctsl�/�

mice are not pathologically altered. However, Ctsl-deficient
mice develop spontaneous phenotypes in addition to DCM.
Most prominent are periodic hair loss and epidermal thicken-
ing (24, 25). It has been shown that these phenotypes are caused
by a critical role of Ctsl in endosomal/lysosomal termination of
growth factor signaling in keratinocytes (26). Furthermore,
Ctsl-deficient mice show a reduced number of CD4�-T-cells
because of a reduced positive selection in the thymus and
decreased volume of trabecular bones (27–29).
Because of this complex phenotype of Ctsl knock-out mice,

we set out to investigate whether their cardiomyopathy is pri-
marily caused by defective Ctsl activity in the myocardium or
secondary to the other extracardiac phenotypes. Here we
address this question by transgenic expression ofmurineCtsl in
the heart of Ctsl�/� mice and by transgenic expression of
human CTSL2 (the ortholog of mouse Ctsl) in keratin 14-ex-
pressing epithelia of Ctsl�/� mice.

EXPERIMENTAL PROCEDURES

Generation andMaintenance of Tg(�MHC-Ctsl) Transgenics
and Tg(�MHC-Ctsl);Ctsl�/� Mice—The full-length murine
Ctsl cDNA (1.1 kb), including the stop codon, was inserted into
an expression cassette that included the cloning vector pBSKII
SK� (Stratagene), a murine �-myosin heavy chain promoter
(provided by J. Gulick), and a transcription termination/poly-
adenylation fragment (poly(A), 0.63 kb) of the human growth
hormone gene (30). The plasmid was injected into fertilized
oocytes from FVB/n inbred mice. The oocytes were subse-
quently transferred into the oviducts of pseudo-pregnant recip-
ient females. Mouse tail DNA was analyzed for integration of
the transgene (founder analysis and routine genotyping) by
PCR with transgene-specific primers 5�-TGTAACGGAGGC-
CTGATGGATTTT-3� and 5�-CCCGGTCTTTGGCTATTT-
TGATGT-3�. The resultant founder animals were mated with
Ctsl�/� mice (24), which are incipient transgenic (N6) for the
FVB/n background. Transgene-positive and transgene-nega-
tive Ctsl knock-out (Ctsl�/�) or wild-type (Ctsl�/�) mice with
the genotypes Ctsl�/�, Ctsl�/�, Tg(�MHC-Ctsl);Ctsl�/�, and
Tg(�MHC-Ctsl);Ctsl�/� were obtained. Littermate controls

were used for all experiments. The generation, maintenance,
and breeding of the mice as well as animal experiments were
reviewed and performed in accordance with the German law
for animal protection (Tierschutzgesetz).
Generation of Tg(K14-CTSL2);Ctsl�/� Mice—Ctsl knock-

out mice with transgenic expression of human CTSL2 (syno-
nym cathepsin V) under the epithelial cytokeratin K14 pro-
moter have been generated as described previously (31) and are
named Tg(K14-CTSL2);Ctsl�/� mice here. These mice are
incipient congenic (N7) for the FVB/n-background.
Morphometry, Histology, and Immunohistochemistry—The

body and heart weights were determined by weighing the body
immediately after death and the heart after removal of both
atria. The myocardium was washed in phosphate-buffered
saline and fixed in 4% buffered formalin for 24 h. The fixed
hearts were embedded in paraffin, and 7-�m thick serial sec-
tions were cut, deparaffinized, and rehydrated, and extracel-
lular matrix glucosaminoglycans were stained with Mowry
staining (32). For immunohistochemistry of back skin, sec-
tions of 5-�m thickness were deparaffinized and rehydrated.
Mouse anti-human CTSL2 antibody (R & D Systems; 1:2000
dilution at 4 °C for 16 h) was used for the detection of CTSL2.
Detection of the primary antibody was performed using the
EnVisionTM kit (Dako Cytomation) according to the manu-
facturer’s instructions.
High Resolution LightMicroscopy and Transmission Electron

Microscopy—The hearts were removed and immediately fixed
in half-strength Karnovsky’s fixative as 3-mm3 tissue cubes.
The tissues were postfixed in 2% osmium tetroxide and embed-
ded in araldite resin. Semithin sections were stained with tolu-
idine blue/borax, examined by light microscopy, and photo-
graphed (Leitz). Ultrathin sections were stained with uranyl
acetate and lead citrate, examined, and photographed using
a Jeol 1200EX transmission electron microscope (Jeol,
Japan). Multiple blocks were examined from each heart, and
3-mm long and 1-�m thick sections were examined by light
microscopy from each block. These tissue blocks were fur-
ther examined by transmission electron microscopy using
ultrathin sections.
RNA Isolation, Reverse Transcription, and Quantitative Real

Time PCR—Total RNA from myocardium was isolated using
the RNeasy mini kit (Qiagen). Five micrograms of total RNA
were reverse-transcribed by the SuperScript first strand synthe-
sis system for RT-PCR (Invitrogen). PCR amplification and
quantification of the reverse-transcribed cDNAwas performed
using the intercalating SYBR Green dye, cDNA/RNA/H2O,
Taq polymerase, and specific primers (�-actin, 5�-ACCAACT-
GGGACGATATGGAGAAGA-3� and 5�-TACGACCAGAG-
GCATACAGGGACAA-3�; Ctsl, 5�-GCACGGCTTTTCCAT-
GGA-3� and 5�-CCACCTGCCTGAATTCCTCA-3�; ANP, 5�-
CCTGGGCTTCTTCCTCGTCTTG-3� and 5�-CCTCATCT-
TCTACCGGCATCTTCTC-3�; glyceraldehyde-3-phosphate
dehydrogenase, 5�-TGCACCACCAACTGCTTAG-3� and 5�-
GATGCAGGGATGATGTTC-3�; Col1a1, 5�-GCCAAGAAG-
ACATCCCTGAAG-3� and 5�-TCATTGCATTGCACGTC-
ATC-3�) under the following conditions: 1 cycle for 15 min
at 95 °C, 50 cycles (94 °C for 15s, 60 °C for 30s, and 72 °C for
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30s) in the MyiQTM single color real time PCR detection
system (Bio-Rad).
Measurement of Proteolytic Activities—Myocardial tissue

was Dounce-homogenized in 150 mM NaCl, 50 mM Tris, 5 mM
CaCl2 (pH 7.6), and postnuclear supernatants (PNS) were
obtained by centrifugation at 1000 � g for 10 min. Assay for
DQ-Collagen andDQ-Gelatin (both from Invitrogen) degrada-
tion in the PNS was according to the manufacturer’s protocol.
Organelles were isolated by centrifuging the PNS for 20 min at
17,000 � g and resuspension of the organelle pellet in 100 mM
sodium acetate, 1 mM EDTA, 0.05% Brij 35 (pH 5.5). Ctsl pro-
teolytic activitywas determined by hydrolysis of the fluorogenic
dipeptide benzyloxycarbonyl-Phe-Arg-4-methylcoumarin-7-
amide (25 �M; Bachem) in the presence of the CTSB-specific
inhibitor CA-074 (150 nM; Bachem). The release of 7-amino-4-
methylcoumarin was continuously monitored for 20 min by
spectrofluorometry at excitation and emission wavelengths of
370 and 460 nm, respectively.
Labeling of Cysteine Protease-active Sites with DCG-04—

DCG-04 binds covalently to the active site of cysteine cathep-
sins and contains a biotin tag (33). 10 �g of protein from heart
organelles was incubated with DCG-04 (10 �M; courtesy of M.
Bogyo, University of California, San Francisco) for 1 h at room
temperature. Subsequently, the lysates were diluted in SDS
sample buffer and boiled for 10 min at 95 °C. Samples were
subjected to SDS-PAGE (15% gel) and blotted on Hybond-P-
polyvinylidene difluoride membrane (GE Healthcare). The

membrane was incubated with
streptavidin-peroxidase complex for
2h, andprotease-boundDCG-04was
visualized by the SuperSignalTM
chemiluminescent substrate (Pierce).
Echocardiography and Cardiac

Doppler Examination—Echocardio-
graphic examinationwas performed
under inhalation anesthesia with
0.8–1.0% isoflurane. Transthoracic
Doppler echocardiography was per-
formed with a digital cardiac ultra-
sound machine equipped with a
15-MHz linear phased-array trans-
ducer and a 12-MHz short focal
length-phased array transducer
(SONOS 5500, C1 software pack-
age, Philips Medical Systems, The
Netherlands). Both the parasternal
long axis and short axis views were
obtained. M-mode and Doppler
recordings were performed at a
sweep speed of 150 mm/s. Left ven-
tricular septal and posterior wall
thickness at the end of diastole as
well as end diastolic and end systolic
dimensions of the left ventricle were
measured using leading edge to
leading edge rule with the electronic
caliper in M-mode (34).
The percentage of fractional

shortening and ejection fraction was calculated with conver-
sion formulas as described before (35). For determination of
systolic outflow of the left ventricle and pulsed wave, Dopp-
ler signals were obtained by placing the sample volume par-
allel to flow during long axis view into the left ventricular
outflow tract and the ascending aorta. Diastolic inflow was
detected apical to the mitral valve within the left ventricle
(35).
Statistics—All data are reported as arithmetic mean � S.D.

Statistical analysis was performed by using the U test of Mann
and Whitney. p values �0.05 were considered as statistically
significant.

RESULTS

Cardiomyocyte-specific Expression of Ctsl in Ctsl�/� Mice
Using an �MHC-Ctsl Transgene—The �-myosin heavy chain
promoter regulates cardiomyocyte-specific gene expression
(36). Ctsl-mRNA is expressed in the heart but not in skeletal
muscle of Tg(�MHC-Ctsl);Ctsl�/� mice (Fig. 1A), and no
Ctsl-mRNAwas detected by real time PCR in liver or kidney of
either Tg(�MHC-Ctsl);Ctsl�/� or Ctsl�/� mice (supplemental
Fig. 1). Quantification of myocardial Ctsl-mRNA expression
revealed more than 100-fold Ctsl-mRNA overexpression in
Tg(�MHC-Ctsl);Ctsl�/� and Tg(�MHC-Ctsl);Ctsl�/� mice as
compared with Ctsl�/� controls (Fig. 1B). However, this
�MHC-Ctsl transgene-induced overexpression of Ctsl-mRNA
in the heart did not result in the substantial elevation of Ctsl

FIGURE 1. Ctsl expression in Tg(�MHC-Ctsl) mice. A, Ctsl expression in mRNA of heart and skeletal muscle by
RT-PCR. B, quantification of Ctsl mRNA expression in myocardium (n � 3– 6 per group). C, Ctsl activity in heart
muscle by measurement of the hydrolysis of the fluorogenic dipeptide benzyloxycarbonyl-Phe-Arg-7-amido-
4-methylcoumarin (AMC) in presence of the cathepsin B inhibitor CA-074 (n � 3–5 per group). D, detection of
the zymogen (Pro-Ctsl) as well as the single (sc) and heavy chain (hc) forms of Ctsl by the activity-based probe
DCG-04 (see Ref. 33, representative of three independent experiments). Ctsb indicates the cathepsin B band.
Control, Coomassie stain for loading control. Tg�Ctsl�/�, Tg(�MHC-Ctsl);Ctsl�/�. Tg�Ctsl�/�, Tg(�MHC-Ctsl);
Ctsl�/�. a, p � 0.05 versus Ctsl�/�; b, p � 0.05 versus Ctsl�/�.
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activity. Rather, the level of Ctsl protein and its activity in the
hearts of Tg(�MHC-Ctsl);Ctsl�/� mice resembled that in
wild-type mice (Fig. 1, C and D). Correspondingly, the pro-
Ctsl band (with its active site labeled by DCG-04) was mark-
edly prominent in Tg(�MHC-Ctsl);Ctsl�/� hearts. This pre-
sumably represents a stage in Ctsl maturation between
complete translation and incomplete processing (Fig. 1D). In
summary, Ctsl is expressed selectively in myocardium

resulting in near normal Ctsl activity levels in Tg(�MHC-
Ctsl);Ctsl�/� hearts.
Heart Function in Tg(�MHC-Ctsl);Ctsl�/� Mice—The

expression level of theANP represents amarker for sheer stress
in the myocardial wall. Myocardial ANP-mRNA expression
was significantly increased in Ctsl�/� mice versus Ctsl�/� con-
trols at 55 weeks (Fig. 2A). Echocardiography revealed elevated
left ventricular end systolic diameterswith normal end diastolic
diameters of Ctsl�/� hearts compared with Ctsl�/� controls at
55 weeks (Fig. 2B and supplemental Table), which lead to a
decrease in fractional shortening indicating a systolic pump
failure with reduced ventricular contraction in Ctsl�/� mice
(Fig. 2C). Moreover, significant dilation of Ctsl�/� atria (sup-
plemental Table) was noticed, matching well the clinical pic-
ture of a dilated cardiomyopathy. Cardiomyocyte-specific Ctsl
expression in Tg(�MHC-Ctsl);Ctsl�/� mice resulted in normal
myocardial ANP-mRNA levels (Fig. 2A), normal end systolic,
and end diastolic diameters of the left ventricle (Fig. 2B, supple-
mental Table) leading to improved fractional shortening (Fig.
2C). Atrial dilation was not seen in Tg(�MHC-Ctsl);Ctsl�/�

mice (supplemental Table). These results suggest a rescue of
Ctsl�/� heart function by cardiomyocyte-specific expression of
Ctsl (Tg(�MHC-Ctsl);Ctsl�/� mouse).
Heart Morphology and Histology of Tg(�MHC-Ctsl);Ctsl�/�

Mice—Heart weights were significantly increased in Ctsl�/�

versus Ctsl�/� mice. Cardiomyocyte-specific Ctsl expression in
Tg(�MHC-Ctsl);Ctsl�/� mice normalized the heart weight to
wild-type levels (Fig. 3A). However, hearts of both Ctsl�/� and
Tg(�MHC-Ctsl);Ctsl�/� mice showed more prominent stain-
ing of extracellularmatrix when compared withCtsl�/� hearts,
indicating the presence of interstitial fibrosis. No fibrosis was
observed in hearts of Tg(�MHC-Ctsl);Ctsl�/� mice showing
that the expression of the �MHC-Ctsl transgene does not, in
itself, cause interstitial fibrosis (Fig. 3B). Investigation of myo-
cardial ultrastructure inCtsl�/� hearts revealed regular muscle
fiber morphology with normal mitochondria and only few,

FIGURE 2. Assessment of heart function in 1-year-old Tg(�MHC-Ctsl)
mice. A, quantification of myocardial ANP-mRNA expression by real time PCR
(n � 3–5 per group). B, measurement of left ventricular end systolic diameters
by echocardiography. C, measurement of heart contraction (Fractional Short-
ening) by echocardiography. Tg�Ctsl�/�, Tg(�MHC-Ctsl);Ctsl�/�. Tg�Ctsl�/�,
Tg(�MHC-Ctsl);Ctsl�/�. a, p � 0.05 to all other columns.

FIGURE 3. Cardiac morphology and histology of Tg(�MHC-Ctsl) mice.
A, heart weights at 55– 65 weeks (n � 5–10 per group). B, Mowry staining of
myocardium at 40 weeks. Extracellular matrix is stained blue. C, electron
microscopy of myocardium at 37 weeks. The insets highlight characteristic
alterations. Figure is representative of three analyzed hearts per group. N,
nucleus. Tg�Ctsl�/�, Tg(�MHC-Ctsl);Ctsl�/�. Tg�Ctsl�/�, Tg(�MHC-Ctsl);
Ctsl�/�. a, p � 0.05 to all other columns.
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small, electron-dense lysosomes (Fig. 3C). This normal mor-
phology was also detected in the hearts of Tg(�MHC-Ctsl);
Ctsl�/� mice. Furthermore, electron microscopy revealed
nuclear degeneration (Fig. 3C), considerable lysosomal accu-
mulation (Fig. 3C and Fig. 5C), andmitochondrial degeneration
with vacuolization (Fig. 5C) in cardiomyocytes of Ctsl�/� mice
aged 37 or 60 weeks. As cellular vacuolization and signs of lyso-
somal accumulation were considerably more predominant in
Ctsl�/� hearts at 60weeks comparedwith 37weeks of age (data
not shown), age-associated progression of cardiomyopathy
seems conceivable. Tg(�MHC-Ctsl);Ctsl�/� heart ultrastruc-
ture showed similar morphology as age-matched Ctsl�/� con-
trol hearts. No nuclear dysmorphism or degeneration and only
occasional vacuolization of cardiomyocytes were observed (Fig.
3C). Thus, the characteristic changes of the Ctsl�/� cardiac
ultrastructure were prevented by the expression of the �MHC-
Ctsl-transgene. In summary, heart weight and cardiomyocyte
ultrastructure is rescued by cardiomyocyte-specific expression
of Ctsl in Tg(�MHC-Ctsl);Ctsl�/� mice, whereas myocardial
fibrosis persists (Table 1).
Extracardiac Expression of Human CTSL2 in Tg(K14-

CTSL2);Ctsl�/� Mice—Ctsl�/� mice show a phenotype of per-
iodic hair loss (24–26). Thus, the cardiomyopathy of Ctsl�/�

mice might be aggravated by the metabolic stress associated
with heat loss. Ctsl�/� mice with transgenic expression of
human CTSL2 under the epithelial K14 promoter (Tg(K14-
CTSL2);Ctsl�/� mice) show normalization of hair and skin
phenotype (31). We investigated whether the characteristic
cardiac changes of Ctsl-deficient mice persist in Tg(K14-
CTSL2);Ctsl�/� mice with normal hair growth. Human
CTSL2-mRNAwas expressed in the skin but not in the heart of
Tg(K14-CTSL2);Ctsl�/� mice (supplemental Fig. 2A). CTSL2
expression at the protein level was detected in the epidermis
and hair follicle of Tg(K14-CTSL2);Ctsl�/� but not in Ctsl�/�

mice (supplemental Fig. 2B).
Heart Function of Tg(K14-CTSL2);Ctsl�/�Mice—Compared

with Ctsl�/� mice the extracardiac CTSL2 expression in
Tg(K14-CTSL2);Ctsl�/� mice resulted in reduced myocardial
ANP-mRNA levels (Fig. 4A), and reduced end systolic and end
diastolic diameters of the left ventricle (Fig. 4B, supplemental
Table). However, heart function as assessed by cardiac contrac-
tion (fractional shortening) and ejection fractions remained
pathologically impaired, whereas atrial dilation was not seen in
Tg(K14-CTSL2);Ctsl�/� mice (Fig. 4C; supplemental Table).
As fractional shortening and ejection fraction are the most
important features in heart contraction by echocardiography,
we conclude that there wasmerely incomplete improvement of
Ctsl�/� heart function by extracardiac expression of CTSL2

FIGURE 4. Assessment of heart function in Tg(K14-CTSL2);Ctsl�/� mice.
A, transcription of ANP-mRNA expression by quantitative RT-PCR with ANP-
versus �-actin-specific primers (n � 3–5 per group). B, measurement of left
ventricular end systolic diameters; C, heart contraction (Fractional Shortening)
by echocardiography. Tg�Ctsl�/�, Tg(K14-CTSL2);Ctsl�/�. Tg�Ctsl�/�,
Tg(K14-CTSL2);Ctsl�/�. a, p � 0.05 to all other columns.

TABLE 1
Synopsis of heart phenotypes in cathepsin L mutant mice
Ctsl�/� indicates Ctsl “knock-out”; Tg(�MHC-Ctsl);Ctsl�/� indicates Ctsl “knock-out” with additional �MHC-Ctsl transgene; Tg(K14-CTSL2);Ctsl�/� indicates Ctsl
“knock-out” with additional K14-CTSL2 transgenes.

Genotypes
Heart function Heart morphology

Molecular markers Echocardiography Heart weight Fibrosis Myocardial ultrastructure
Ctsl�/� Pathological Pathological Pathological Pathological Pathological
Tg(�MHC-Ctsl);Ctsl�/� Normal Normal Normal Pathological Normal
Tg(K14-CTSL2);Ctsl�/� Pathological but partially

normalized as compared
with Ctsl�/�

Pathological but partially
normalized as compared
with Ctsl�/�

Pathological Pathological Pathological
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(Tg(K14-CTSL2);Ctsl�/� mouse) with normalization of hair
and skin phenotypes.
Pathologic Heart Morphology and Histology in Tg(K14-

CTSL2);Ctsl�/� Mice—Heart weights of Tg(K14-CTSL2);
Ctsl�/� were similarly increased as those of age-matchedCtsl�/�

mice (Fig. 5A). Hearts of Ctsl�/� and Tg(K14-CTSL2);Ctsl�/�

mice showed more prominent staining of extracellular matrix
when compared with age-matched Ctsl�/� hearts, indicating an
interstitial fibrosis (Fig. 5B). Ultrastructural analysis of Tg(K14-
CTSL2);Ctsl�/� myocardium revealed considerable lysosomal
accumulation and mitochondrial degeneration with significant
vacuolization (Fig. 5C). These ultrastructural changes are similar
to those seen in age-matched Ctsl�/� hearts (Fig. 5C). These
results indicateapersistentmyocardial fibrosisandpathologiccar-
diac ultrastructure regardless of the normalizationof the hair phe-
notype and body weight in Tg(K14-CTSL2);Ctsl�/� mice.
Interstitial Fibrosis—Interestingly, interstitial fibrosis was

notmarkedly improved by cardiac or extracardiac expression of
Ctsl. However, the transcription of collagen I, which represents
the major fibrotic collagen in the myocardium, was not
increased in Ctsl�/� hearts (Fig. 6A). Thus to address this, we
decided tomeasure gelatinolytic and collagenolytic activities in
the myocardial homogenates by degradation of fluorescence-
quenched DQ-gelatin and DQ-collagen to assess whether
fibrosis could be caused by impaired turnover of extracellular
matrix proteins (Fig. 6B).When comparedwithwild-typemice,
the proteolytic cleavage of both substrates was significantly
reduced in Ctsl�/� hearts and in hearts of Tg(K14-CTSL2);
Ctsl�/� mice. Interestingly, transgenic re-expression of Ctsl
in cardiomyocytes normalized the cleavage of DQ-gelatin,
but degradation of DQ-collagen remained at the level of
Ctsl�/� hearts. Thus, the fibrosis observed in Ctsl-deficient
hearts might be caused by defects of collagen turnover in
cardiac fibroblasts.

DISCUSSION

Ctsl is known as a highly potent endoprotease of the cysteine
cathepsin family. It is ubiquitously expressed; however, Ctsl
expression levels vary considerably among different cell types.
Furthermore, Ctsl executes critical functions in specific cell and
tissue types as has been revealed by analysis of Ctsl-deficient
mouse models (12, 24, 37). In addition to the cardiomyopathy
addressed here (22, 23), a delayed and reduced tumor develop-
ment in the Rip1-Tag2 model for pancreatic islet cell carcino-
mas has been detected in Ctsl-deficient mice (38). Ctsl contrib-
utes to maturation and release of enkephalin and thyroid
hormone (39, 40). Important cell type-specific functions of Ctsl
include antigen presentation and maturation of major histo-
compatibility class II complexes in thymic cortex epithelial cells
(27, 41), and periodic hair loss as well as epidermal hyperprolif-
eration and thickening (24, 25). The most convincing evidence
for cell autonomous functions of Ctsl has been provided by the
rescue of the immune and skin phenotypes by transgenic mice
with specific re-expression of Ctsl in thymic cortex epithelial
cells and keratinocytes, respectively (26, 31).

FIGURE 5. Cardiac morphology and histology of the Tg(K14-CTSL2);
Ctsl�/� mouse. A, heart weights at 55– 65 weeks (n � 7–11 per group).
B, Mowry staining of myocardium at 65 weeks. Extracellular matrix is stained
blue (n � 3 per group). C, electron microscopy of myocardium at 60 weeks.
The insets highlight corresponding characteristic alterations. N, nucleus.
Tg�Ctsl�/�, Tg(K14-CTSL2);Ctsl�/�. Tg�Ctsl�/�, Tg(K14-CTSL2);Ctsl�/�. a, p �
0.05 to all other columns.

FIGURE 6. Quantification of cardiac type I collagen mRNA and measure-
ment of cardiac gelatinolytic and collagenolytic activities. A, transcription
of collagen type I mRNA from left ventricular myocardium by quantitative
RT-PCR (age 55– 65 weeks, n � 3–5 per group). B, gelatinolytic and collageno-
lytic activity in myocardial homogenates was measured by degradation of
fluorescent-labeled DQ-gelatin and DQ-collagen (age 50 –55 weeks, n � 4 per
group). a, p � 0.05 compared with Ctsl�/� (2nd column) and Tg(K14-CTSL2);
Ctsl�/� (4th column); b, p � 0.05 compared with all other columns.
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Here we determined whether the cardiomyopathy in Ctsl-
deficient is primarily caused by the cathepsin defect in car-
diomyocytes is secondary to the other phenotypes. Cardiomyo-
cyte-specific expression ofmurineCtsl by the�MHCpromoter
in Ctsl�/� mice results in improvements of all parameters of
heart ultrastructure and heart function with the notable excep-
tion of myocardial fibrosis (Table 1). Expression of CTSL2 (the
human ortholog of Ctsl with about 75% amino acid identity)
under control of the human cytokeratin 14 (K14) promoter in
Ctsl�/� mice rescues the skin phenotype (i.e. periodic hair loss
and epidermal thickening) and normalizes of CD4-T-cell
counts (31). Herewe show that theK14-CTSL2 transgene is not
expressed in the heart. Interestingly, K14-CTSL2 expression
also results in a significant improvement of left ventricular end
systolic diameters in Ctsl�/� mice. In support of the more
favorable heart dimensions is the significantly reduced mRNA
expression of ANP, a marker for sheer stress in the myocardial
wall (42–44). However, myocardial contraction/fractional
shortening and ultrastructure are not normalized in the
Tg(K14-CTSL2);Ctsl�/� mice. Thus, metabolic stress exerted
by heat loss because of the hair loss phenotype of Ctsl�/� mice
may support cardiomyopathy development but is apparently
not causing the initiation of cardiac pathogenesis.We have pre-
viously reported an impairment of cardiomyocyte ultrastruc-
ture inCtsl�/�hearts in newbornmice as the earliest detectable
pathogenic event in development of cardiomyopathy in Ctsl-
deficientmice (23). Specifically an increased number and size of
“acidic” vesicles of the endosomal/lysosomal compartment has
been observed. Similar observations have been made in kerati-
nocytes, which are the critical cells for the Ctsl�/� skin pheno-
type (25, 26). This suggests an alteration of the endosomal/
lysosomal compartment by Ctsl deficiency as a common cause
of the prominent skin and heart phenotypes of Ctsl-deficient
mice. In the case of Ctsl�/� keratinocytes it has been shown
that an imbalance of degradation and recycling of growth fac-
tors (e.g., epidermal growth factor) causes a sustained mito-
genic signaling and, hence, hyperproliferation in the epidermis
and hair follicles of affected mice (25, 26). Extensive proteome
comparison of Ctsl-deficient and wild-type hearts revealed
decreased levels of the sarcomere-associated proteins �-tropo-
myosin, desmin, and calsarcin 1, as well as changes in levels of
metabolic enzymes and components of the vesicular transport
system (23). Bioinformatics pathway analysis suggested a
switch to anaerobic catabolism and the impairment of mito-
chondrial respiration. This interpretation was supported by a
50% reduction in resting state oxygen consumption and
impaired respiration capacity in Ctsl�/� myocardial homoge-
nates (23). Thus, Ctsl deficiency in hearts results in metabolic
and sarcomeric alterations that promote DCM development.
Strikingly the Ctsl�/�-associated interstitial fibrosis is not

rescuedwhen expression ofCtsl activity is returned to cardiom-
yocytes (by the �MHC-Ctsl transgene) or to keratinocytes and
thymic cortex epithelium (by theK14-CTSL2 transgene). Thus,
fibrosis appears to be independent of the specific Ctsl functions
in cardiomyocytes, epidermis, hair follicles, and the immune
system. Fibrosis is an important pathologic hallmark of car-
diomyopathies resulting in conduction alterations and cardiac
valve defects (1, 45, 46). Both arrhythmias and valve insufficien-

cies have been detected inCtsl�/� hearts (22). Becausewe show
that collagen 1 expression is not enhanced in Ctsl-deficient
myocardium, it is most likely that accumulation of collagen in
the extracellular matrix is because of a defective collagen turn-
over. Although Ctsl is mainly located in the endosomal/lysoso-
mal compartment, about 10% of the zymogen is physiologically
secreted, can be extracellularly activated, and has been reported
to process extracellular matrix proteins such as fibronectin,
laminin, and type I, IV, andXVIII collagen (47–49). Supporting
this hypothesis is the marked decrease in collagenolytic and
gelatinolytic activities in the affected myocardium (Fig. 6B).
Interestingly, transgenic re-expression of Ctsl in cardiomyo-
cytes normalized the cleavage ofDQ-gelatin, but degradation of
DQ-collagen remained at the level of Ctsl�/� hearts (Fig. 6B).
We interpret this finding to mean that DQ-gelatin, which pre-
sents a highly denatured collagen preparation, is readily cleaved
by a number of potent endoproteases, with Ctsl being a major
representative. In contrast, DQ-collagen is a more complex
native collagen preparation requiring the action of specific col-
lagenases. Based on our present genetic studies, these collag-
enases are likely to be activated either directly or indirectly (i.e.
by inhibitor degradation) by Ctsl derived from the cardiac
fibroblasts. These in vivo results are in line with the recent
observation that calvarial bone osteoclasts do not use matrix
metalloproteinases for bonematrix resorption in the absence of
Ctsl (29).
In summary, Ctsl exerts multiple cell type-specific functions

in the heart. Its deficiency causes structural and functional
alterations within cardiomyocytes and affects the collagen
turnover of cardiac fibroblasts. In addition, the complex gross
phenotype of Ctsl-deficient mice, i.e. the fur defect, results in
additional stress for the heart. Taken together, pathogenic car-
diac remodeling is initiated that leads to manifest cardiac dys-
function in 1-year-old mice.
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