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Cathepsin F (cat F) is a widely expressed lysosomal cysteine protease whose in vivo role is unknown. To
address this issue, mice deficient in cat F were generated via homologous recombination. Although cat F~/~
mice appeared healthy and reproduced normally, they developed progressive hind leg weakness and decline in
motor coordination at 12 to 16 months of age, followed by significant weight loss and death within 6 months.
cat F was found to be expressed throughout the central nervous system (CNS). cat F~/~ neurons accumulated
eosinophilic granules that had features typical of lysosomal lipofuscin by electron microscopy. Large amounts
of autofluorescent lipofuscin, characteristic of the neurodegenerative disease neuronal ceroid lipofuscinosis
(NCL), accumulated throughout the CNS but not in visceral organs, beginning as early as 6 weeks of age.
Pronounced gliosis, an indicator of neuronal stress and neurodegeneration, was also apparent in older cat
F~/~ mice. cat F is the only cysteine cathepsin whose inactivation alone causes a lysosomal storage defect and
progressive neurological features in mice. The late onset suggests that this gene may be a candidate for

adult-onset NCL.

The human genome contains 11 papain-family cysteine pro-
teases, several of which have restricted tissue expression and
specific, nonredundant functions (3, 37). Cathepsin F (cat F),
known to have widespread tissue mRNA expression, is a rel-
atively understudied member of this enzyme family. cat F is
unique among papain-type cathepsins due to an elongated
N-terminal pro-region, which contains a cystatin-like domain
attached with a flexible linker to the canonical papain-type
catalytic domain (31). The enzyme contains a typical signal
peptide and is found within the endosomal compartment of
cells (41). Several prior studies have demonstrated in vitro that
cat F is a potent endoprotease. Recombinant active cat F
degrades the major histocompatibility complex (MHC) class II
chaperone, invariant chain (Ii), as well or better than cathepsin
S (cat S) (33). More recently, cat F has been implicated in
lipoprotein biology by virtue of its ability to inhibit cholesterol
efflux from peritoneal macrophages in vitro (17) and to de-
grade apolipoprotein B100 in vitro (26). However, a physio-
logical role for cat F has not been established.

Numerous enzyme deficiencies are accompanied by accumu-
lation of undegraded substrates within lysosomes, resulting in
lysosomal storage diseases. Among these are mucopolysaccha-
ridoses, glycoproteinoses, sphingolipidoses, and lipidoses (re-
viewed in reference 40). The neuronal ceroid lipofuscinoses
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(NCLs) are a collection of diseases involving lysosomal stor-
age manifested by gross accumulation of autofluorescent lipo-
fuscin-like material. The features of NCL include progressive
loss of motor skills and vision, mental decline, myoclonus,
seizures, and premature death (23). Notably, the pathological
manifestations of NCL are mostly localized to the central ner-
vous system (CNS) without visceral involvement (22). The
identified gene defects linked to NCL characteristically exhibit
autosomal-recessive transmission, and most encode proteins
that localize to the endosomal/lysosomal compartment. Sev-
eral of these are lysosomal enzymes, including palmitoyl pro-
tein thioesterase 1 (PPT1) and tripeptidyl peptidase 1 (TPP1)
(25, 29). Deficiency in cathepsin D (cat D), an aspartyl endo-
protease, also results in an NCL-like phenotype, along with
more widespread visceral lysosomal abnormalities (16), as does
the engineered mouse model lacking PPT2 activity (11). How-
ever, the identified causes of NCL are largely responsible for
disease beginning in infancy or childhood. There is a paucity of
genetic information or etiological mechanism available for adult-
onset NCL, also referred to as Kufs disease (1, 8). Of the reported
murine or human single cysteine cathepsin deficiencies, none
have been associated with neuronal lysosomal defects.

A cat F-deficient mouse was generated by homologous re-
combination. cat F~/~ mice developed a progressive neuro-
pathological process that ultimately proved fatal. The present
study examines the underlying cellular and molecular basis for
these manifestations in cat F~/~ mice and its possible relation
to late-onset human NCLs.

MATERIALS AND METHODS

Generation of mice with targeted disruption of cat F. Exon 7 (which contains
the active-site cysteine critical for enzyme activity), exon 8, and exon 9 of the
murine cat F gene were deleted by homologous recombination with a targeting
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FIG. 1. Targeted disruption of the cat F gene. (A) Scheme for the
targeted disruption of murine cat F gene by homologous recombina-
tion. Exons are indicated by number. E, EcoRI; H, HindIII; K, KpnlI.
(B) Southern blot analysis of HindIII-digested ES genomic DNA using
an external probe denoted in panel A. Expected fragment sizes are 12
kb for WT and 8 kb for mutant cat F. (C) Northern blot analysis of cat
F expression. The right panel shows that the expected 3.5- and 1.8-kp
products are apparent in cat F*/* but not cat F/~ RNA. In the left
panel, rRNA was used as a control. (D) Immunoblot analysis of cat F
expression (31 kDa) in cat L™/~ and cat L/cat F double-null liver
extracts. (E) cat F immunoblot analysis of visceral tissues from a cat
L™/~ mouse. Equal protein amounts were used for each sample.

vector containing a neomycin (neo) cassette between the EcoRI and Kpnl re-
striction sites in the cat F gene (Fig. 1A). G418-resistant clones were screened by
Southern blot analysis of embryonic stem (ES) cell genomic DNA, which was
digested with HindIII and hybridized with an external probe. Mutated ES cells
were microinjected into blastocysts of 129 SVJ females at Xenogen (Cranbury,
NJ). The resulting chimeras were used to generate heterozygous and subse-
quently homozygous mutant offspring against C57BL/6J genetic background.
Mice were genotyped for the introduced cat F gene mutation by analysis of tail
genomic DNA using exon 7- and neo-specific PCR primers (cat F-5" [5'-ACA
GAACTTGTGCTGCTCAGG-3'] and cat F-3' [5'-TTCCTACTTCTGGGA
CTCCAACC-3'] for wild type [WT] [247 bp] and cat F-5’" and Neo-3' [5’-TGG
ATGTGGAATGTGTGCGAG-3'] for knockout [225 bp]). Disruption of the cat
F gene was confirmed by Northern and Western blot analyses.

The mice used in the present study are of mixed background (C57BL/6J and
129 SVIJ), and littermate controls were used for all experiments. All experiments
involving animal use were approved by the Institutional Animal Care and Use
Committee of the University of California, San Francisco.

Immunoblotting. A rabbit polyclonal cat F antibody was generated for analysis
of cat F protein expression using recombinant human cat F (kindly provided by
Amos Baruch, Celera Diagnostics). Because the cat F antibody exhibited cross-
reactivity with cathepsin L (cat L), immunoblots for cat F were performed with
cat L™/~ tissues. In addition, tissues from cat L/F double-null mice were used as
negative controls (not shown). Tissues were lysed in a buffer containing 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS), 1% sodium deoxycholate, 0.1 mg of Pefabloc/ml, and
Protease Inhibitor Cocktail (Sigma) at 1:1,000. Lysate protein concentrations
were determined with the Micro BCA Protein Assay Kit (Pierce). Then, 25 to 50
g of lysate was fractionated by SDS-polyacrylamide gel electrophoresis (PAGE)
and analyzed by immunoblotting as described previously (35). Mitochondrial
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ATP synthase subunit ¢ accumulation was detected by using a purified rabbit
antibody (a generous gift from J. Ezaki, Juntendo University, Tokyo, Japan). The
spinal cord was minced and homogenized by sonication in Tris-HCI (pH 7.4) with
1% Triton X-100 and protease inhibitors. The protein concentration was deter-
mined, and 5 pg of homogenate was solubilized by sonication in LDS sample
running buffer (Invitrogen), fractionated, and analyzed by immunoblotting.

Footprint pattern test. The footprint patterns of mice were evaluated at 6, 12,
and 16 months essentially as described previously (13). A distinct nontoxic paint
color was used for each paw to facilitate footprint pattern analysis. Each mouse
was tested at least twice.

Grid walk analysis for motor coordination. The grid walk, originally a test for
motor coordination in rats, has more recently been adapted for use in mice (32).
Mice were trained to transverse the grid walk apparatus prior to actual test runs.
Runs were videotaped, and genotype information was blinded during analysis
and scoring.

Cysteine protease active site labeling. Tissues were lysed in a solution con-
taining 50 mM sodium acetate (pH 5.5), 1 mM EDTA, 0.1% CHAPS {3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 0.5% NP-40, 0.1 mg
of Pefabloc/ml, and 5 g of pepstatin A/ml (RIPA buffer) for 1 h at 4°C. Equal
amounts of lysate from each tissue were labeled with '**I-JPM565 (20, 28) for 1 h
at 37°C and then diluted in SDS sample buffer and boiled for 10 min. Samples
were fractionated by SDS-PAGE (12.5% gel), dried, and visualized by auto-
radiography.

For active-site labeling of cat F, single-cell suspensions were generated essen-
tially as described previously (19). Briefly, regions of the CNS were surgically
separated and minced in Hanks balanced salt solution supplemented with 10 mM
HEPES and 33.3 mM glucose. The tissues were then incubated with trypsin
(0.05%) and DNase I (100 U/ml) for 15 to 25 min at 37°C and gently triturated
by using a fire-polished glass pipette. Single-cell suspensions were obtained by
passing the resulting slurry through a 40-pm-pore-size mesh. For labeling, the
cell suspension was incubated with '*I-JPM565 (ethyl ester) for 1 h at 37°C,
washed three times, and lysed with RIPA buffer. cat F was immunoprecipitated
by using an anti-cat F antibody, pelleted with protein-A agarose beads, eluted
with sample running buffer, and fractionated by SDS-PAGE. The gel was sub-
sequently dried and visualized by autoradiography.

Light microscopy. Mice were sacrificed by isofluorane overdose, exsangui-
nated, and perfused with phosphate-buffered saline (PBS). Animals were subse-
quently perfusion fixed with 4% paraformaldehyde (PFA), and appropriate tis-
sues were extracted. Spinal cord sections (50 wm) were cut and stained with
cresyl violet or hematoxylin and eosin (H&E) for light microscopy.

Fluorescence microscopy. OCT (Sakura Finetek, Torrance, CA) embedded
sections (5 to 10 wm) were mounted directly onto gelatinized slides and dried.
For autofluorescence, sections were rinsed to remove OCT, dried, and mounted
without staining. For immunofluorescent staining, acetone-methanol-fixed slides
were permeabilized with PBS plus 0.5% Triton X-100 and blocked with 1%
bovine serum albumin and 5% goat serum in PBS, followed by an overnight
incubation with rabbit anti-cat F antibody and rat anti-Lamp-2 antibody (BD
Pharmingen, San Diego, CA) at 4°C. After three washes with PBS, sections were
incubated with secondary antibodies for 1 h and washed three times with PBS.
Nuclei were stained with DAPI prior to mounting. Glial fibrillary acidic protein
(GFAP) staining was carried out on PFA-fixed sections with a rabbit anti-GFAP
antibody (Zymed Laboratories, South San Francisco, CA).

Electron microscopy. Mice were perfusion fixed with a solution of 2% PFA,
2% glutaraldehyde, and 4% sucrose in 0.1 M phosphate buffer (pH 7.4). The
brain and spinal cord were subsequently extracted and fixed in the same solution
for an additional 5 h. The tissue was treated with 1% osmium tetroxide for 4 h,
dehydrated, and embedded in Epon for sectioning. Thin sections (90 nm) were
stained with lead citrate for electron microscopy (14).

Clinical details of late-onset NCL patients. Thirteen patients with NCL that had
not been defined genetically were included in the study. The age of onset ranged
between teenage and mid adulthood, with most having no visual problems.

RESULTS

Characterization of cat F-null mice. Several correctly tar-
geted ES cell clones were isolated and injected into blastocysts,
two of which developed germ line transmission. The analysis of
only one line is presented in the manuscript because the two
lines proved to be indistinguishable. Southern blot analysis
of tail genomic DNA revealed the expected mutant band
size (Fig. 1B). Subsequent Northern blotting of liver mRNA



VoL. 26, 2006

showed the loss of detectable cat F mRNA in homozygous
mutant mice (Fig. 1C), and immunoblotting demonstrated the
complete loss of detectable cat F protein in homozygous mu-
tant mice (Fig. 1D), confirming successful targeting of cat F.
cat F~/~ mice were viable at birth, developed normally, and
exhibited physical, behavioral, and reproductive characteristics
indistinguishable from those of WT and heterozygous litter-
mate controls.

Using an affinity-purified cat F antibody, we determined the
pattern of cat F tissue expression in cat L™/~ mice (Fig. 1E).
cat F was found to be highly expressed in the adrenal gland,
liver, kidney, testis (not shown), and ovary and moderately
expressed in the heart and uterus. Lower levels of cat F protein
were observed in the remaining tissues tested. These findings
are consistent with prior reports of cat F mRNA distribution
(4, 41). Depending on the tissue, cat F appears as two to four
bands between 30 and 34 kDa, representing distinct glycosyla-
tion variants (unpublished data). H&E staining of these tissues
revealed no morphological abnormalities at any age examined
up to 16 months.

Because of prior reports that cat F can mediate degradation
of MHC class II-associated invariant chain (33), we examined
MHC class II maturation in splenocytes and bone-marrow
derived and peritoneal macrophages from cat F~/~ mice and
from cat F/S double-null mice, obtained by cross-breeding cat
S/~ and cat F/~ mice. However, no defects in Ii processing
attributable to cat F could be discerned in any of these mice
(see the supplemental material).

cat F-deficient mice develop age-related neuromuscular ab-
normalities. cat F~/~ mice at approximately 1 year of age were
noticed to have difficulty walking. Further examination re-
vealed hind leg weakness, decline in motor coordination, and
general wasting (Fig. 2A). Onset of observable phenotype in
cat F~/~ mice is between 12 to 16 months. Every cat F~/~
mouse allowed to reach 16 months of age invariably developed
severe symptoms (n > 20).

Footprint pattern analysis was performed to assess differ-
ences in gait characteristics between WT and cat F~/~ mice.
Gait patterns of 12-month-old mice did not appear to differ
between WT and cat F~/~ mice. It was noticed that cat F~/~
mice tended to have decreased stride length relative to con-
trols. At 15 months of age, clear irregularities in the gait of cat
F~/~ mice were observed compared to age-matched control
mice (Fig. 2B). In order to assess motor coordination quanti-
tatively, age-matched WT and cat F~/~ mice were subjected to
the grid walk test. Motor coordination in 8-month-old mice
was indistinguishable between the two groups. However, 12-
month-old cat F~/~ mice exhibited a significant loss in motor
coordination of the hind limbs over time and compared to
age-matched WT mice (Fig. 2C).

Tonic hind leg extension, poor balance, tremors, and spastic
movement were commonly observed in symptomatic cat F~/~
mice. Two cases of spontaneous seizures have also been ob-
served in cat F~/~ mice with severe symptoms. An examination
of the clasping response during tail suspension demonstrated a
prominent tonic hind leg extension in cat F~/~ mice rather
than the expected clasping of the hind legs toward the midline,
as has been reported in NCL and CNS legions (10). cat F~/~
mice suspended by the tail maintained tonic extension and
failed to grasp objects with the hind legs, which in WT mice is
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FIG. 2. Hind leg weakness and irregularities in gaits of cat F~/~
mice. (A) Frame-by-frame video analysis of strides taken by 15-month-
old cat F*/* and cat F~/~ mice. (B) Footprint pattern analysis of
15-month-old cat F™/* and cat F~/~ mice. Green, left forelimb; red,
right forelimb; blue, left hind limb; purple, right hind limb. (C) Grid
walk analysis of age-matched cat F*/* and cat F~/~ mice. Student ¢ test
results were determined. I , 12-month-old cat F*/* versus cat F/~
mice (P < 0.009); O, 8-month-old versus 12-month-old cat F~/~ mice
(P < 0.04), 8-month-old cat F*/* mice (n = 3), 8-month-old cat F~/~
mice (n = 4), 12-month-old cat F*/* mice (n = 3), and 12-month-old
cat F~/~ mice (n = 5).

avigorous reflex. When allowed to age after onset of symptoms
(n = 8), all cat F~/~ mice exhibited progressive worsening of
phenotype and died within 4 to 6 months, whereas littermate
controls remained healthy.

Body weights of WT and cat F~/~ mice did not differ prior
to the onset of symptoms. Weight loss concomitant with the
development of neuropathologic symptoms in cat F~/~ was
evaluated. Tracking of body weights of mice between 9 and 13
months of age revealed that WT mice gained an average of 0.4 g
per month, whereas cat F~/~ mice lost on average 0.8 g per
month (not shown). A significant difference in weight change
between the two groups was reached at 12 months of age.

cat F in the CNS. To explore the basis for the observed
neurological features, cat F expression in the CNS was exam-
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FIG. 3. Characterization of cat F in the CNS. (A) cat F immunoblot analysis of regions of the CNS from cat L™/~ and cat L/cat F double-null
mice. (B) Subcellular localization of cat F. Spinal cord sections were double stained for cat F (red) and Lamp-2 (green). The nuclei were stained
with DAPI (blue). Colocalization of cat F and Lamp-2 in lysosomes is represented in yellow. (C) JPM labeling of active cysteine cathepsins. Cortex,
cerebellum, spinal cord, and liver lysates from 3-month-old cat F*/* and cat F~/~ mice were radiolabeled with '*I-JPM565 and fractionated by
SDS-PAGE. Equal amounts of protein were used for each sample. (D) JPM labeling of single-cell suspension from cortex and cerebellum of WT
and cat F~/~ mice. Intact cells were labeled with '*I-JPM565 and lysed. cat F was immunoprecipitated with anti-cat F antibody, fractionated by

SDS-PAGE, and visualized by autoradiography.

ined. Analysis of cat F expression by immunoblotting revealed
expression throughout the CNS (Fig. 3A and data not shown).
Lysosomal localization of cat F had been previously suggested
(31, 41). To confirm this conclusion in the CNS, brain and
spinal cord sections were simultaneously stained with cat F and
Lamp-2 antibodies. cat F was shown to have a granular distri-
bution and colocalized mostly with Lamp-2, indicating lyso-
somal localization (Fig. 3B). The lack of cat F staining in cat
L/cat F double-null spinal cord and brain sections demon-
strated specificity of the antibody for cat F and confirmed the
absence of cat F expression.

Cathepsin activity in vivo. To assess the activity of cathep-
sins in vivo, cortex, cerebellum, lumbar spinal cord, and liver
tissue lysates from 3-month-old mice were radiolabeled with
125[-JPM565, an irreversible inhibitor of all active papain-type
cathepsins, and fractionated by SDS-PAGE (Fig. 3C). No dif-
ferences in cysteine cathepsin activity were observed between
WT and cat F~/~ mice. Remarkably, however, CNS extracts
contained few active cathepsins compared to the liver, in which
multiple active cathepsins were seen. The scope of active
cathepsins expressed in the kidney or purified inflammatory
macrophages were similar to that observed in the liver (not
shown). The lack of demonstrable cat F activity in tissue lysates
indicates that either cat F is unstable in tissue lysates or the
amounts of active enzyme in vivo must be low. To explore this
issue further, single-cell suspensions of cortex, cerebellum,

and spinal cord from WT and cat F~/~ mice were labeled with
125[.JPM565, and then cat F was immunoprecipitated and ana-
lyzed by SDS-PAGE. Immunoprecipitation of cat F*/* cortical
and cerebellar cells revealed a single 31-kDa band consistent
with the size of active cat F (Fig. 3D). The complete absence
of this band in cat F~/~ cells confirmed the activity to be
that of cat F. cat F activity was not evident in labeled WT
spinal cord cells by this technique, probably due to the lower
protein content of the lysates available for immunoprecipi-
tation and the difficulty of generating a single-cell suspen-
sion of the spinal cord.

Histological signs of neuronal abnormality and stress. His-
tological examination of the lumbar spinal cord and sciatic
nerve of symptomatic cat F~/~ and age-matched control mice
was carried out to assess differences in neural morphology.
Staining of Nissl substance by cresyl violet in lumbar spinal
cord sections revealed no obvious disparity in neurons of cat
F~/~ mice (Fig. 4A). Immunohistochemical staining for the
glial cell marker GFAP in brain and spinal cord sections re-
vealed substantial gliosis in cat F~/~ mice compared to age-
matched WT controls (Fig. 4B), which indicates neuronal
stress or neurodegeneration (9) and which occurs in NCL
patients and mouse models (21, 38). Quantification of GFAP
staining in four matched regions of the cortex and spinal cord
demonstrated an average of ~6.7-fold increase in gliosis in cat
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FIG. 4. Histologic analysis of mouse CNS sections. (A) Cresyl vio-
let staining of old cat F*/* and cat F~/~ lumbar spinal cord. DH, dorsal
horn; VH, ventral horn; a-MN, alpha-motorneuron. (B) GFAP immu-
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F~/~ mice. In addition, the measurement of brain weights in a
cohort of four WT and six cat F~/~ mice older than 7 months
revealed a significant decrease in the brain masses of cat F~/~
mice (P = 0.035), which suggests neuronal loss in cat F~/~
mice. H&E staining of symptomatic cat F~/~ lumbar cord
sections demonstrated a striking accumulation of cytoplasmic
eosinophilic granules in most neurons and some glial cells (Fig.
4C). A yellowish brown hue was appreciated in the granules.
Age-matched WT spinal cord sections showed no obvious ac-
cretion of eosinophilic material. Staining of the sciatic nerves
did not reveal any morphological changes in cat F~/~ mice (not
shown).

Accumulation of autofluorescent granules in the CNS of cat
F knockout mice. The examination of unstained spinal cords of
12-month-old cat F~/~ mice by using fluorescence microscopy
revealed abundant accumulation of broad-spectrum autofluo-
rescence within neurons and glial cells (Fig. 5A). Age-matched
spinal cords from WT mice showed sparse autofluorescence,
which is expected since autofluorescent pigments are known to
accumulate with age (2). The amount of autofluorescent pig-
ments in spinal cords from 3-month-old cat F~/~ mice ex-
ceeded that of 12-month-old WT mice (not shown), indicating
a substantially accelerated rate of accumulation with age in the
absence of cat F. Analysis of spinal cord sections under high
magnification demonstrated a striking increase of autofluores-
cent cytoplasmic granules in cat F~/~ cords (Fig. 5A).

Analysis of brain sections from cat F~'~ mice demonstrated
an abundance of autofluorescent neurons throughout the
brain, including notably the cerebral cortex, hypothalamus, and
cerebellum (Fig. 5B). Purkinje cells of the cerebellum, which
express moderate levels of cat F in cat F*/* mice, showed
substantial autofluorescence in cat F~/~ mice without obvious
loss of Purkinje cells. Brain sections from age-matched WT
mice contained few autofluorescent cells. Examination of vis-
ceral tissues revealed an absence of autofluorescent granules in
both WT and cat F~/~ mice (not shown).

Ultrastructural examination of motor neurons from the
lower spinal cord. Accumulation of yellowish brown cytoplas-
mic granules that exhibit broad-spectrum autofluorescence was
strongly suggestive of lipofuscin. To confirm the presence of
accumulated autofluorescent lipofuscin-like globules, spinal
cord sections of cat F~/~ mice were analyzed by electron
microscopy (EM). Ultrastructural assessment of spinal cord
motorneurons revealed substantial accumulation of mem-
brane-bound lamellar inclusions, which is consistent with lipo-
fuscin (Fig. 6A). The granules were characterized by mostly
mixed fingerprint and lamellar profiles and varied in size and
shape. Prominent within many of the lipofuscin containing
lysosomes was the presence of a lipid droplet. An examination
of CNS mitochondria did not reveal overt ultrastructural ab-
normalities in cat F~/~ mice.

nofluorescence staining (red) of the cortex and the ventral horn region of
the spinal cord from 15-month-old cat L™/~ and cat L/cat F double-null
mice at X200 magnification. Nuclei were stained with DAPI (blue). (C)
H&E staining of the ventral horn region of the lumber cord from old cat
F*/* and cat F~/~ mice. Arrows indicate the accumulation of eosinophilic
granules in the cytoplasms of neurons and glial cells.



2314 TANG ET AL.

MoL. CELL. BIOL.

CNS Autofluorescence

A F--

Spinal Cord

B F+/+

)
=
£
s
©
&
R
o
o
>
I

Cerebellum

FIG. 5. Increased autofluorescence in spinal cord sections from old cat F~/~ mice. (A) Composite image of blue, red, and green fluorescence
emissions of unstained spinal cord sections at X100 and X600 magnifications. White light represents fluorescence emission at all three wavelengths.
DH, dorsal horn; VH, ventral horn. (B) Autofluorescence in regions of the brain from 16-month-old mice.

A major constituent of lamellar-like inclusions in NCL is
mitochondrial ATP synthase subunit ¢ (6). Immunoblotting
was performed to determine whether the accumulated lipo-
fuscin granules in cat F-deficient mice contain subunit c.
However, no difference in subunit ¢ protein amounts was
observed between lysates of 19-month-old cat F WT and cat
F~/~ spinal cords prepared by methods previously shown to
extract subunit ¢ from lipofuscin (6) (Fig. 6B). Total subunit
c levels were also not different between 3- and 19-month-old
WT spinal cords.

Sequencing of cat F in adult-onset NCL patients. The pres-
ence of autofluorescent lipofuscin-like storage material is char-
acteristic of the neurodegenerative disease NCL. Comparison
with the symptoms and age of onset of other mouse models of
NCL suggests that cat F deficiency may represent a late-onset
NCL. Consequently, to determine whether cat F is mutated in
adult-onset NCL patients, sequence analysis of genomic DNA
from 13 unrelated patients clinically diagnosed with late-onset
NCL was performed. Exons and intron/exon boundaries of the
cat F gene were sequenced and compared to published
genomic sequences (GenBank accession numbers AF132894
and NT_033903). No nonsynonymous mutations were found in
any of these NCL patients (not shown).

DISCUSSION

Characterization of the phenotype of mice lacking cat F
revealed that catF~/~ mice developed progressive deficiencies
in motor coordination, hind leg paraparesis, general wasting,
and premature death. Histological analysis demonstrated
widespread progressive accumulation of granular autofluores-
cence in the CNS without significant visceral involvement. EM
investigation of the spinal cord confirmed the presence of

membrane-bound lipofuscin granules with fingerprint profiles,
a finding indicative of lysosomal lipofuscin accumulation.
These findings are similar to observations in mice and humans
with more gross defects in endosomal/lysosomal function (15,
21, 23, 40). However, cat F is the only endoprotease whose
inactivation alone causes widespread but exclusively CNS lipo-
fuscin accumulation.

What are the features of cat F which could account for its
unexpected, nonredundant role in neuronal function? Contrib-
uting to this phenotype may be the relative lack of other potent
endoproteases in normal neural tissue compared to that of the
visceral organs (Fig. 3C). Certainly, very little active cat L and
no cat S could be detected in spinal cord extracts, and the
finding of neuronal lipofuscin accumulation in cat D-null mice
(13) could also point to the limited redundancy of lysosomal
endoproteases in the CNS. However, cat F is unique in that it
has a long pro-region whose function is unknown. In this re-
gard, the previously reported potent activity of cat F in lipopro-
tein degradation is remarkable (17, 26). Although the exact
substrate of cat F in neurons is not known, we favor the view
that a lipoprotein component of the lipofuscin complex is a
preferential substrate of cat F. The unique, long amino-termi-
nal pro-region of cat F may be a substrate recognition site for
this putative lipoprotein. A specific function of cat F within
CNS lysosomes is also suggested by the observation that both
cat L/cat F and cat S/cat F double-null mice do not exhibit a
more robust CNS phenotype than cat F~/~ mice alone. This
contrasts with prior reports of mice deficient in both cat B and
cat L, in which cat L clearly has redundant functions in neu-
ronal proteolysis with cat B (7). Mice with a double enzyme
deficiency have a severe neuronal defect, whereas a single
deficiency of either cathepsin has no CNS phenotype.
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FIG. 6. Electron microscopic analysis of accumulated lipofuscin
and the lack of accumulation of mitochondrial ATP synthase subunit ¢
in old cat F~/~ mouse spinal cord. (A) EM of cat F~/~ lumbar spinal
cord neurons. Lipofuscin (Lf) granules exhibit multilamellar mixed
fingerprint profiles and frequently contain a prominent lipid droplet
(Ld). N, nucleus. Left panel, X11,500 magnification. Right panel,
X46,000 magnification of the indicated area in left panel. (B) Immu-
noblot of subunit ¢ in spinal cord extracts. B-Actin was included as a
loading control.

Although the precise involvement of cat F in lipofuscin ac-
cumulation is unclear, the idea that a defect in cat F, a lyso-
somal cysteine protease, can cause lipofuscinosis and progres-
sive neurological defects is not unreasonable. Lysosomal storage
defects frequently have neurological involvement, underscor-
ing the critical importance of lysosomal function in the CNS
(40). Most of the genes that have been identified in classic
NCL and NCL-like diseases have been lysosomal or lysosome-
related gene products. Proteins encoded by the NCL genes
CLNI, CLN2, CLN3, and CLN5 (24) and NCL-related genes
CIC-7 (15), PPT2, CIC-3 (43), and cathepsin D, all localize to
the lysosome. However, all of these disorders have clinical
onset at a young age. Thus far, there has been little insight into
the possible pathobiology of adult-onset NCL, although a few
cases are caused by mild mutations of the PPT1 gene (39), and
known NCL genes have been excluded by sequencing in some
patients (S. E. Mole, unpublished data). The heterogeneity of
clinical presentations of late-onset disease suggests that more
than one gene is likely involved (9). Several naturally occurring
animal models exist that appear to represent late-onset NCLs,
but thus far the underlying genetic defects have also not been
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identified in these (5, 27, 30, 34). The present study has estab-
lished another mouse model for late-onset NCL.

We considered cat F an excellent candidate for a late-onset
NCL. However, sequencing of cat F in 13 late-onset NCL
patients failed to identify nonsynonymous mutations in their
exons and intron-exon borders. In addition, we were unable to
detect in cat F-deficient mice increased accumulation of mito-
chondrion-derived ATP synthase subunit ¢, the most promi-
nent lipofuscin component of most human NCLs (Fig. 6B).
Whether cat F deficiency leads to a phenocopy of the known
NCLs and reveals a novel lipofuscin capable of causing pro-
gressing neuronal dysfunction in humans remains to be de-
fined. Our findings may be relevant as well to other complex
neurodegenerative processes in which lipofuscin accumulates
(36). A number of unexplained adult onset peripheral neurop-
athies are linked to the region from 11q12 to 11q14 region
containing the cat F gene (18, 42). However, some of these
have recently been shown to be caused by mutations in BSCL2
and are inherited in an autosomal dominant manner (12). The
demonstration that murine cat F deficiency leads to progres-
sive neuronal dysfunction makes the cat F gene still an excel-
lent candidate site for mutations leading to some forms of
late-onset NCL, and it is to be hoped that these cases will
increasingly come to the attention of research laboratories
allowing the underlying genes to be identified.
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