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Role of Cathepsin D in U18666A-induced Neuronal Cell Death
POTENTIAL IMPLICATION IN NIEMANN-PICK TYPE C DISEASE PATHOGENESIS™®
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Background: Cathepsin D has been implicated in Niemann-Pick type C (NPC) disease, which is associated with intracellular

cholesterol accumulation.

Results: Increased cytosolic and extracellular levels of cathepsin D enhanced neuronal death via different mechanisms.
Conclusion: Leakage of cathepsin D within and outside the cell can cause cell death.
Significance: Cathepsin D may be involved in the degeneration of neurons in NPC pathology.

Cathepsin D is an aspartyl protease that plays a crucial role in
normal cellular functions and in a variety of neurodegenerative
disorders, including Niemann-Pick type C (NPC) disease, which
is characterized by intracellular accumulation of cholesterol
and glycosphingolipids in many tissues, including the brain.
There is evidence that the level and activity of cathepsin D
increased markedly in vulnerable neurons in NPC pathology,
but its involvement in neurodegeneration remains unclear. In
the present study, using mouse hippocampal cultured neurons,
we evaluated the significance of cathepsin D in toxicity induced by
U18666A, a class II amphiphile, which triggers cell death by
impairing the trafficking of cholesterol, as observed in NPC pathol-
ogy. Our results showed that U18666A-mediated toxicity is accom-
panied by an increase in cathepsin D mRNA and enzyme activity
but a decrease in the total peptide content. The cytosolic level of
cathepsin D, on the other hand, was increased along with cyto-
chrome c and activated caspase-3 in U18666A-treated neurons.
The cathepsin D inhibitor, pepstatin A, partially protected neurons
against toxicity by attenuating these signaling mechanisms. Addi-
tionally, down-regulation of cathepsin D level prevented, whereas
overexpression of the protease increased, vulnerability of cultured
N2a cells to U18666A -induced toxicity. We also showed that extra-
cellular cathepsin D from U18666A -treated neurons or application
of exogenous enzyme can induce neurotoxicity by activating the
autophagic pathway. These results suggest that increased release/
activation of cathepsin D can trigger neurodegeneration and pos-
sibly development of NPC pathology. Thus, targeting cathepsin D
level/activity may provide a new therapeutic opportunity for the
treatment of NPC pathology.

Cathepsin D is a soluble lysosomal aspartic protease of the pep-
sin superfamily, which is widely distributed in tissues, including
the brain. This protease, after being synthesized in the rough endo-
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plasmic reticulum as preprocathepsin D, undergoes post-transla-
tional modification to remove the signal peptide and is then trans-
ported to prelysosomes (also termed late endosomes) in clathrin-
coated vesicles by mannose 6-phosphate receptors (1-3). The
acidic milieu of the prelysosomes triggers the release of the
enzymes from the receptors, which are then transported by capil-
lary movement to the lysosomes. In certain physiological and
pathological conditions, cathepsin D escapes normal targeting
mechanisms and is secreted from the cell (2, 4). Functionally, the
enzyme has been involved in a variety of biological activities,
including metabolic degradation of intracellular proteins, activa-
tion of some hormones and growth factors, brain antigen process-
ing, and regulation of cell death mechanisms (2, 3, 5-8).

A role for cathepsin D in cell death has been supported by
experimental data that showed (i) activation or overexpression
of the protease can mediate/sensitize cells to apoptosis induced
by a variety of cytotoxic and stress agents (2, 3), (ii) cathepsin
D-deficient fibroblasts are resistant to adriamycin- and etopo-
side-induced apoptosis (9, 10), and (iii) intracellular microin-
jection of cathepsin D can induce caspase-dependent apoptosis
in human fibroblasts (11). There is evidence that partial lyso-
somal permeabilization with subsequent cytosolic release of
cathepsin D can trigger apoptosis or apoptosis-like death,
whereas generalized lysosomal rupture results in rapid cellular
necrosis. In many instances, lysosomal leakage of cathepsin D is
believed to precede release of cytochrome c, loss of mitochon-
drial membrane potential, and morphologic manifestation of
apoptosis (2, 7, 8). Taken together, these results raise the pos-
sibility that cathepsin D may have an important role not only in
normal cellular functioning but also in a variety of lysosomal
storage disorders that are associated with extensive neurode-
generation and progressive cognitive decline. However, at pres-
ent, the significance of cathepsin D in the degeneration of neu-
rons and/or development of pathological features associated
with any of these diseases remains unclear.

Niemann-Pick type C (NPC)* disease is an autosomal reces-
sive neurovisceral disorder characterized by abnormal accumu-
lation of unesterified cholesterol and glycosphingolipids within

“The abbreviations used are: NPC, Niemann-Pick type C; AIF, apoptosis-in-
ducing factor; MTT, 3-(4,5-dimethylthiozolyl)-2,5-diphenyltetrazolium
bromide; 3-MA, 3-methyladenine.
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the endosomal-lysosomal system in a number of tissues, includ-
ing the brain. These defects trigger widespread neurological
deficits, such as ataxia, dystonia, seizures, and dementia, that
eventually lead to premature death (12—15). Interestingly, cer-
tain neuropathological features associated with NPC disease
exhibit some striking similarity with Alzheimer disease (15—
17). The overlaps between the two diseases include the pres-
ence of phospho-Tau-containing neurofibrillary tangles,
increased levels of intracellular amyloid 8 (AB) peptide, and the
loss of neurons in selected regions of the brain (18 —23). There is
also evidence that the endosomal-lysosomal system is altered in
“at risk” neurons of both Alzheimer disease and NPC brains,
which are reflected by an increased volume of early endosomes
and lysosomes and enhanced synthesis of all classes of lyso-
somal hydrolases, including cathepsin D (20, 21). Some recent
studies from NPC1-deficient mice recapitulating NPC pathol-
ogy have also shown an up-regulation of cathepsin D levels in
both neurons and microglia in selected brain regions (21, 24,
25), but their significance in the development of pathology
and/or degeneration of neurons has yet to be established. Ear-
lier reports have shown that the class II amphiphile U18666A
can induce cell death under the in vitro paradigm by impairing
the trafficking as well as the accumulation of cholesterol, as
observed in NPC pathology (26 —28). In the present study, we
have demonstrated that cathepsin D plays a crucial role in the
U18666A-induced degeneration of mouse primary cultured
neurons by triggering lysosomal destabilization and enzyme
leakage into the cytosol. Our results also revealed that fibro-
blasts from NPC patients are more susceptible to staurospo-
rine-induced cell death, known to be mediated by cathepsin D
(29), than fibroblasts from normal individuals. Additionally, we
showed that extracellular cathepsin D released from U18666A-
treated neurons or exogenous application of the enzyme can
induce degeneration of neurons. These results, taken together,
suggest that the increased level/activity of cathepsin D observed
in NPC disease may be directly involved in the degeneration of
neurons associated with the pathology.

EXPERIMENTAL PROCEDURES

Materials—Timed pregnant BALB/c mice purchased from
Charles River (St. Constant, Canada) were maintained accord-
ing to the Animal Care and Use Committee of the University of
Alberta and the Canadian Council for Animal Care Committee
guidelines. The U18666A was purchased from Biomol
Research Laboratories (Plymouth, PA), whereas anti-glial
fibrillary acidic protein antibody, the cathepsin D assay kit,
and its inhibitor pepstatin A were from Sigma-Aldrich. Cathep-
sin D small interfering RNA (siRNA), scrambled cathepsin D
siRNA, protein A/G-PLUS-agarose, agarose bead-tagged
cathepsin D antibody, polyclonal anti-cathepsin D, anti-N-cad-
herin, anti-histone, anti-apoptosis-inducing factor (AIF), anti-
microtubule-associated protein 2 (MAP2) antisera, monoclo-
nal anti-Beclin-1, and all secondary antibodies were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA), anti-caspase-9 and
anti-cleaved caspase-3 antibodies were from Cell Signaling
(Beverly, MA), anti-cytochrome ¢ antibody was from BD Bio-
sciences, anti-Atg5 and anti-p62 antibodies were from Milli-
pore (Etobicoke, Canada), anti-Ibal (ionized calcium-binding
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adaptor molecule 1) antibody was from Wako Chemicals (Rich-
mond, VA), and anti-LC3 antibody was from MBL Interna-
tional (Woburn, MA). Cell culture reagents, such as Dulbecco’s
modified Eagle’s medium (DMEM), neurobasal medium,
Hanks’ balanced salt solution, fetal bovine serum (FBS), B27,
and Lipofectamine 2000 were from Invitrogen, whereas
Hoechst 33258, filipin, 3-(4,5-dimethylthiozolyl)-2,5-diphe-
nyltetrazolium bromide (MTT), 3-methyladenine (3-MA), the
active form of human cathepsin D, and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as well as anti-B-actin
antisera were from Sigma-Aldrich. The Qproteome cell com-
partment kit and RNeasy minikit were from Qiagen Inc. (Mis-
sissauga, Canada), reverse transcriptase was from Invitrogen,
and SYBR Green real-time PCR master mix was from Bio-Rad,
and the bicinchoninic acid (BCA) protein assay kit was from
Pierce. The Live/Dead cell viability assay kit and LysoSensor
Yellow/Blue DND-160 were from Molecular Probes, Inc.
(Eugene, OR), whereas Cell Line Nucleofector® Solution V
electroporation reagent was from Amaxa (Lnonza, Cologne,
Germany). Polyacrylamide electrophoresis gels (4-20%)
were from Invitrogen, and the enhanced chemiluminescence
(ECL) kit was from Amersham Biosciences. All other reagents
were from Sigma-Aldrich or Fisher.

Mouse Hippocampal Neuronal Cultures—Primary hippocam-
pal cultures were prepared from 16- or 17-day-old embryos of
timed pregnant BALB/c mice as described previously (30, 31).
In brief, the pregnant mice were anesthetized with halothane
and decapitated. The hippocampi from pup brains were dis-
sected in Hanks’ balanced salt solution supplemented with 15
mM HEPES, 10 units/ml penicillin, and 10 mg/ml streptomycin
and digested with 0.25% trypsin-EDTA. The cell suspension
was filtered through a cell strainer and then plated on 96-well
plates (2 X 107 cells/well for survival/death assay), 6-well plates
(2 X 10* cells/well for biochemical assays), or 12-mm glass cov-
erslips (2 X 10* cells/coverslip for immunostaining). The cul-
tures were grown at 37 °C in a 5% CO, humidified atmosphere
in Neurobasal medium supplemented with B27, 50 um L-glu-
tamine, 15 mm HEPES, 10 units/ml penicillin, 10 mg/ml strep-
tomycin, and 1% FBS. The medium was replaced 1 day later
without glutamine or FBS, and all experiments were performed
on day 6/7 after plating.

Culture of N2a Cells, Human Fibroblasts, and m5-7 Mouse
Embryonic Fibroblasts—The initial stock of N2a mouse neuro-
blastoma cells were from the American Type Cell Collection.
N2a cells were cultured in DMEM containing 10% FBS and
penicillin/streptomycin as described earlier (32). Human fibro-
blasts from normal control (GM05659) and NPC1 patients
(GM03123), purchased from the Coriell Cell Repositories
(Camden, NJ), were cultured in DMEM containing 10% FBS, 2
mM L-glutamine, 100 units/ml penicillin, and 100 mg/ml strep-
tomycin as described earlier (33). Both N2a and human fibro-
blast cells were grown at 37 °C with 5% CO,, and the medium
was changed every second day. The cells were split every 3—4
days, and experiments were performed on day 2 after plating in
96-well plates. m5-7 mouse embryonic fibroblast cells (Atg5
Tet-off system by doxycycline), kindly provided by Dr. N. Miz-
ushima (Tokyo Medical and Dental University), were cultured
in DMEM containing 10% FBS, 100 units/ml penicillin, and 100
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mg/ml streptomycin with or without 10 ng/ml doxycycline to
regulate the expression of Atg5 as described earlier (34).

RNA Interference—A smart pool of siRNA containing a
mixture of three target-specific 19-25-nucleotide siRNAs
designed to knock down cathepsin D gene expression was
obtained from Santa Cruz Biotechnology, Inc. N2a cells were
transfected with cathepsin D or scrambled siRNA (100 nm)
using Cell Line Nucleofector® Solution V electroporation rea-
gent in an Amaxa Nucleofector system. Cathepsin D knock-
down was analyzed 24 and 48 h following transfection by
immunoblotting (35). After 24 h of transfection, cells were
treated with or without 3 ug/ml U18666A, and the viability of
N2a cells was measured using MTT assay.

Transient Transfection—A pCMV-SPORT6 plasmid con-
taining the cathepsin D insert was obtained from Thermo Sci-
entific (Ottawa, Canada). Cultured N2a cells were transfected
with the cathepsin D plasmid or a control plasmid using Lipo-
fectamine 2000 following the manufacturer’s protocol. The
overexpression of cathepsin D was analyzed 48 h past transfec-
tion by immunoblotting (35). The transfected cells were then
treated with or without 3 ug/ml U18666A at 24 h post-trans-
fection for a further 24 h, and cell viability was measured using
MTT and Live/Dead assays.

Treatments—Six days after plating, mouse hippocampal neu-
rons were treated either with 0.1-50 ug/ml U18666A for 24 h
or with 5 ug/ml U18666A for 6-96 h time periods. In some
experiments, hippocampal neurons were either co-treated with
1-50 uMm pepstatin A, a cathepsin D inhibitor, or pretreated
with the inhibitor for 24 h before being exposed to 5 ug/ml
U18666A or 150 nm cathepsin D. Additionally, some experi-
ments were performed where hippocampal neurons were
exposed for 24 h with 25-150 nMm active cathepsin D alone or
with 100/150 nm cathepsin D in the presence or absence of 5
mM 3-MA or 200 mM sucrose. Human control and NPC1 fibro-
blast cells following platting were treated with 0.01-0.5 um
staurosporine for 24 h. The m5-7 fibroblast cells, on the other
hand, were exposed to 100 or 150 nM exogenous cathepsin D for
24 h. Control and treated neuronal cultures from different
experimental paradigms were then processed for cell viability/
toxicity, quantitative RT-PCR, Western blotting, enzyme activ-
ity assays, subcellular fractionation, or confocal microscopy.

Cell Viability and Toxicity Assays—Viability of cells/neurons
was determined using the colorimetric MTT assay (36, 37).
Control and drug-treated culture plates were replaced with new
medium containing 0.25% MTT and then incubated for 2 h at
37 °C. The reaction was terminated and measured spectropho-
tometrically at 570 nm. The experiment was repeated 3—5 times
in triplicate. In parallel, neuronal apoptosis was assessed by
using the nuclear marker Hoechst 33258 as described earlier
(36). In brief, control and drug-treated cultures were fixed with
4% paraformaldehyde, washed in phosphate-buffered saline
(PBS), and then stained with Hoechst 33258 (50 ng/ml). The
chromatin staining pattern was analyzed for individual cells
under a Zeiss Axioskop-2 epifluorescence microscope. The
percentage of apoptotic cells was calculated by counting con-
densed and/or fragmented nuclei versus evenly stained nuclei of
normal cells. Neuronal/cell viability was also assessed using the
Live/Dead assay kit containing calcein AM and ethidium
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homodimer (EthD-1) as the fluorescent probes. Calcein AM is a
cell-permeant dye that fluoresces in live cells with a functional
intracellular esterase, whereas EthD-1 is a membrane-imper-
meable DNA-binding dye that is excluded from live cells. In this
paradigm, control and treated cultures were incubated with
medium containing 2 uM calcein AM and 4 um EthD-1 for 30
min and then visualized under a Zeiss Axioskop-2 fluorescent
microscope. The data, which are presented as mean *= S.E.,
were analyzed using one-way analysis of variance followed by
Newman-Keuls post hoc analysis with significance set at p <
0.05.

Filipin Staining—Filipin labels unesterified cholesterol (38).
To determine cholesterol accumulation, control and U18666A -
treated hippocampal cultured neurons or N2a cells were incu-
bated in the dark with 125 ug/ml filipin in PBS for 1 h. Stained
sections were examined using a Zeiss Axioskop-2 microscope.

Western Blotting—For Western blotting, control and drug-
treated cells from different experimental paradigms were
rinsed with cold TBS and then harvested in radioimmunopre-
cipitation assay buffer (TBS containing 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, and 10% glycerol with inhibi-
tors 50 mm NaF, 1 mm NaVO;, 10 pg/ml aprotinin, and 10
pg/ml leupeptin). Samples were then denatured in modified
Laemmli sample buffer (40 mm Tris-HCI, pH 6.8, 1% SDS, 4%
2-mercaptoethanol, 10% glycerol, and 0.002% bromphenol
blue) and boiled for 2—5 min, and equal amounts of proteins (20
ug) were separated by 4—20% polyacrylamide gel electrophore-
sis (30). The proteins were subsequently transferred to nitro-
cellulose membranes, blocked with 5% nonfat milk, and
incubated overnight at 4 °C with anti-cathepsin D (1:200), anti-
cleaved caspase-9 (1:200), anti-cleaved caspase-3 (1:1000), anti-
ATF (1:300), anti-LC3 (1:1000), anti-Beclin-1 (1:200), anti-p62
(1:1000) or anti-Atg5 (1:1000) antibodies. Membranes were
then incubated with appropriate horseradish peroxidase-con-
jugated secondary antibodies (1:5000) and visualized using an
ECL detection kit. To determine the extracellular cathepsin D
level following treatment with U18666A, equal volumes of cul-
ture medium collected at different times (i.e. 12, 24, 48, and
72 h) from control and treated cells were centrifuged, and then
proteins were precipitated by treating the samples with ice-cold
acetone overnight. The proteins were subsequently recovered
by centrifugation at 10,000 X gat 4 °C for 1 h, solubilized in the
sample buffer, and then processed for Western blotting with
anti-cathepsin D (1:200) antiserum. All blots were reprobed
with anti-B-actin (1:1000) antiserum and quantified using an
Microcomputer Imaging Device (MCID) image analysis system
as described earlier (39). The data, which are presented as
mean * S.E., were analyzed using one-way analysis of variance
followed by Newman-Keuls post hoc analysis with significance
setat p < 0.05.

Real-time Polymerase Chain Reaction—Quantitative real-
time polymerase chain reaction (PCR) was performed as
described elsewhere (40). In brief, cellular RNA was first
extracted with the RNeasy minikit and then reverse-tran-
scribed using reverse transcriptase as described earlier (41).
Quantitative PCR was then carried out using SYBR Green real-
time PCR master mix according to the manufacturer’s instruc-
tions. Mouse primer sequences used in the study were as fol-
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lows: cathepsin D (sense, 5'-CGCAGTGTTTCACAGTCGT-3';
antisense, 5'-TGAGCCGTAGTGGATGTCAA-3'); GAPDH
(sense, 5'-TGAAGCAGGCATCTGAGGG-3'; antisense, 5'-CGA-
AGGTGGAAGAGTGGGAG-3'); and B-actin (sense, 5'-GGG-
AAATCGGTGACATT-3'; antisense, 5'-GCGGCAGTGGC-
CATCTC-3'). All primers were purchased from IDT (San Jose,
CA). PCR was performed with the MyiQ single-color real-time
PCR detection system (Bio-Rad), and conditions used were as
follows: 95 °C for 10 min, 40 cycles at 95 °C for 30 s, and 60 °C
for 1 min. The relative quantitative values of cathepsin D
expression were normalized by the expression levels of B-actin
as well as GAPDH genes. The expression levels of cathepsin D
mRNA are presented as fold increase to the mean value of the
control.

Activity Assay of Cathepsin D—Control, U18666A- and
cathepsin D-treated cultured neurons from various experi-
ments were homogenized in assay buffer (0.5 m Tris, 1 um
MgCl,, 0.1% BSA, pH 7.4) on ice and then centrifuged
(12,000 X g, 4 °C, 10 min) to yield the supernatant. The protein
amount was equalized after a protein assay with the BCA assay
kit, and then cathepsin D activity was measured using the fluo-
rogenic immunocapture activity assay kit as described earlier
(30).

Confocal Microscopy with LysoSensor—To evaluate endo-
somal/lysosomal changes after a 24-h treatment with 5 ug/ml
U18666A, control and treated hippocampal cultured neurons
were exposed to the pH-sensitive endosomal dye, LysoSensor
Yellow/Blue DND-160, at 5 uM for 10 min (42). The fluorescent
signal was measured with excitation at 360 nm and emission at
420 nm and then visualized under a Zeiss confocal microscope
(LSM510). The endosome/lysosome volumes were calculated
using Nikon NIS-3.0 (NIS-Element Advanced Research)
software.

Subcellular Fractionation—Hippocampal cultured neurons
from various experimental paradigms were homogenized, frac-
tionated using the Qproteome cell compartment kit, and then
processed for immunoblotting with anti-cathepsin D (1:200) or
anti-cytochrome ¢ (1:1000) antibodies. Membranes were then
washed with TBST, incubated with appropriate secondary anti-
bodies (1:5000), and visualized using an ECL detection kit. Blots
were subsequently reprobed with anti-N cadherin (1:200), anti-
GAPDH (1:1000), or anti-histone (1:1000) antisera as described
earlier (30).

Immunostaining—To assess the purity of our neuronal cul-
tures, primary cultured neurons after 6 days of plating were
fixed with 4% paraformaldehyde, permeabilized with 0.3% Tri-
ton X-100, and then incubated overnight with anti-MAP2
(1:500), anti-glial fibrillary acidic protein (1:1000), and anti-
Ibal (1:5000) antisera. In a parallel series of experiments, hip-
pocampal neurons following treatment with or without 150 nm
cathepsin D for 24 h were incubated overnight with an anti-AIF
antibody (1:750). The cells were then exposed to appropriate
fluorescein isothiocyanate or Texas Red-conjugated secondary
antibody, washed, and stained with or without DAPI. The pres-
ence of neurons, astrocytes, and microglia in our cultured con-
ditions was evaluated using a Zeiss Axioskop-2 microscope.
Additionally, the localization of AIF in the cytoplasm versus
nucleus was evaluated in 700-750 cells from control and
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cathepsin D-treated cultured neurons using a Zeiss Axioskop-2
epifluorescence microscope. This experiment was repeated in two
separate cultures, and the data, which are presented as mean =
S.E., were analyzed using Student’s ¢ test followed by Mann-Whit-
man post hoc analysis with significance set at p < 0.05.

RESULTS

U18666A-induced Toxicity in Primary Neuronal Cultures—
Mouse primary hippocampal neuronal cultures that contain
<10% glial cells (such as astrocytes and microglia; see supple-
mental Fig. 1) are found to be vulnerable to U18666A-induced
toxicity, as evident by a reduction in MTT values and concur-
rent increase in apoptotic nuclei following Hoechst 33258
nuclear staining and Live/Dead assays (Fig. 1, A-H). A concen-
tration-dependent (0.1-50 ug/ml) effect of U18666A over a
24-h treatment revealed a significant decrease in MTT values
from a dose of 1 ug/ml upward. Exposure of neuronal cultures
to 5 ug/ml U18666A decreased MTT values in a time-depen-
dent (6 —96 h) manner, with a marked reduction in cell viability
observed after 24 h of treatment with the drug (Fig. 1, A and B).
The toxicity of U18666A toward neuronal cells was supported
by a concentration- and time-dependent increased number of
pycnotic nuclei as evidenced by Hoechst 33258 staining (Fig. 1,
C-F). The Live/Dead assay also revealed that exposure to 5
png/ml U18666A over 24 h can induce a marked increase in the
number of dead neuronal cells (Fig. 1, G and H). Accompanying
the toxicity, filipin-labeled cholesterol accumulation was
increased in cultured neurons following a 24-h treatment with 5
png/ml U18666A (Fig. 1, I and ).

Cathepsin D Level/Activity in UI18666A-treated Neuronal
Cultures—To examine the possible involvement of cathepsin D
in U18666A-induced toxicity, we evaluated peptide and mRNA
levels as well as activity of the enzyme in control and U18666A -
treated cultured neurons. Our results showed that the ratio of
mature to immature cathepsin D increased until 24 h and then
declined significantly by 72 h post-treatment (Fig. 2, A and B).
Intriguingly, cathepsin D mRNA levels were found to be mark-
edly increased at 24, 48, and 72 h following treatment with 5
png/ml U18666A (Fig. 2C). These results raise the possibility of
either an increased turnover or a release of the enzyme in
U18666A-treated primary neurons. Indeed, the activity of
cathepsin D in these neurons was increased dramatically com-
pared with untreated cultures. Following a 24- and 48-h treat-
ment with 5 pug/ml Ul8666A, enzyme activity was increased
2.5- and 4-fold over control levels, respectively (Fig. 2D). More-
over, labeling with the LysoSensor dye DND-160 revealed that
U18666A-treated cultured neurons have a larger lysosomal/en-
dosomal vesicles compared with the control neurons (Fig. 2,
E-G).

A number of earlier studies have shown that an altered level
and/or activity of cathepsin D may represent an adaptive
response to overcome abnormal protein accumulation, or it
may lead to loss of cell viability. In general, an increased enzyme
activity within lysosomes or limited release of enzymes into the
cytosol can prevent sublethal damage (5, 39, 43), whereas lyso-
somal leakage, leading to sustained release of the enzymes into
the cytosol, can induce cell death directly and/or indirectly via
cytochrome c release from mitochondria (6, 7, 44). Once in the
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FIGURE 1. Increased U18666A-induced neurotoxicity and cholesterol accumulation in mouse primary hippocampal neurons. After 5 days of plating,
cultured neurons were treated with 0.1-50 pg/ml U18666A for 24 h (A) or with 5 ug/ml U18666A for 696 h (B). MTT values were significantly attenuated in
concentration-dependent (A) and time-dependent (B) manners in U18666A-treated cultures compared with mock-treated cultures. C and D, increase in the
number of Hoechst 33258-labeled pycnotic nuclei following treatment with 0.1-50 ug/ml U18666A for 24 h (C) or with 5 uwg/ml U18666A for 6-96 h (D). E and
F, presence of condensed and/or fragmented nuclei (arrows) in control and U18666A-treated neuronal cultures. G and H, Live/Dead assay showing calcein AM
staining in living neurons (green, G; arrowheads) and EthD-1-labeled dead neurons following treatment with 5 ng/ml U18666A for 24 h (red, H; arrows). | and J
represent cholesterol accumulation, as evident by filipin staining in control and U18666A-treated neurons. All results, which are presented as means =+ S.E.
(error bars), were obtained from three separate experiments, each performed in triplicate. UA, U18666A; Ctrl, control. Scale bar, 25 um.*, p < 0.05; **, p < 0.01;
*** p < 0.001.

cytosol, cytochrome c associates with Apaf-1, forming an apo-
ptosome complex that, in the presence of dATP/ATP, is capa-
ble of activating caspase-9 followed by caspase-3, leading to cell
death (5, 26, 45). Lysosomal enzymes can induce mitochondria
permeability either by activating phospholipase A2 (46) or by
cleaving the Bcl-2 family member Bid, which in its truncated
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form translocates to mitochondria, resulting in Bax/Bak activa-
tion (9,47). There is also evidence that damage to mitochondria
may cause release of other factors, such as AIF, which can trig-
ger cell death in a caspase-independent manner following its
translocation to the nucleus (48). To determine the role of
cathepsin D in U18666A-induced toxicity, cultured neurons
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U18666A (F, arrows) compared with control cultures (E). UA, UA18666A; Ctrl, control. Scale bar, 40 um. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Error bars, S.E.

were treated with 5 ug/ml U18666A for different time periods
(i.e. 6, 24, and 48 h) and then submitted to a subcellular frac-
tionation followed by Western blotting. Our results clearly
revealed that cytosolic cathepsin D levels were not altered at 6 h
butincreased at 24 and 48 h following treatment with U18666A
compared with untreated control cultures (Fig. 3, A-E). In par-
allel, cytosolic levels of cytochrome ¢ were also enhanced in 24-
and 48-h U18666A-treated neurons compared with untreated
neurons (Fig. 3, A-E). Additionally, the active forms of
caspase-9 and caspase-3 (17 kDa), the downstream effectors,
were significantly increased time-dependently from 6 and 12 h
onward, respectively, in cultured cells treated with 5 ug/ml
U18666A (Fig. 3F).

Cathepsin D Inhibitor- and UIl8666A-treated Neuronal
Cultures—To establish whether increased cathepsin D activity
was a cause or a consequence of cell death, primary neurons
were treated with various concentrations (1-50 um) of the
cathepsin D inhibitor pepstatin A either concurrently or 24 h
prior to exposure with 5 ug/ml U18666A, and cell viability was
assessed using an MTT assay, Hoechst 33258 staining, or a

S
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Live/Dead assay. The concentrations of pepstatin A used were
based on earlier data (49). Our results showed that only 10 and
20 uM pepstatin A, and not lower or higher concentrations, can
significantly protect neuronal cultures against U18666A-in-
duced toxicity (Fig. 4, A-E) and can also attenuate the corre-
sponding enzyme activity (Fig. 4F). Furthermore, the protective
effect of pepstatin A was equivalent when the cells were co- or
pretreated with the inhibitor (Fig. 4A). It is also evident that
pepstatin A treatment partially reversed the increase in cytoso-
lic cathepsin D and cytochrome c levels (Fig. 4G) as well as
activation of caspase-9 and caspase-3 in U18666A-treated neu-
ronal cultures (Fig. 4, H and I).

Effects of Experimental Modulation of Cathepsin D on Cell
Viability—To further validate the role of cathepsin D in
U18666A-mediated apoptosis, we evaluated whether knock-
ing down its expression using siRNA could protect neuronal
cells against U18666A toxicity. Because transfection of the
hippocampal neuronal culture by electroporation or Lipo-
fectamine 2000 did not yield significant siRNA incorporation to
observe knockdown (data not shown), we used N2a cells, which
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are known to be vulnerable to U18666A treatment (28, 50). More-
over, these cells showed similar cholesterol accumulation and cell
death when treated with 3 ug/ml U18666A for 24 h as that
observed in primary neuronal cultures (supplemental Fig. 2).

In N2a cells, cathepsin D-targeting siRNAs efficiently
decreased the levels of immature cathepsin D at 24 h and both
immature and mature cathepsin D at 48 h following U18666A
treatment compared with non-targeting scrambled siRNAs
(Fig. 5, A and B). After 24 h of transfection, N2a cells were
treated with or without 3 ng/ml U18666A for an additional 24 h
before cell viability was evaluated using the MTT assay.
Cathepsin D knockdown significantly prevented U18666A-in-
duced toxicity compared with cells transfected with the scram-
bled siRNA (Fig. 5C), thus suggesting a critical role for the lys-
osomal enzyme in cell death induction. To complement these
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data, N2a cells were transfected with plasmid containing
cathepsin D (Fig. 5D), and cell viability was assessed following
treatment with or without 3 ug/ml U18666A (Fig. 5E). Our
results indicate that both cathepsin D overexpression and
U18666A treatment of empty vector-transfected cells signifi-
cantly reduce (i.e. by ~25%) cell viability. When cathepsin
D-overexpressing cells were treated with U18666A, there was a
further, although not significant, decrease in cell viability com-
pared with cells transfected with an empty vector. This is also
evident in the Live/Dead assay, which showed that cathepsin
D-overexpressing cells are more vulnerable to U18666A treat-
ment than cells transfected with an empty vector (Fig. 5, F-I).

Effects of Staurosporine on Human NPC Fibroblasts—Stauro-
sporine, a broad-spectrum protein kinase inhibitor, has been
used widely to induce apoptosis in a variety of cells, including
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human fibroblasts (51). It has been demonstrated that cathep-  viability (52, 53) but can render them more vulnerable to toxic

sin D acts as a positive mediator of staurosporine-induced apo-
ptosis, acting upstream of cytochrome ¢ release and caspase
activation in human fibroblasts (29). Our results revealed that
viability of NPC fibroblasts did not differ from control fibro-
blasts under normal conditions, but they were more susceptible
to staurosporine-induced toxicity than control fibroblasts (Fig.
5]). This is consistent with earlier reports, which showed that a
lack of functional NPC1 protein may not directly influence cell
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insults than control cells (52). The present results, together
with the evidence of altered distribution of cathepsin D in the
cerebellar Purkinje cells of the brain from NPC patients (21),
suggest a potential role for this aspartic protease in disease
pathology.

Extracellular Release of Cathepsin D by UI8666A-treated
Neuronal Cultures—Unlike cytosolic levels, very little is cur-
rently known about whether extracellular or released cathepsin
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D can trigger degeneration of neurons. Our results from pri-
mary hippocampal neurons revealed an increase in the steady
state cathepsin D levels in the supernatants of the U18666A-
treated neurons compared with untreated cultures (Fig. 6, A
and B). The immature cathepsin D, however, was not evident in
the conditioned medium of treated cultured neurons. To define
the role of extracellular cathepsin D in the loss of neurons,
hippocampal neurons were cultured for 24 h with or without 5
png/ml U18666A before replacing with the fresh medium. Con-
ditioned media, collected after an additional 24 h in culture,
were applied to untreated neurons for 12 or 24 h, and cell via-
bility was measured using the MTT assay (Fig. 6C). It is appar-
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ent from our results that conditioned media from U18666A-
treated neuronal cultures, but not from untreated cultures,
were toxic to neurons (Fig. 6D). To substantiate the role of extra-
cellular cathepsin D in the death of neurons, cathepsin D levels
were depleted from the media using cathepsin D antibody-cou-
pled beads, which markedly attenuated toxicity induced by
U18666A-treated conditioned media (Fig. 6E). Taken together,
these results suggest that extracellular cathepsin D from
U18666A-treated cultured neurons can induce toxicity.

To further validate the toxic potential of extracellular
cathepsin D, hippocampal cultured neurons were exposed to
25-150 nM exogenous cathepsin D, which was found to induce
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toxicity in a concentration-dependent manner over a 24-h  suggesting that cell death is not accompanied by an increase of
period (Fig. 7A). This is supported by a parallel increase in the cathepsin D activity (data not shown). This is supported by the
number of EthD-1-positive dead neurons in the cathepsin evidence that pepstatin A was unable to protect the neurons
D-treated cultures (Fig. 7, Band C). We observed thatactivityof against toxicity (Fig. 7F). Additionally, we did not observe any
the exogenous cathepsin D in the conditioned media decreased changes in the levels of caspase-9, cleaved caspase-3, or AIF in
with time possibly due to higher pH of the media (Fig. 7D). cathepsin D-treated cultured neurons (Fig. 7G). The nuclear
Additionally, treatment with 200 mm sucrose, a potent inhibi-  distribution of AIF showed an increasing trend in cathepsin
tor of clathrin-mediated endocytosis (54), was found to atten- D-treated neurons, but this was not found to be significant
uate cathepsin D-induced toxicity, thus suggesting that uptake ~compared with control neurons (Fig. 7, H-J). Interestingly,
of exogenous cathepsin D is required to trigger death of cul- we observed a significant increase in the levels of LC3-II,
tured neurons (Fig. 7E). As a first step to understand the mech-  p62, Atg5, and Beclin-1, which are known to be associated with
anisms by which exogenous cathepsin D can trigger cell death, autophagy-induced cell death (Fig. 8, A-E) (55-58). The
we measured the activity of the enzyme in treated cultures, but  involvement of the autophagic pathway is partly substantiated
no alteration was evident compared with untreated cultures, by our data, which showed that treatment of cultured neurons
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with 3-MA, a selective inhibitor of LC3-II (59, 60), not only
attenuated the increased levels of LC3-1I, p62, Atg5, and
Beclin-1 (Fig. 8, A-E) but also markedly protected the hip-
pocampal neurons against cathepsin D-induced toxicity (Fig.
8F). The effects of exogenous cathepsin D were further vali-
dated using mouse m5-7 fibroblast cells that are regulated by
the Tet-off system (34). In the presence of doxycycline, these
cells exhibit reduced expression of Atg5 and are resistant to
autophagy-induced cell death (61). Our results clearly showed
that doxycyline treatment not only decreased Atg5 expression
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(Fig. 94) but also rendered these cells partially resistant to
cathepsin D-induced toxicity compared with control cells (Fig.
9B). Taken together, these results suggest that exogenous
cathepsin D may induce cell death via autophagy.

DISCUSSION

Using a variety of experimental approaches, the present
study showed that increased intracellular and extracellular lev-
els of cathepsin D following treatment with U18666A can trig-
ger degeneration of neurons. Our results reveal that (i)
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U18666A-mediated toxicity in hippocampal neuronal cultures
is accompanied by increased levels of cathepsin D mRNA,
enzyme activity, and cytosolic levels of the peptide along with
activation of caspase-9 and -3; (ii) cathepsin D inhibitor pepsta-
tin A can protect neurons against toxicity by attenuating acti-
vation of a caspase-dependent pathway; (iii) down-regulation of
cathepsin D levels prevented U18666A-induced cell death in
N2a cells, whereas transient overexpression of the enzyme was
sufficient to induce cell death; (iv) fibroblasts from NPC disease
are more vulnerable to staurosporine-induced toxicity than
normal, control fibroblasts; and (v) extracellular cathepsin D
from U18666A-treated cultured neurons or application of
exogenous enzyme can induce toxicity to hippocampal neurons
by activating autophagy. Taken together, these results suggest
that increased levels of cathepsin D in the cytosol or in the
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extracellular medium can be toxic to neurons. The evidence
that pepstatin A can prevent U18666A-induced toxicity raises
the possibility that cathepsin D inhibitors may be of therapeutic
relevance in the treatment of NPC pathology.

The main biochemical manifestation of NPC pathology is the
abnormal accumulation of free cholesterol and glycosphingo-
lipids within the endosomal-lysosomal system in various brain
regions, including cortex, hippocampus, and cerebellum (13,
14, 62, 63). The hydrophobic amine, U18666A (3-3-[2-(dieth-
ylamino) ethoxy]androst-5-en-17-one), is a well known class II
amphiphile, which has been shown to trigger accumulation of
cholesterol by inhibiting its intracellular transport, as observed
in NPC pathology (22). It has been reported that U18666A
treatment can decrease the cholesterol content of the endoplas-
mic reticulum and impede the movement of cholesterol
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between the lysosomal compartment and the plasma mem-
brane and from the plasma membrane to other intracellular
compartments (64, 65). Additionally, U18666A may act on the
activity and/or synthesis of other proteins or lipids that facili-
tate cholesterol movement or alter cellular distribution of the
NPC1 protein, thus causing accumulation of intracellular cho-
lesterol (66 —68). U18666A is therefore considered to be one of
the best-characterized drugs to mimic the cellular effects of
NPC in normal cells through dysfunction of lipid storage and
inhibition of cholesterol movement (22, 64, 65).

Earlier studies have shown that U18666A can induce degen-
eration of cortical cultured neurons by triggering mitochon-
drial depolarization, increase production of reactive oxygen
species and the occurrence of other oxidative events, such as
lipid peroxidation, DNA oxidation, and protein oxidation,
along with the activation of caspases and calpains (27, 28).
Cotreatment of U18666A with cyclodextrin, which depletes
cellular cholesterol, was able to rescue cortical neurons from
cell death, suggesting that accumulation of cholesterol leads to
U18666A-mediated neuronal apoptosis (28). More recently,
fibroblasts exposed to a lower concentration of U18666A (0.5
pg/ml) have been somewhat protected against staurosporine-
and cisplatin-induced toxicity, thus raising the possibility that
class II amphilic amine, depending on the dose and time of
exposure, can have a biphasic effect on cell viability, but the
underlying mechanisms remain to be established (69).

In our study, we showed that U18666A treatment can cause
degeneration of primary hippocampal neurons as well as N2a
cells in a concentration-dependent manner (0.1-50 pg/ml) and
was accompanied by intracellular accumulation of cholesterol
and increased endosomal/lysosomal volumes, as seen in NPC
pathology (20, 21). There was also an increase in cathepsin D
mRNA levels and enzymatic activity, but the overall level of the
cellular peptide was found to be decreased. Earlier studies
reported that cathepsin D can have a survival or apoptotic effect
depending on the subcellular localization and activity of the
enzyme. If the levels and activity of the enzyme are increased
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within the lysosomes, it may represent an adaptive response to
protect cells against toxic insults (39, 43, 70, 71), whereas an
enhanced activity and cytosolic levels of the enzyme can lead to
cell death either directly or indirectly via cytochrome c release
from mitochondria (6-8). This phenomenon has been
described under in vitro paradigms using a variety of toxic
insults (29, 44, 73-77) and in some animal models of neurode-
generative disorders (78-80). The present study clearly
showed that degeneration of neurons following U18666A treat-
ment is accompanied by an increased activity and cytosolic lev-
els of cathepsin D, as observed in toxicity induced by oxidative
stress (81). This is supported by three distinct lines of evidence:
(i) U18666A-induced toxicity was associated with increased
levels of cytochrome ¢ and activation of caspase-9 and
caspase-3; (ii) cathepsin D inhibitor pepstatin A significantly
protected hippocampal neurons against U18666A-induced
toxicity by attenuating the aforesaid signaling mechanisms; and
(iii) down-regulation of the cathepsin D level by siRNA treat-
ment was found to protect cultured N2a cells against U18666A -
mediated toxicity, whereas overexpression of the enzyme was
sufficient to induce cell death. Collectively, these results sug-
gest an important role for cathepsin D in U18666A-induced
toxicity in cultured hippocampal neurons.

Increasing evidence now indicates that cathepsin D can be
secreted in a variety of pathological conditions, and its effect
can be mediated by an unidentified cell surface receptor (82).
Aberrant secretion of cathepsin D is believed to be the conse-
quence of defective acidification of intracellular organelles (83),
but its implication in cell death mechanisms, if any, remains
unclear. The present study showed that U18666A treatment,
apart from increasing cellular mRNA and activity of cathepsin
D, can enhance the level of the enzyme secreted into the con-
ditioned media of hippocampal cultures. Additionally, we
revealed that extracellular cathepsin D in the conditioned
medium of U18666A-treated cultures can trigger degeneration
in naive neuronal cultures and that removing the enzyme from
the conditioned medium using agarose beads coupled to
cathepsin D antibodies prevented neuronal death. Thus, extra-
cellular cathepsin D secreted from U18666A-treated neu-
rons can induce toxicity in a manner similar to that reported
for cathepsin B, which is secreted following A B3-mediated acti-
vation of microglia (84). This is further validated by the obser-
vation that exogenous cathepsin D can trigger degeneration of
hippocampal cultured neurons in a concentration-dependent
manner. Inhibition of endocytosis was found to attenuate tox-
icity, thus suggesting that internalization of cathepsin D may be
involved in mediating death of cultured neurons. This effect,
however, appears to be independent of intracellular cathepsin
D because (i) the proteolytic activity of the enzyme was unal-
tered in the presence of exogenous cathepsin D, and (ii) cell
viability was unaffected following treatment with pepstatin A.
Additionally, exogenous cathepsin D did not activate the
caspase-dependent pathway, as observed with U18666A-
treated cultured neurons. This suggests that the underlying
mechanisms of cell death may differ from that triggered by
intracellular cathepsin D following treatment with U18666A.
This led us to investigate the role of the caspase-independent
pathway, where the involvement of the mitochondrial flavopro-
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tein AIF has been well established (85, 86). Under normal con-
ditions the protein is located in the inner mitochondrial mem-
brane space (87), but upon activation, AIF is cleaved and
translocated to the nucleus to participate in chromatin conden-
sation and DNA fragmentation, leading to cell death (86, 88).
Cultured neurons exposed to exogenous cathepsin D for 24 h
exhibited neither altered level nor distribution of AIF, thus
excluding the possible involvement of a caspase-independent
pathway in the death of neurons. Interestingly, autophagy has
been shown to promote cell death via a caspase-independent
pathway under certain conditions (89, 90). Our results clearly
showed that neurotoxicity induced by exogenous cathepsin D is
accompanied by increased levels of autophagic markers,
including LC3-II, p62, Atg5, and Beclin-1, in cultured hip-
pocampal neurons. Because elevated LC3-1I level can lead to
cell death via a defective autophagosome clearance in some
cases (57,91, 92), it is possible that the loss of neurons observed
following cathepsin D treatment is mediated via the autophagic
pathway. This is supported by two distinct lines of evidence: (i)
inhibition of autophagy by 3-MA treatment not only protected
neurons against cathepsin D-induced toxicity but also attenu-
ated the levels of LC3-II, p62, Atg5, and Beclin-1 in treated
cultured neurons, and (ii) doxycycline-regulated m5-7 fibro-
blast cells are somewhat more resistant to cathepsin D-induced
toxicity than control fibroblast cells. Thus, it appears that
increased levels of intracellular and extracellular cathepsin D
following U18666A treatment can trigger degeneration of neu-
rons by activating different cell death mechanisms.

A number of studies have shown that dysfunction of the
NPC1 protein can lead to intracellular accumulation of choles-
terol and degeneration of neurons in selected regions of the
brain, but the underlying mechanisms remain unclear (13, 62,
63). Some recent studies have indicated that deregulation of the
phosphatidylinositol 3-kinase pathway (93), AB-mediated sig-
naling cascades (20, 21), or increased levels/activity of cathep-
sins (24, 30) may contribute to the loss of neurons in NPC1
knock-out mouse brains. It has been shown that cathepsin D
level/expression is increased not only in neurons but also in
activated microglia located in close proximity to neurons in
vulnerable regions of NPC1 knock-out mouse brains (21,
24.-26, 30). Because microglia can play an active role in the loss
of neurons (94, 95), it is possible that enhanced levels of cathep-
sin D in microglia following its release into the extracellular
milieu may contribute to the degeneration of neurons, as shown
in our study. Alternatively, increased levels/activity of cathep-
sin D in the microglia may be involved in the removal of neu-
ronal debris because this enzyme is capable of degrading micro-
tubule-associated proteins (96) and myelin basic proteins (97).
On the other hand, given the evidence that cathepsin D can
have a direct role in the degeneration of cultured neurons in
U18666A-induced toxicity, which mimics NPC pathology
under in vitro conditions, it is likely that the enzyme may also be
involved in the loss of neurons in NPC1 knock-out mouse
brains. This is partly supported by two lines of evidence: (i)
attenuation of NPC pathology by pharmacological treatments
(i.e. B-cyclodextrin or allopregnanolone) is accompanied by
reduced expression/levels of the enzyme (98, 99), and (ii) NPC
fibroblasts, as demonstrated in the present study, were more
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vulnerable than normal fibroblasts to toxicity induced by stau-
rosporine, which is known to trigger cell death via a cathepsin
D-mediated caspase-dependent pathway (29). However, it is of
interest to note that NPC1 deficiency, unlike U18666A treat-
ment, does not induce cell autonomous toxicity (52, 53) but can
render cells more susceptible to toxic insults than normal con-
trol cells (52), as observed in the present study. Whether this
relates to the differential effects of U18666A treatment versus
lack of functional NPC1 protein remains to be established. Nev-
ertheless, it would be of therapeutic relevance to determine
whether attenuation of cathepsin D activity can ameliorate
degeneration of neurons and associated pathology in NPC1
knock-out mice. This, however, may depend on two impor-
tant factors: (i) ability of the inhibitor to cross the blood-
brain barrier and (ii) reduction of cathepsin D activity to a
degree sufficient to block degeneration of neurons without
causing generalized disturbances of lysosomal operations.
Although pepstatin A acts as a general inhibitor of aspartic
peptidases, it remains the most potent inhibitor of cathepsin D
activity known so far (100). Intraperitoneal administration of
pepstatin A has been shown to be beneficial for experimental
colitis and bone mineralization (101, 102), but it needs to be
determined whether intracerebroventricular administration of
the inhibitor can mitigate NPC pathology. Given the evidence
that selective cathepsin B inhibitor can reduce brain A levels/
deposition and improve cognitive behavioral deficits in animal
models of Alzheimer disease (72, 103), it is likely that the avail-
ability of rather selective and potent cathepsin D inhibitors that
can cross the blood-brain barrier may provide a new therapeu-
tic opportunity in the treatment of NPC pathology.
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