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Aβ (β-amyloid) peptides are found aggregated in the cortical
amyloid plaques associated with Alzheimer’s disease neuropatho-
logy. Inhibition of the proteasome alters the amount of Aβ pro-
duced from APP (amyloid precursor protein) by various cell lines
in vitro. Proteasome activity is altered during aging, a major risk
factor for Alzheimer’s disease. In the present study, a human
neuroblastoma cell line expressing the C-terminal 100 residues of
APP (SH-SY5Y-SPA4CT) was used to determine the effect
of proteasome inhibition, by lactacystin and Bz-LLL-COCHO
(benzoyl-Leu-Leu-Leu-glyoxal), on APP processing at the γ -sec-
retase site. Proteasome inhibition caused a significant increase in
Aβ peptide levels in medium conditioned by SH-SY5Y-SPA4CT
cells, and was also associated with increased cell death. APP is a
substrate of the apoptosis-associated caspase 3 protease, and we
therefore investigated whether the increased Aβ levels could ref-
lect caspase activation. We report that caspase activation was not

required for proteasome-inhibitor-mediated effects on APP
(SPA4CT) processing. Cleavage of Ac-DEVD-AMC (N-acetyl-
Asp-Glu-Val-Asp-7-amino-4-methylcoumarin), a caspase sub-
strate, was reduced following exposure of SH-SY5Y-SPA4CT
cells to lactacystin, and co-treatment of cells with lactacystin
and a caspase inhibitor [Z-DEVD-FMK (benzyloxycarbonyl-Val-
Ala-DL-Asp-fluoromethylketone)] resulted in higher Aβ levels
in medium, augmenting those seen with lactacystin alone. This
study indicated that proteasome inhibition could increase APP
processing specifically at the γ -secretase site, and increase release
of Aβ, in the absence of caspase activation. This indicates that
the decline in proteasome function associated with aging would
contribute to increased Aβ levels.
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INTRODUCTION

Alzheimer’s disease is characterized by the presence of amyloid
plaques and neurofibrillary tangles in the brains of affected indi-
viduals. Amyloid plaques contain aggregated forms of Aβ
(β-amyloid) peptide, derived from APP (amyloid precursor pro-
tein) upon sequential cleavage by the proteolytic activities of β-
and γ -secretase, generating the N- and C- termini of Aβ respect-
ively (for review see [1]). β-Secretase activity has been attributed
to at least one protease, BACE (β-site APP-cleaving enzyme) [2],
while γ -secretase activity involves a 220–250 kDa protein com-
plex, including presenilin 1, nicastrin, APH-1 and PEN-2 [3,4].
All four member proteins are necessary for γ -secretase activity
[5].

The proteasome is a large protease complex responsible for
intracellular degradation of misfolded, oxidized or aggregated
proteins. Aging impairs proteasome function at several levels,
with effects on proteasome expression, activity and response
to oxidative stress [6–8]. Proteasome activity is also reduced
in brains of individuals affected by Alzheimer’s disease [9],
as are the activity and expression of the ubiquitin-activating
(E1) and ubiquitin-conjugating (E2) enzymes [10], necessary for
targeting proteins to the proteasome by covalent conjugation of
ubiquitin. Molecular misreading of ubiquitin also increases with
age, and in Alzheimer’s disease, resulting in the production of a
ubiquitin(+1) frameshift mutant, which cannot ubiquitinate, and

also inhibits the proteasome [11]. APP, presenilin and PEN-2 are
all proteasome substrates [12–14].

A number of previous studies have reported that proteasome in-
hibition altered APP processing, causing either an increase [12,13,
15–18] or a decrease [19] in Aβ production. The mechanism by
which proteasome inhibition influences Aβ production is un-
known. The fact that Aβ production from the full-length APP
used in a number of these studies [15,16,18,19] is influenced by
both β- and γ -secretase activities makes it difficult to determine
which activity is influenced by proteasome inhibition.

Proteasome inhibition can induce a number of different effects
in cells. These include cell-cycle arrest, leading to apoptosis (with
caspase 3 activation) in proliferating cells, or differentiation of
neuroblastoma cells; and it can also inhibit apoptosis in terminally
differentiated cells (see [20] for a recent review). Inhibition of the
proteasome has been shown to induce apoptotic cell death in some
neuronal and neuroblastoma cells via a mechanism involving
caspase activation [21–23]. APP is a caspase 3 substrate, and the
resulting product was reported to be more likely to be processed
to produce Aβ, than non-caspase-cleaved APP [24,25].

The present study investigated whether inhibition of the protea-
some in the human neuroblastoma SH-SY5Y-SPA4CT cell line
affected Aβ levels detected in cell culture medium. This cell line is
stably transfected with the C-terminal 100 residues of APP, plus
the signal peptide [26]. The formation of Aβ in these cells does
not require β-secretase activity. This allowed the effects of
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proteasome inhibition on γ -secretase activity to be studied in
isolation. The present study also investigated whether any pro-
teasome-inhibitor-mediated effects on γ -secretase activity could
result from caspase activation.

EXPERIMENTAL

Cell culture

The SH-SY5Y-SPA4CT cell line [26] was kindly provided by
Dr Tobias Hartmann, Center for Molecular Biology, University of
Heidelberg, Heidelberg, Germany. This cell line expresses the
SPA4CT construct, encoding the APP signal sequence and two
additional residues from APP695 (leucine and glutamate) in
frame with the Aβ peptide sequence and the entire C-terminal
domain of APP [26]. Cells were maintained in a humidified
37 ◦C, 5% CO2 incubator in 50% Ham’s F12 and 50% minimum
essential medium supplemented with 10% foetal bovine serum,
non-essential amino acids, 100 units/ml penicillin and 100 µg/ml
streptomycin (Gibco BRL/Life Technology). Cells were harvested
by brief exposure to PBS containing 1 mM EDTA, suspension in
PBS, and centrifugation at 1000 g for 5 min.

Inhibitors

Two inhibitors of the proteasome were used in the present study.
Bz-LLL-COCHO (benzoyl-Leu-Leu-Leu-glyoxal), synthesized
in-house, is a reversible inhibitor of the chymotrypsin-like activ-
ity of the proteasome [27]. Lactacystin (Affiniti Research Pro-
ducts, Mamhead Castle, Mamhead, Exeter, Devon, U.K.) is a
Streptomyces metabolite that inhibits the trypsin-like and chymo-
trypsin-like activities of the proteasome irreversibly [28].
Z-DEVD-FMK (benzyloxycarbonyl-Val-Ala-DL-Asp-fluorome-
thylketone) (BioVision, Mountain View, CA, U.S.A.) was used
to inhibit caspase 3 activity. It may also affect the activity of
other caspases and we therefore refer to it as a DEVDase/caspase
inhibitor, rather than a specific caspase 3 inhibitor. This inhibitor
was added to cell culture medium to give a final concentration of
2 µM.

Aβ quantification

SH-SY5Y-SPA4CT cells were grown in six-well plates and were
exposed to the inhibitors (in duplicate wells) for the times
indicated. Medium (1.4 ml) was collected, AEBSF [4-(2-amino-
ethyl)benzenesulphonyl fluoride] was added to a concentration of
1 mM, before freezing immediately and storing at −75 ◦C until
Aβ assay. Three different methods for quantifying Aβ were used.
These will be referred to as Aβ40 ELISA-G2-10, Aβ42 ELISA-
G2-11 and Aβ40 ELISA-Biosource.

Aβ40 ELISA-G2-10 and Aβ42 ELISA-G2-11

These assays were performed as described previously [29] using
WO-2 as a capture antibody, with a biotinylated detection anti-
body (G2-10 for Aβ40 and G2-11 for Aβ42). Horseradish-
peroxidase-conjugated streptavidin binding was quantified using
o-phenylenediamine (Sigma, Stockholm, Sweden) and read in
an Emax plate reader (Molecular Devices). Aβ standard curves
were prepared from 1 mg/ml stock solutions [70% methanoic
(formic) acid, stored at −70 ◦C for 1 day] of Aβ 1–40 and Aβ
1–42 peptides (Biopolymer Laboratory, Brigham and Women’s
Hospital, Boston, MA, U.S.A.), diluted in ELISA buffer (0.4%
ELISA blocking reagent, 0.2% BSA, 2% Tween 20, 2% goat
serum in PBS). Cell culture medium was diluted 1:2 in ELISA
buffer for the Aβ40 assay and was used undiluted for the Aβ42

assay.

Aβ40 ELISA-Biosource

This assay was performed using the Signal Select Human Aβ 1–
40 ELISA assay, colorimetric (Biosource), according to the manu-
facturer’s instructions, and the signal was read using a Multiscan
MS plate reader (Labsystems). The Aβ standard curve was pre-
pared from a 1 µg/ml stock solution of Aβ 1–40. Conditioned
medium was diluted 1:2 in standard/sample diluent (including
AEBSF at a final concentration of 1 mM). Accordingly, buffer
used to dilute standards was 50% standard/sample diluent, 50%
fresh cell culture medium.

Assay of proteasome activity in cell lysates

SH-SY5Y-SPA4CT cells were grown in culture to approx. 70%
confluence, before exposure to inhibitors, as indicated above.
Cells were washed with PBS, harvested, suspended in 50 mM
Tris/HCl, and sonicated for 5 s to lyse the cells. Protein con-
centrations were determined using the Bradford method. Protea-
some activity was assayed by incubating 30 µg of protein with
the proteasome substrate Suc-LLVY-AMC (succinoyl-Leu-Leu-
Val-Tyr-amino-4-methylcoumarin) (Affiniti Research Products)
(20 µM) in a total volume of 100 µl of assay buffer (0.38 mM
EDTA and 50 mM Tris/HCl, pH 7.5) at 37 ◦C for 4 h, followed by
a 10 min incubation at 99 ◦C to stop the reaction. As a negative
control, 30 µg of a cell lysate protein sample was boiled for
10 min before assay. AMC (amino-4-methylcoumarin) liberated
from the substrate by proteasome activity was determined by
measuring fluorescence (excitation, 380 nm; emission, 450 nm;
Molecular Devices SpectraMax Gemini XS), and reading from
an AMC standard curve.

Assay of DEVDase/caspase activity in cell lysates

SH-SY5Y-SPA4CT cells were grown in 75 cm2 flasks, exposed
to inhibitors for the times indicated, the cells were harvested
and lysed by three cycles of freeze–thawing in 100 µl of buffer
(25 mM Hepes, pH 7.5, 5 mM MgCl2, 5 mM EDTA, 5 mM
dithiothreitol, 2 mM AEBSF, 10 µg/ml pepstatin A and 10 µg/ml
leupeptin) and centrifugation at 14000 g for 10 min. Protein con-
centrations in the supernatant were determined using the Bradford
method. Caspase activity was assayed using the Promega Casp-
ACETM Assay System, Fluorometric (96-well format), according
to the manufacturer’s instructions. This system employs a sub-
strate [Ac-DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin), 50 µM] and inhibitor [Ac-DEVD-CHO (N-
acetyl-Asp-Glu-Val-Asp aldehyde), 50 µM] selective for CPP32/
caspase 3 activity. DEVD may also be cleaved by other caspases,
and we therefore refer to the activity detected as ‘DEVDase/
caspase activity’, rather than caspase 3 activity. Sample protein
(60 µg) was assayed for DEVDase/caspase activity in the pre-
sence and absence of inhibitor. Fluorescent signal was measured
following 1 h of incubation at 37 ◦C (excitation 360 nm; emission
460 nm; Molecular Devices SpectraMax Gemini XS). Specific
DEVDase/caspase activity was calculated from the difference in
fluorescent signal in the presence and absence of inhibitor (Ac-
DEVD-CHO), and expressed as activity per µg of cell lysate
protein per min.

Neutral Red assay of cell viability

A Neutral Red assay was used to determine whether lactacystin
was cytotoxic to SH-SY5Y-SPA4CT cells. Cells were plated in a
96-well plate and were incubated in normal growth medium for
24 h. This medium was then replaced by treatment medium con-
taining various lactacystin concentrations. Following 24 h of incu-
bation, the treatment medium was replaced by 200 µl of growth
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Figure 1 Effects of proteasome inhibitors of Aβ levels in cell culture
medium

(A) Concentration-dependent effects of lactacystin on Aβ40 levels. Aβ40 levels in conditioned
medium from SH-SY5Y-SPA4CT cells incubated for 24 h with lactacystin at the concentrations
indicated, measured by Aβ40 ELISA-Biosource. Values indicated are means +− S.E.M. for three
separate experiments with duplicate cell cultures, each assayed in duplicate for Aβ40 (12 Aβ40

assays at each concentration of lactacystin). **P < 0.01 by Fisher’s protected least-squares
difference, compared with control Aβ40 levels. (B) Effect of Bz-LLL-COCHO on Aβ40 and
Aβ42 levels. Aβ40 and Aβ42 levels (pM) in conditioned medium from SH-SY5Y-SPA4CT cells
incubated for 5 or 24 h with Bz-LLL-COCHO (LLL) (5 µM), or vehicle (veh) control, were
quantified using Aβ40 ELISA-G2-10 and Aβ42 ELISA-G2-11. The treatment is indicated below
the bar, along with the relevant Aβ peptide. Values indicated are means +− S.D. for two cell
cultures, each assayed in duplicate for Aβ40 or Aβ42.

medium containing 50 µg/µl Neutral Red (Sigma). The plates
were incubated at 37 ◦C for 4 h, medium was removed, and
cells were fixed for 30 s with 200 µl of formaldehyde fixative
(1% CaCl2 and 4% formaldehyde in water). A 200 µl volume of
50% ethanol and 1% ethanoic (acetic) acid in water was added to
dissolve the dye taken up by the cells, and the plates were read at
550 nm (Labsystems Multiscan MS plate reader). Absorbance
at 550 nm indicates the amount of Neutral Red that has been
taken into cells by endocytosis, and is directly proportional to cell
viability.

RESULTS

Effect of proteasome inhibition on Aβ levels in cell culture medium

Cells were exposed to lactacystin (0.5–5 µM) for 4 and 24 h.
Aβ40 ELISA-Biosource analysis of medium revealed increases
in Aβ levels at 4 h. These were statistically significant at a con-
centration of 1.0 µM lactacystin (Fisher’s protected least-squares
difference, P = 0.014). Increases in Aβ40 levels were more marked
at 24 h and were statistically significant at concentrations of
both 2.5 and 5 µM lactacystin (Figure 1A). This effect was also
seen when medium from SH-SY5Y-SPA4CT cells treated with

Figure 2 Concentration-dependent effects of lactacystin on proteasome
activity in cell lysates

SH-SY5Y-SPA4CT cells were incubated with lactacystin at the concentrations indicated for
24 h before proteasome activity was assayed using the fluorogenic substrate, Suc-Leu-Leu-
Val-Tyr-AMC, as described in the Experimental section. Results are means +− S.E.M. for six cell
cultures, each assayed in duplicate for proteasome activity in 30 µg of cell lysate protein (12
proteasome assays at each concentration of lactacystin). ***P < 0.001 by Fisher’s protected
least-squares difference, compared with control proteasome activity.

lactacystin was assayed for Aβ40 using the Aβ40 ELISA-G2-10.
In the presence of 5 µM lactacystin, Aβ40 levels were 227% of
control at 5 h, and 580% of control at 24 h. To confirm that this
effect resulted from proteasome inhibition, SH-SY5Y-SPA4CT
cells were also exposed to another proteasome inhibitor, Bz-LLL-
COCHO (5 µM) for 5 and 24 h, and Aβ was assayed using the
Aβ40 ELISA-G2-10 and Aβ42 ELISA-G2-11 methods. The levels
of both Aβ40 and Aβ42 in cell culture medium were increased at
5 h, to 265 and 560% of control respectively (Figure 1B). The
Aβ42/Aβ40 ratio was also increased from 1:6.5 in untreated cells to
1:3 in cells treated with 5 µM Bz-LLL-COCHO for 5 h. After 24 h
of exposure to Bz-LLL-COCHO, Aβ levels had returned towards
those seen in control cells (Aβ40, 96% of control; Aβ42, 131%
of control; Figure 1B). The effect of lactacystin was therefore
maintained for longer than Bz-LLL-COCHO, and larger increases
in Aβ levels were observed at 24 h (Figure 1). This is consistent
with the activities of these compounds as proteasome inhibitors,
since Bz-LLL-COCHO is a reversible inhibitor and lactacystin is
an irreversible inhibitor.

As a control experiment, we also assayed medium conditioned
by untransfected SH-SY5Y cells for Aβ. The ELISAs described
did not detect any Aβ40 in SH-SY5Y medium under these con-
ditions, indicating that less than 2 pM Aβ40 (the most abundant
Aβ peptide secreted by the cells) was present. The presence of
much higher levels of Aβ40 in medium conditioned by SHSY-
5Y-SPA4CT (>200 pM; Figure 1B) confirmed that the SPA4CT
construct was robustly expressed in this cell line.

Effect of lactacystin on proteasome activity

Inhibition of the proteasome by lactacystin was confirmed by
measuring the chymotrypsin-like activity of the proteasome in
SH-SY5Y-SPA4CT cell lysate protein, by assaying cleavage of
Suc-Leu-Leu-Val-Tyr-AMC. This proteasome activity was in-
hibited to approx. 40% of control by treatment with 1.0, 2.5 or
5.0 µM lactacystin for 3 h (results not shown). This effect was
lost by 24 h in the presence of 0.5 and 1 µM lactacystin, perhaps
indicating new proteasome synthesis to overcome the inhibition.
Cells exposed to lactacystin concentrations of 2.5 and 5.0 µM still
displayed proteasome inhibition at 24 h (Figure 2).

Correlation between proteasome inhibition and Aβ levels

Proteasome activity and Aβ40 levels were analysed simultan-
eously in the cell lysate protein and medium (respectively) of
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Figure 3 Relationship between proteasome inhibition and Aβ40 levels

Aβ40 levels in conditioned culture medium were plotted against proteasome activity in the cell
lysate of the same SH-SY5Y-SPA4CT cell culture, following incubation with various proteasome
inhibitor concentrations. Assays were performed as described in Figures 1 and 2. A reduction
in proteasome activity by �50 % was required to significantly increase Aβ40 levels.

Figure 4 Concentration-dependent effects of lactacystin on cell viability

SH-SY5Y-SPA4CT cell viability was determined using the Neutral Red assay, following exposure
to the indicated concentrations of lactacystin for 24 h. Results are means +− S.E.M. (n = 7).
**P < 0.01, ***P < 0.001 by Dunn’s Multiple Comparison Test, for the comparison with the
control (no lactacystin).

the same SHSY-5Y-SPA4CT cultures. Aβ40 levels (fold increase
over control) were plotted against proteasome activity (percentage
inhibition by a range of concentrations of either Bz-LLL-COCHO
or lactacystin), as shown in Figure 3. This demonstrated that
reductions in proteasome activity of up to approx. 40% were
not generally associated with any increase in Aβ40 levels. When
proteasome activity was inhibited by more than 50%, levels of
Aβ40 began to rise significantly. This suggested that a threshold
inhibition of proteasome activity by approx. 50% was necessary
before the effects on SPA4CT processing became apparent.

Effect of lactacystin on SH-SY5Y-SPA4CT cell viability

The viability of this cell line during lactacystin treatment was
determined using the Neutral Red assay. Results showed that
exposure to � 2.5 µM lactacystin (for 24 h) caused statistically
significant, concentration-dependent, reductions in cell viability
(Figure 4).

Effect of lactacystin on DEVDase/caspase activity

To investigate whether the observed increases in Aβ levels
during proteasome inhibition could result from the activation of
apoptosis, DEVDase/caspase activity was assayed in lactacystin-
treated cells. Cells exposed to lactacystin did not show increased

Figure 5 Effects of lactacystin on DEVDase/caspase activity in cell lysates

SH-SY5Y-SPA4CT cells were exposed to the indicated concentrations of lactacystin for 24 h,
before determination of DEVDase/caspase activity in 60 µg of cell lysate protein, using the
Promega CaspACETM Assay System. Results are means +− S.E.M. for two separate experiments
with duplicate cell cultures, each assayed in duplicate (eight DEVDase/caspase assays at each
concentration of lactacystin). **P < 0.01, ***P < 0.001 by Fisher’s protected least-squares
difference, compared with the control.

Figure 6 Effects of Z-DEVD-FMK on lactacystin-mediated increases in Aβ40

levels

SH-SY5Y-SPA4CT cells were exposed to lactacystin at the concentrations indicated for 24 h in the
presence (broken line) or absence (solid line) of the DEVDase/caspase 3 inhibitor Z-DEVD-FMK
(2 µM). Aβ40 levels in conditioned medium were determined using the Aβ40 ELISA Biosource
method. Results are means +− S.E.M. for five cell cultures, assayed in duplicate for Aβ40.
*P < 0.05 and ***P < 0.0001, for comparison between cells exposed to Z-DEVD-FMK and
lactacystin, and cells exposed to lactacystin alone.

DEVDase/caspase activity. Instead, decreased DEVDase/caspase
activity was observed (Figure 5). Statistically significant (P =
0.01), greater than 50% decreases in DEVDase/caspase activity
were seen in cells exposed to lactacystin concentrations of �1 µM
for 24 h (Figure 5). This result demonstrated that the increased
levels of Aβ in the presence of lactacystin did not result from
increased APP cleavage by caspase 3.

Effect of DEVDase/caspase inhibition on lactacystin-induced
increases in Aβ levels

To confirm that caspase activity was not required for lactacystin-
induced increases in Aβ levels, we also exposed cells to a cell-
permeant DEVDase/caspase inhibitor, Z-DEVD-FMK (2 µM),
in the presence and absence of lactacystin. This experiment (Fig-
ure 6) confirmed the data presented in Figure 1, showing lacta-
cystin-concentration-dependent increases in Aβ40 levels in SH-
SY5Y-SPA4CT cell culture medium (approx. 6-fold increased
with 2.5 µM lactacystin). In the presence of Z-DEVD-FMK,
Aβ40 levels in the medium actually increased, demonstrating that
DEVDase/caspase activation was not required for lactacystin-
mediated increases in Aβ40 levels, and suggesting that caspase 3
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inhibition may in fact increase Aβ40 levels. Indeed, in the presence
of 2 µM Z-DEVD-FMK alone, Aβ40 levels were 148% of control.
Aβ40 levels were higher in cells exposed to Z-DEVD-FMK and
lactacystin, as compared with lactacystin alone. This effect was
statistically significant in cells exposed to 0.5 µM and 5 µM
lactacystin for 24 h (Figure 6).

DISCUSSION

Proteasome inhibition increased Aβ levels in medium conditioned
by the SH-SY5Y-SPA4CT cell line, where only γ -secretase
activity was required to generate Aβ. Levels of Aβ40 and Aβ42 in
cell culture medium were significantly increased in the presence
of two different proteasome inhibitors, Bz-LLL-COCHO and
lactacystin, and the extent of increase in Aβ correlated with
the percentage proteasome inhibition (above a threshold of 50%
inhibition). This increase in Aβ levels upon proteasome inhibition
is consistent with previous studies [12,13,15–18], but the mech-
anism involved is unclear. The present study investigated one
potential mechanism, by testing the hypothesis that proteasome
inhibition induced apoptosis and caspase 3 activation, resulting
in caspase 3 cleavage of APP. Caspase 3 can cleave full-length
APP at residues 197, 219 and 720, and cleavage at Asp720 (the only
potential cleavage site in the C100 region of APP expressed by the
SH-SY5Y-SPA4CT cells) was shown to provide a better substrate
for production of Aβ [24,25]. Proteasome inhibition can induce
apoptosis (with caspase 3 activation) in proliferating cells [20–23]
(see the Introduction). In the present study, proteasome inhibition
in SH-SY5Y-SPA4CT cells by lactacystin (>2.5 µM) induced
cell death, but no increase in caspase activation was observed. In
fact, DEVDase/caspase activity was actually reduced. The lacta-
cystin-induced decrease in DEVDase/caspase activity occurred
over the same concentration range as the increases in Aβ40 levels.
Consequently, the observed increases in Aβ could not be attri-
buted to increased caspase 3 cleavage at APP Asp720. This find-
ing is consistent with other studies in CHO (Chinese-hamster
ovary) cells indicating that (i) increases in Aβ release during
staurosporine-induced apoptosis did not involve APP cleavage at
any of the caspase sites [30], (ii) masking the Asp720 caspase site
did not result in decreased Aβ levels [31], and (iii) caspase activ-
ation during serum withdrawal did not increase Aβ release
[31]. To confirm this result, we co-treated cells with lactacystin
and a DEVDase/caspase inhibitor, Z-DEVD-FMK. Interestingly,
Z-DEVD-FMK significantly potentiated the lactacystin-induced
increases in Aβ40 levels, and Aβ40 levels were also higher in the
presence of Z-DEVD-FMK alone. This provided further evidence
that caspase-mediated cleavage of APP was not responsible for
the increased Aβ40 release.

Overexpression of APP has been reported to activate caspase
3 in neuronal cells [32]. We therefore compared basal DEVDase/
caspase activity in the SH-SY5Y-SPA4CT cell line, and in the un-
transfected parent SH-SY5Y cells (results not shown). DEVDase/
caspase activity was easily detected in these cell lines, but no
increase in DEVDase/caspase activation was observed in the
SPA4CT-transfected cells, as compared with the untransfected
SH-SY5Y cells. In fact, basal activity was higher in the non-
transfected (mean SH-SY5Y DEVDase activity was 113.6 pmol
of AMC/mg of protein per min), compared with transfected cells
(69.4 pmol of AMC/mg of protein per min).

Taken together, these results raise the possibility that reductions
in DEVDase/caspase activity actually contributed to increased
Aβ40 levels. In three different circumstances where cellular
DEVDase/caspase activity was reduced (by proteasome inhi-
bition, by exposure to Z-DEVD-FMK alone and the lower basal

activity in the SPA4CT cells), Aβ40 levels in conditioned medium
were increased.

The increase in the amount of APP C-100 that is cleaved
by γ -secretase in the presence of proteasome inhibitors could
reflect either a change in γ -secretase activity, or an increase in
substrate availability. Despite some controversy in this area [19], a
consensus is emerging that APP C-100 is processed along at least
two independent pathways, one involving γ -secretase generation
of Aβ, and the other involving the proteasome [12,33,34].
Membrane proteins can be retrotranslocated from the endoplasmic
reticulum to the cytosol for destruction by the proteasome [35].
Proteasome-mediated cleavage of the C-terminal region of APP
reduces the amount of APP processed by γ -secretase, and
thus reduces Aβ production [12,33]. Overexpression of MOCA
[modifier of cell-adhesion protein, also known as PBP (presenilin-
binding protein)] increased the amount of APP processed via the
proteasome, and resulted in decreased APP and Aβ secretion
[36]. MOCA may thus direct APP to the proteasome, and since
our results (and those of [12,33,34]) indicate that the C-100
region of APP is also processed via the proteasome, the MOCA-
interaction site in APP may be in this region. The subcellular dis-
tribution of MOCA is altered in the brain in Alzheimer’s disease,
with reduced soluble fraction and increased particulate fraction
levels, suggesting that delivery of APP to the proteasome may
compromised in the disease [37].

Proteasome inhibition may also increase γ -secretase levels
by reducing presenilin and PEN-2 turnover [12–14], although
overexpression of presenilin alone does not result in increased
levels of the biologically active γ -secretase complex [38]. In-
creased presenilin levels are, however, associated with re-local-
ization of MOCA to the membrane [39]. This suggests that, if
proteasome inhibition increases presenilin levels, the consequence
is likely to be a decrease in the amount of APP targeted to the
proteasome by MOCA, and hence an increase in γ -secretase sub-
strate availability, rather than an increase in active γ -secretase
levels. An effect on substrate availability for γ -secretase process-
ing therefore seems the most likely explanation for the protea-
some-inhibitor-mediated increases in Aβ levels observed here.

Proteasome activity declines with age, and is also impaired in
Alzheimer’s disease [6,8–11] (see the Introduction for further
information). The present study indicates that decreased protea-
some activity would increase Aβ levels, via an effect on γ -secre-
tase mediated APP processing, and thereby increase risk for the
neuropathological changes associated with Alzheimer’s disease.
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