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ABSTRACT: The deposition of amyloid-â peptides (Aâ) in senile plaques (SPs) is a central pathological
feature of Alzheimer’s disease (AD). Since SPs are composed predominantly of Aâ1-42, which is more
amyloidogenic in vitro, the enzymes involved in generating Aâ1-42 may be particularly important to
the pathogenesis of AD. In contrast to Aâ1-40, which is generated in the trans-Golgi network and other
cytoplasmic organelles, intracellular Aâ1-42 is produced in the endoplasmic reticulum/intermediate
compartment (ER/IC), where it accumulates in a stable insoluble pool. Since this pool of insoluble Aâ1-
42 may play a critical role in AD amyloidogenesis, we sought to determine how the production of
intracellular Aâ is regulated. Surprisingly, the production of insoluble intracellular Aâ1-42 was increased
by a putativeγ-secretase inhibitor as well as by an inhibitor of the proteasome. We further demonstrate
that this increased generation of Aâ1-42 in the ER/IC is due to a reduction in the turnover of Aâ-
containing APP C-terminal fragments. We conclude that the proteasome is a novel site for degradation of
ER/IC-generated APP fragments. Proteasome inhibitors may augment the availability of APP C-terminal
fragments forγ-secretase cleavage and thereby increase production of Aâ1-42 in the ER/IC. Based on
the organelle-specific differences in the generation of Aâ by γ-secretase, we conclude that intracellular
ER/IC-generated Aâ1-42 and secreted Aâ1-40 are produced by differentγ-secretases. Further, the fact
that a putativeγ-secretase inhibitor had opposite effects on the production of secreted and intracellular
Aâ may have important implications for AD drug design.

Alzheimer’s disease (AD)1 is characterized by the progres-
sive accumulation of amyloid fibrils in senile plaques (SPs),
which are composed principally of amyloid-â peptides (Aâ).
The accumulation of Aâ has been strongly linked to AD
pathogenesis by studies showing that mutations in the Aâ
precursor protein (APP) gene and in the presenilin 1 (PS1)
and presenilin 2 (PS2) genes cause early-onset familial AD
(FAD) (reviewed in ref1). These FAD-associated mutations
may be pathogenic by altering the normal processing of APP,
since their expression both in vitro and in vivo results in
increased Aâ production or increased production of Aâ1-

42 relative to Aâ1-40 (2-4). Further, while cerebral spinal
fluid (CSF) contains 10-fold more Aâ1-40 than Aâ1-42,
SPs are composed largely of Aâ1-42 (5-8). Consistent with
the preponderance of Aâ1-42 in SPs, in vitro studies
indicate that Aâ1-42 is more prone to aggregation than
Aâ1-40 (9-12). The selective enhancement of Aâ1-42
production by FAD-causing mutations combined with the
preferential accumulation of the more amyloidogenic Aâ1-
42 in SPs supports the importance of Aâ1-42 production
in the pathogenesis of AD.

Aâ1-40 and Aâ1-42 are generated by the posttransla-
tional proteolytic cleavage of APP. APP is cleaved byâ-
and γ-secretase activities to generate the NH2 and COOH
termini of Aâ, respectively (13, 14). These cleavages can
occur in at least three subcellular locations: the endoplasmic
reticulum/intermediate compartment (ER/IC) (15-18); the
trans-Golgi network (TGN) and post-Golgi organelles (18);
and the endosomal/lysosomal system (19). While secreted
Aâ may be produced in later compartments such as post-
Golgi vesicles, the Aâ generated in the ER/IC accumulates
intracellularly in a stable insoluble pool that is not secreted
(20). Interestingly, this stable pool of intracellular Aâ is
composed almost exclusively of Aâ1-42. While the relative
importance of intracellular Aâ in the pathogenesis of AD
remains to be determined, intracellular Aâ could contribute
to disease pathology if it served as a nidus for plaque
formation or if it were directly toxic to neurons. Thus, it is
important to understand the mechanisms underlying produc-
tion of both intracellular and secreted Aâ.
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To gain better insights into the proteases that generate Aâ,
the effects of peptide-aldehyde protease inhibitors on Aâ
secretion have been examined (21-23). The selective
inhibition of secreted Aâ1-40 but not Aâ1-42 by peptide-
aldehydeγ-secretase inhibitors suggests that distinct enzymes
may generate these two species of secreted Aâ. However,
the effects of these compounds on the production of
intracellular Aâ have not been examined, nor have their
effects on Aâ production in neurons been determined. This
prompted us to compare the effects of a peptide aldehyde
inhibitor of Aâ secretion (MG132, carbobenzoxy-Leu-Leu-
leucinal) on the production of intracellular and secreted Aâ
species in both neuronal and nonneuronal cells. Here, we
demonstrate that the production of Aâ1-42 in the ER/IC
was increased by MG132 as well as lactacystin and this
increase may have been caused by inhibition of the turnover
of APP C-terminal fragments by the proteasome. These data
further suggest that distinct mechanisms underlie the produc-
tion of secreted Aâ1-40 and intracellular Aâ1-42.

EXPERIMENTAL PROCEDURES

Cell Culture. NT2 cells derived from a human embryonal
carcinoma cell line (Ntera2/cl.D1) were grown and passaged
as described previously (24, 25). Cells were differentiated
by biweekly retinoic acid treatments (10µM) for 5 weeks,
and were replated (replate-2 cells) in the presence of mitotic
inhibitors to yield nearly pure NT2N neurons (24). To obtain
99% pure neurons (replate-3 cells), replate-2 cells were
removed enzymatically and mechanically, and were replated
in 10 cm dishes (24). Cultures of replate-3 NT2N neurons
were used for experiments when they were 2-3 weeks old
unless otherwise indicated. CHO Pro5 cells were grown and
passaged 3 times per week in Alpha-MEM (Life Technolo-
gies, Inc., Gaithersburg, MD) containing 10% FBS and
penicillin/streptomycin.

Preparation of Semliki Forest Virus and Infection of
Cultured Cells. Semliki Forest virus (SFV) vectors expressing
â-galactosidase (SFV-lacZ), wild-type APP 695 (SFV-
APPwt), an FAD-associated APP mutant in which the two
amino acids immediately flanking the amino terminus of the
Aâ domain were mutated to asparagine and leucine
(APP∆NL), an APP mutant in which the third and fourth
amino acids from the carboxyl terminus of APP have been
changed to lysines (SFV-APP∆KK), or the Aâ-containing
C-terminal fragment of APP (SFV-C99) were prepared and
titered as previously described (15, 16, 26). CHO-Pro5 and
NT2N cells were infected in serum-free medium at a
multiplicity of infection of 10. After 1 h, complete growth
medium was replaced, and infection was allowed to proceed
for 12 h.

Metabolic Labeling, Immunoprecipitation, and Gel Elec-
trophoresis. Cultured NT2N neurons were methionine-
deprived by incubation in methionine-free DMEM (Life
Technologies, Inc.) for 30 min before adding [35S]methionine
(500µCi/mL in methione-free DMEM+ 5% dialyzed FBS;
DuPont-NEN, Boston, MA). For steady-state experiments,
cells were labeled for 12 h; for pulse-chase experiments,
label was removed after 30 min (for full-length APP
labeling), 1 h (for C99 labeling), or 3 h (for APPwt and
APP∆KK C-terminal fragment labeling) and replaced with
growth medium for the indicated times. Cells were washed

twice in PBS and lysed in 600µL of RIPA buffer (0.5%
sodium deoxycholate, 0.1% SDS, 1% NP40, 5 mM EDTA
in TBS, pH 8.0) with a cocktail of protease inhibitors (1
µg/mL each of pepstatin A, leupeptin, TPCK, TLCK, and
STI; and 0.5 mM PMSF). After brief sonication, cell lysates
were centrifuged at 40000g for 20 min at 4°C, and the
supernatant was subjected to immunoprecipitation with 6E10
(a monoclonal antibody specific for Aâ1-17) (27), 2493 (a
rabbit anti-APP antibody raised to the last 40 amino acids
of APP), or Karen (a goat anti-APP extracellular domain
antibody) as previously described (28). For direct extraction
into formic acid, cells were scraped in 1 mL of PBS, pelleted
by centrifugation, and lysed in 100µL of 70% formic acid
with sonication. Formic acid was removed by vacuum
centrifugation for 40 min, and the resulting dry pellet was
resuspended in 100µL of 60% acetonitrile. RIPA buffer (1.9
mL) was added to each of the samples before they were
subjected to immunoprecipitation with 6E10. Immunopre-
cipitated Aâ and APP C-terminal fragments were resolved
on 10/16.5% step gradient Tris-Tricine gels. Immunopre-
cipitated full-length APP and secreted APP (sAPP) were
resolved on 7.5% Tris-glycine gels. Gels were fixed in 60%
methanol, dried, and placed on PhosphorImager (Molecular
Dynamics, Inc., Sunnyvale, CA) plates for 72 h.

Lysis of Cells and Sandwich-ELISA. For extraction in
RIPA, cells were washed twice in PBS and then lysed in
600µL of RIPA buffer and centrifuged for 20 min at 40000g
at 4 °C. Supernatant was subjected directly to sandwich-
ELISA. For direct extraction into formic acid, cells were
scraped in PBS after washing twice with PBS. Cells were
pelleted by centrifugation at 2000g for 2 min, and were then
lysed in 100µL of formic acid. Insoluble material was
pelleted by centrifugation at 40000g at 4°C for 20 min, and
the supernatant was neutralized by adding 1.9 mL of 1 M
Tris base and diluted 1:3 in H2O before quantification of
Aâ by sandwich-ELISA.

Sandwich-ELISA was performed as described previously
using mAbs specific for different species of Aâ (28, 29).
BAN-50 (a mAb specific for the first 10 amino acids of Aâ)
was used as a capturing antibody, and horseradish peroxi-
dase-conjugated BA-27 (a mAb specific for Aâ1-40) and
horseradish peroxidase-conjugated BC-05 (a mAb specific
for Aâ1-42) were used as secondary antibodies. To calibrate
the sensitivity of the ELISA for detecting Aâ after formic
acid extraction and neutralization, synthetic Aâ1-40 and
Aâ1-42 peptides (Bachem Bioscience Inc., King of Prussia,
PA) used to generate the standard curves were treated with
formic acid and neutralized in the same manner as the cell
lysates. Under these conditions, the sandwich-ELISA had a
detection limit of<1 fmol of synthetic Aâ per sample. The
BAN-50, BA-27, and BC-05 mAbs were prepared and
characterized as described previously (29).

MG132, Lactacystin, BFA, and Cycloheximide Treatment.
For experiments involving drug treatments, NT2N cells were
incubated in media containing 50µM MG132 (Peptides Intl.),
20 µM lactacystin (Calbiochem), 20µg/mL BFA (Sigma)
or 150µg/mL cycloheximide (Sigma), for the indicated times
unless otherwise stated. MG132 and lactacystin were diluted
from 10 and 20 mM DMSO stocks, respectively. BFA was
diluted from a 20 mg/mL EtOH stock. Control cells for
experiments involving MG132 or lactacystin were treated
with DMSO alone.
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RESULTS

MG132 Inhibits Neuronal Aâ Secretion. Several studies
have examined the inhibition of Aâ secretion by structurally
related di- and tripeptide aldehydes. Higaki et al. (1995) and
Citron et al. (1996) have shown that the modified dipeptide
aldehyde MDL 28170 inhibitsγ-secretase, leading to a
selective reduction in Aâ1-40 secretion and the accumula-
tion of intracellular APP C-terminal fragments. In addition,
calpeptin (carbobenzoxyl-Leu-norleucinal), ALLN (calpain
inhibitor I; N-acetyl-Leu-Leu-norleucinal), and MG132
inhibit the secretion of Aâ1-40 to a greater extent than
Aâ1-42 (22). However, none of these studies examined
intracellular Aâ, and all utilized nonneuronal cell lines
engineered to overexpress APP. Nonneuronal cells process
APP predominantly by theR-secretory pathway, thus gen-
erating mostly the nonamyloidogenic p3 fragment (which
begins at Aâ residue 17 and extends to the C-terminus of
APP) rather than Aâ. In contrast, postmitotic neurons
preferentially use theâ-secretory pathway, and thus generate
a much higher proportion of Aâ (15, 26, 28). Since this may
reflect differences in neuronal and nonneuronal secretases,
we asked whether theγ-secretase responsible for secretion
of Aâ from human neurons is also inhibited by MG132.

Human NT2N neurons were treated with increasing
concentrations of MG132 for 14 h, and levels of secreted
Aâ1-40 and Aâ1-42 were measured using a highly specific
sandwich-ELISA (29). Aâ1-40 secretion was decreased by
MG132 in a dose-dependent manner while Aâ1-42 secretion
was decreased only at high concentrations of MG132 (Figure
1A). Thus, MG132 inhibited Aâ1-40 secretion with a lower
half-maximal concentration as compared to Aâ1-42 secre-
tion (5 µM versus 30µM). At 25 µM MG132, Aâ1-40
secretion was reduced by nearly 70% while Aâ1-42
secretion was not affected. Therefore, while MG132 dimin-
ished secretion of both Aâ species in neurons, it impaired
secretion of Aâ1-40 to a much greater extent than Aâ1-
42, particularly at lower drug concentrations.

MG132 Does Not Inhibit Aâ1-42 Production in the ER/
IC. To determine the effects of MG132 on intracellular Aâ
levels, NT2N neurons were treated with MG132 for 14 h,
and soluble and insoluble pools of intracellular Aâ were
sequentially extracted using RIPA followed by formic acid.
Aâ1-40 and Aâ1-42 levels in each pool were quantitated
by sandwich-ELISA (Figure 1B). While intracellular Aâ1-
40 levels were not significantly affected by MG132 treat-
ment, total Aâ1-42 levels increased by approximately 42%.
Interestingly, MG132 preferentially increased Aâ levels in
the insoluble (formic acid solubilized) pool rather than in
the soluble pool. Since our previous studies have shown that
the bulk of intracellular Aâ1-42, including the insoluble
pool, is generated in the ER/IC in NT2N neurons (16, 20),
this increase in intracellular Aâ production likely occurs by
this pathway. Indeed, we found that MG132 treatment led
to a similar increase in intracellular Aâ1-42 levels in NT2N
neurons expressing an APP mutant that is retained in the
ER/IC due to the presence of the dilysine ER retrieval
sequence (data not shown). Thus, MG132 does not inhibit
the ER/IC-associatedγ-secretase, but in fact increases
recovery of Aâ1-42 generated by this pathway.

To further demonstrate that the material produced in the
ER/IC and measured by sandwich-ELISA was indeed Aâ,

NT2N neurons expressing ER/IC-retained APP (APP∆KK)
through the use of a Semliki Forest virus (SFV) vector were
metabolically labeled with [35S]methionine for 12 h in the
presence and absence of MG132, and Aâ was immunopre-
cipitated using the mAb 6E10. As shown in Figure 2,
immunoprecipitation of Aâ was increased in the presence
of MG132 even though we have previously shown that
immunoprecipitation of Aâ from cell lysates recovers only
a fraction of intracellular Aâ (20). As APP∆KK expressing
cells generate exclusively Aâ1-42, the increased yield of

FIGURE 1: Carbobenzoxy-Leu-Leu-leucinal (MG132) selectively
inhibits Aâ1-40 secretion in human NT2N neurons. (A) Following
treatment with 0, 1, 5, 25, 100, or 200µM MG132 for 14 h, the
amounts of Aâ1-40 and Aâ1-42 secreted by NT2N neurons were
quantitated by sandwich-ELISA. Mean results and standard errors
of three separate experiments (each done with duplicate samples)
are shown where *) p < 0.05 and **) p < 0.005 compared to
control cells (pairedt-test). (B) NT2N neurons treated with 50µM
MG132 for 14 h were extracted in RIPA buffer. The remaining
insoluble material was solubilized by formic acid and neutralized.
Intracellular Aâ levels in the RIPA-soluble and formic acid
solubilized pools were quantitated by sandwich-ELISA. Mean
results and standard errors are shown (three separate experiments,
each done in duplicate). (**)p < 0.005 (pairedt-test).

FIGURE 2: MG132 increases intracellular Aâ1-42 generated in
the ER/IC. NT2N neurons were infected with SFV-APP∆KK to
restrict APP to the ER/IC. Lysates were immunoprecipitated with
6E10 following 12 h steady-state metabolic labeling in the presence
or absence of MG132 to recover intracellular Aâ. Bands corre-
sponding to the apparent molecular weights of Aâ and C99 are
labeled.
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Aâ1-42 in the presence of MG132 is in agreement with
the ELISA data.

MG132 Inhibits TurnoVer of a Fraction of APP C-
Terminal Fragments. Since MG132-inhibited secretion of
Aâ1-40 but did not inhibit production of intracellular Aâ,
we sought to confirm that in neurons, MG132 inhibited
secretion of Aâ1-40 by acting at the step ofγ-secretase
cleavage. While inhibition of Aâ1-40 secretion could result
from interference in any step of APP processing or Aâ
secretion, inhibition ofγ-secretase would lead to the ac-
cumulation of APP C-terminal fragments containing all or
part of the Aâ sequence (21). Thus, we examined the levels
of these fragments by steady-state metabolic labeling fol-
lowed by immunoprecipitation (Figure 3A). We found that
C-terminal fragments generated by bothR-secretase (C83)
andâ-secretase (C99, which contains the whole Aâ domain)
accumulated after MG132 treatment. In addition, a major
band corresponding to the last 88 amino acids of APP (C88)
also accumulated with MG132 treatment. A minor band
corresponding to the last 65 amino acids of APP (C65) was
also detected. The identities of C65, C88, and other APP
C-terminal fragments were confirmed by radiosequencing
of immunoprecipitated labeled fragments (data not shown).
Thus, C83, C88, and C99 are the three major neuronal
substrates forγ-secretase cleavage, and MG132 specifically
inhibits their turnover byγ-secretase.

Since MG132 inhibited Aâ1-40 secretion but not the
production of Aâ1-42 generated in the ER/IC, we hypoth-
esized that the C-terminal APP fragments that accumulate
upon MG132 treatment are generated in post-ER/IC com-
partments. To test this, we compared the C-terminal frag-
ments generated by cleavage of APP∆KK and APPwt in the
presence and absence of MG132. As shown in Figure 3B,
we used a pulse-chase metabolic labeling paradigm to
follow the turnover of APP C-terminal fragments. While
MG132 caused a dramatic accumulation of APP C-terminal
fragments generated by APPwt (similar to that seen in Figure

3A), it had no effect on the levels of C-terminal fragments
generated by APP∆KK (Figure 3B). In contrast, the level
of APP recovered by these immunoprecipitations was
unchanged by MG132 treatment. The failure of MG132 to
induce accumulation of APP C-terminal fragments in the ER/
IC combined with the continued production of Aâ1-42
suggests that this compound does not inhibit theγ-secretase
responsible for the production of intracellular Aâ1-42.

Increased Production of Intracellular Aâ1-42 Is Due to
Proteasome Inhibition. The experiments described above
indicated that not only did MG132 fail to inhibit the ER/IC
γ-secretase, but also it increased recovery of Aâ1-42
generated by this pathway (Figures 1B and 2). Since one of
the effects of MG132 is inhibition of the proteasome (30),
we sought to determine if proteasome inhibition alone could
account for the effects of MG132 on APP processing.
Therefore, we examined Aâ generation in NT2N neurons
treated with lactacystin, a compound structurally unrelated
to MG132. Lactacystin is a highly specific, irreversible
inhibitor of the proteasome (31). Unlike MG132, which
specifically inhibited Aâ1-40 secretion by up to 70%,
lactacystin only moderately reduced secretion of both Aâ1-
40 and Aâ1-42 from NT2N neurons (Figure 4A). In
contrast, lactacystin treatment increased endogenous intra-
cellular Aâ1-42 levels by 73% in neurons (Figure 4B),
suggesting that proteasome inhibition may be important for
the increased recovery of ER/IC-produced Aâ1-42 seen
after MG132 treatment. Indeed, we found that lactacystin,
like MG132, increased recovery of Aâ1-42 from NT2N
neurons expressing APP∆KK (data not shown).

Proteasome Inhibition Reduces C99 TurnoVer and In-
creases Aâ1-42 Production. Since the proteasome degrades
many misfolded and tightly regulated ER proteins, we
hypothesized that the effects of MG132 and lactacystin on
intracellular Aâ1-42 might be due to decreased proteasomal

FIGURE 3: Effects of MG132 on the generation of APP C-terminal
fragments. (A) SFV-APP∆NL-infected NT2N neurons were meta-
bolically labeled for 12 h in the presence (+) or absence (-) of
MG132. APP C-terminal fragments were immunoprecipitated with
2493 from cell lysates and resolved on a 10/16.5% step gradient
Tris-Tricine gel. Bands labeled C65, C83, C88, and C99 (corre-
sponding to the last 65, 83, 88, and 99 amino acids of APP,
respectively) were excised and identified by radiosequencing. A
representative example from five experiments is shown. (B) SFV-
APPwt- and SFV-APP∆KK-infected NT2N neurons were pulse-
labeled for 3 h and chased in the presence or absence of MG132,
followed by immunoprecipitation with 2493. Contrast was enhanced
on the lower portion of the image to emphasize APP C-terminal
fragments. Bands corresponding to the apparent molecular weights
of APP, C99, C88, and C83 are labeled.

FIGURE 4: Effects of lactacystin on secreted and intracellular Aâ.
(A) NT2N neurons were treated with 20µM lactacystin for 14 h,
and secreted Aâ1-40 and Aâ1-42 were quantitated by sandwich-
ELISA. Mean results and standard errors are shown (three separate
experiments, each done in duplicate). (*)p < 0.05 (pairedt-test).
(B) NT2N neurons treated with 20µM lactacystin for 14 h were
lysed in formic acid, and intracellular Aâ1-40 and Aâ1-42 levels
were quantitated by sandwich-ELISA. Mean results and standard
errors are shown (three separate experiments, each done in
duplicate). (**) p < 0.005 (pairedt-test).
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turnover of APP itself or APP-derived species in the ER.
To this end, we examined the effects of MG132 and
lactacystin on APP production, turnover, and secretion as
well as on turnover of Aâ itself. We found that neither
lactacystin nor MG132 affected the turnover of full-length
APP or secretion of APP, indicating that the proteasome was
not involved in the processing or degradation of these species
(Figure 5A,B). To test the involvement of the proteasome
in turnover of Aâ, we treated NT2N neurons with cyclo-
heximide to prevent protein synthesis, and measured endog-
enous levels of Aâ in the presence and absence of MG132
or lactacystin over time. This approach was needed (rather
than a standard pulse-chase analysis) because immunopre-
cipitation of Aâ after formic acid extraction is not quantita-
tive (20). Figure 6 shows that neither lactacystin nor MG132
significantly affected Aâ turnover over a 6 h period,
suggesting that the proteasome is not a major pathway for
degradation of intracellular Aâ.

Generation of Aâ requires cleavage of C99 byγ-secretase.
If the proteasome also degrades C99, proteasomal inhibition
could increase the availability of C99 forγ-secretase cleavage
and thus increase Aâ production. To test this hypothesis,
we directly expressed C99 fused to a signal sequence using
SFV-C99. Overexpression of this construct, rather than APP,
was required for accurate quantitation of turnover since after
pulse-labeling of APP, C-terminal fragments are simulta-
neously produced (from the large pool of previously labeled
APP) and turned over. Direct expression of C99 overcomes
this problem since during the chase interval no additional
labeled C99 is generated. SFV-C99-infected neurons were
metabolically labeled for 1 h and chased for up to 8 h in the
presence or absence of lactacystin, prior to immunoprecipi-
tation of C99 from cell lysates. As shown in Figure 7A,
expression of SFV-C99 increased recovery of C99 by
approximately 8-fold over endogenous levels (compare lanes
1 and 2). Lactacystin treatment did not significantly alter
the synthesis of endogenous or overexpressed C99 (data not
shown). Significantly, lactacystin treatment decreased turn-
over of C99 over 8 h (compare lanes 6 and 12). After 8 h of
chase in the absence of lactacystin, only 11% ((4%) of C99
remained, while after 8 h of chase in the presence of
lactacystin, 45% ((5%) of C99 remained. The slower
turnover of C99 in the presence of lactacystin suggests that
C99 may be degraded by a proteasome-dependent pathway.
As expected, C99 is partially turned over even during
lactacystin treatment, since lactacystin does not inhibit the
γ-secretase(s) that cleave C99. Thus our data predict that
both the proteasome and the cellularγ-secretase(s) play a
role in turnover of intracellular C99.

Since proteasome inhibition increased generation of Aâ1-
42 from ER/IC-restricted APP (Figure 2), we hypothesized
that the proteasome might be a specific site for the turnover
of C99 produced in the ER/IC. To test this hypothesis, we
restricted C99 expression to the ER using Brefeldin A (BFA),
which causes a redistribution of the Golgi into the ER (32-
34). As shown in Figure 7B, BFA treatment slowed the
turnover of C99. While only 11% ((4%) of C99 was
recovered after 8 h of chase in the absence of BFA (Figure
7A, lane 6), 30% ((5%) of C99 was recovered after 8 h of
chase in the presence of BFA (Figure 7B, lane 6). This
suggests that a fraction of the activity that turns over C99 is
localized in post-ER compartments.γ-Secretase cleavage of
C99 to generate Aâ1-40 in the TGN (13) may account for
a fraction of the post-ER turnover of C99 that we have
observed. Since BFA treatment slowed but did not inhibit
turnover of C99, there must be mechanisms for turnover of
C99 within the ER. Indeed, we know thatγ-secretase
cleavage of C99 in the ER is one such mechanism. To test
if the proteasome also turns over C99 from the ER, we tested
the effects of lactacystin in the presence of BFA. Interest-
ingly, lactacystin further slowed the turnover of C99 in the
presence of BFA, and after 8 h of chase 57% ((8%) of C99
could be recovered (Figure 7B, lane 12). The slowed turnover
of C99 in the presence of lactacystin and BFA indicates that
C99 in the ER is indeed turned over by a proteasome-
dependent mechanism.

Since Aâ1-42 production from endogenous APP was
increased by the proteasome inhibitors lactacystin and
MG132 (Figures 1B and 4B), we asked if lactacystin also
increased Aâ1-42 production from overexpressed C99.
NT2N neurons were infected with SFV-C99 and treated with

FIGURE 5: Lactacystin and MG132 do not affect APP production,
secretion, or turnover. NT2N neurons were metabolically labeled
for 30 min, and chased in the presence or absence of MG132 or
lactacystin for the indicated times. (A) Intracellular and (B) secreted
APP were immunoprecipitated using Karen, a polyclonal antiserum
directed against APP, and resolved on 7.5% glycine gels. Means
and standard errors of quantitations from three experiments are
shown below each representative gel.

FIGURE 6: Lactacystin and MG132 do not inhibit turnover of Aâ.
NT2N neurons were pretreated with cycloheximide for 3 h toinhibit
protein translation and allow APP turnover. Cells were then treated
with cycloheximide or with cycloheximide plus lactacystin or
MG132 for the indicated times. Cells were lysed with formic acid,
and Aâ1-40 and Aâ1-42 levels were quantitated by sandwich-
ELISA. Mean results and standard errors are shown (three separate
experiments, done in either single sets or duplicates).
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or without lactacystin for 8 h, and Aâ1-40 and Aâ1-42
levels in formic acid extracted cell lysates were quantitated
by sandwich-ELISA. Lactacystin increased Aâ1-42 levels
by 32% ((4%) in SFV-C99-infected neurons (data not
shown). Similarly, in C99-expressing BFA-treated neurons,
lactacystin increased Aâ1-42 levels by 40% ((8%) over 8
h (data not shown). Lactacystin treatment did not signifi-
cantly alter Aâ1-40 levels. Since lactacystin increased
Aâ1-42 production and concomitantly decreased turnover
of C99, we hypothesize that upon proteasome inhibition a
new equilibrium is reached in which increased levels of ER/
IC-resident APP C-terminal fragments are degraded by
γ-secretase rather than by the proteasome.

Effects of MG132 and Lactacystin on Aâ Production in
CHO Cells. Since neurons and nonneuronal cells process
APP differently, we asked if nonneuronal cells also generate
Aâ in the ER/IC via a distinctγ-secretase which competes
with the proteasome for substrate avaibility. However, unlike
neurons, nonneuronal cells do not express high enough levels
of APP to reliably detect Aâ. Thus, we expressed APPwt
and APP∆KK in CHO cells using recombinant SFV vectors
and tested the effects of MG132 and lactacystin on these
cells. As in neurons, MG132 selectively inhibited secretion
of Aâ1-40 from CHO cells while resulting in increased
levels of intracellular Aâ1-42 (Figure 8 and data not shown).
As in neurons, lactacystin did not have a significant effect
on Aâ secretion from CHO cells (not shown) but did lead
to increased levels of intracellular Aâ1-42 (Figure 8). These
results suggest two qualitative similarities between APP
processing in CHO cells and in neurons. First, in both cell
types, a MG132-sensitive protease generated secreted Aâ1-
40, while an MG132-insensitive protease generated Aâ1-
42 in the ER/IC. Second, proteasome inhibition increased
recovery of Aâ1-42 produced in the ER/IC. However, while
MG132 caused only a modest, nonsignificant decrease in
intracellular Aâ1-40 in neurons, it decreased recovery of
Aâ1-40 from CHO cells by 80%. The greater effect of
MG132 on intracellular Aâ1-40 levels in CHO cells
compared to neurons may reflect the use of different
secretases by these two cell lines to produce intracellular
Aâ1-40 or may result from a faster turnover or secretion
of intracellular Aâ in CHO cells than in neurons.

DISCUSSION

Increased production of Aâ1-42 relative to Aâ1-40 may
play a key role in the pathogenesis of a subset of FAD cases.
Although the role of abnormal Aâ production in the etiology
of sporadic AD remains unclear, modulation of Aâ genera-
tion may nonetheless be a useful therapeutic intervention in
many AD patients. Thus, several recent studies have
examined the effects of peptide-aldehyde protease inhibitors
on Aâ secretion (22, 23). MG132 and related compounds

FIGURE 7: Lactacystin decreases turnover of C99 in the ER/IC.
(A) SFV-C99-infected NT2N neurons were metabolically labeled
for 1 h and chased for the indicated times in the absence (lanes
2-6) or presence (lanes 8-12) of lactacystin. Uninfected NT2N
neurons metabolically labeled for 2 h in theabsence or presence
of lactacystin were included as controls (lanes 1 and 7, respectively).
APP C-terminal fragments were immunoprecipitated with 2493
from cell lysates and resolved on a 10/16.5% step gradient Tris-
Tricine gel. A representative example from three experiments is
shown. (B) SFV-C99-infected NT2N neurons were metabolically
labeled for 1 h in thepresence of BFA and chased for the indicated
times in the presence of BFA and absence (lanes 2-6) or presence
(lanes 8-12) of lactacystin. Uninfected NT2N neurons metaboli-
cally labeled for 2 h in thepresence of BFA and absence or presence
of lactacystin were included as controls (lanes 1 and 7, respectively).
APP C-terminal fragments were immunoprecipitated as before, and
a representative example from three experiments is shown.

FIGURE 8: Effects of MG132 and lactacystin on Aâ production in
CHO cells. CHO-Pro5 cells were infected with SFV-APP or SFV-
APP∆KK and incubated in the presence or absence of 50µM
MG132 or 20µM lactacystin for 14 h. Cells were extracted in
formic acid, and intracellular Aâ1-40 and Aâ1-42 were quanti-
tated by sandwich-ELISA. Mean results and standard errors are
shown (four separate experiments, each done in duplicate). (**)p
< 0.005 (pairedt-test).
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effectively inhibit secretion of Aâ1-40, but the effects on
Aâ1-42 secretion vary from moderate decreases to moderate
increases depending on cell type and concentration of the
inhibitor used. These data suggest that secreted Aâ1-40 and
Aâ1-42 are generated by secretases with distinct properties.
However, these studies did not examine the effects of the
peptide-aldehyde protease inhibitors on the production of
intracellular Aâ. Neurons as well as many nonneuronal cell
lines uniquely generate Aâ1-42 in the ER/IC, with much
of this material entering an insoluble, intracellular pool.
Interestingly, this compartment is also the site where PS1
and PS2 are localized (35, 36). Since mutations in these genes
account for the majority of early-onset FAD cases, and
expression of FAD-associated PS1 and PS2 mutations results
in increased ratios of Aâ1-42/1-40 (2-4), colocalization
of the presenilins with a major site of constitutive Aâ1-42
production raises the possibility that alterations in Aâ
production by the ER/IC pathway may play an important
role in AD pathogenesis.

We examined the effects of MG132 on the production of
secreted and intracellular Aâ species in NT2N neurons, and
found that it inhibited secretion of Aâ1-40 nearly 2-fold
more than secretion of Aâ1-42 from human NT2N neurons.
Further, inhibition of Aâ1-42 secretion was only observed
at high concentrations of MG132, while inhibition of Aâ1-
40 secretion occurred at much lower concentrations. Con-
comitant to decreasing secretion of Aâ1-40, MG132 led to
the accumulation of APP C-terminal fragments. Levels of
C83, C88, and C99 were all increased to similar extents,
suggesting that all three of the major APP C-terminal
fragments are substrates for the same or similarγ-secretase-
(s). Further, the bulk of these fragments were generated in
post-ER/IC compartments. The accumulation of C99 (which
contains the entire Aâ domain) in the context of selective
inhibition of Aâ1-40 secretion suggests that cleavage to
generate secreted Aâ1-40 accounts for at least a fraction
of the turnover of this fragment. These results are consistent
with previous studies that have reported selective inhibition
of Aâ1-40 (relative to Aâ1-42) by MG132 and related
peptide aldehydes in nonneuronal cells (22). However, in
contrast to these studies, we did not observe an increase in
Aâ1-42 secretion at any concentration of MG132 tested.
This may reflect use ofγ-secretases with different properties
by neuronal versus nonneuronal cells.

In contrast to its effects on secreted Aâ, MG132 did not
significantly decrease levels of intracellular Aâ1-40 in
NT2N neurons. This may be due to the fact that a large
fraction of intracellular Aâ is present in a stable, insoluble
pool. Since this pool is turned over very slowly, decreases
in intracellular Aâ levels may be difficult to detect, even in
the absence of Aâ production. Indeed, MG132 decreased
Aâ1-40 in the RIPA-soluble pool by 37% while levels of
Aâ1-40 in the RIPA-insoluble (formic acid extracted) pool
remained unchanged (Figure 1B). Thus, we cannot rule out
the possibility that MG132 may inhibit production of
intracellular Aâ1-40 in neurons, but due to the slow turnover
of the insoluble pool of Aâ this effect may not have been
detected during the time course of our experiments. This idea
is further supported by the dramatic reduction of intracellular
Aâ1-40 in CHO cells upon treatment with MG132.

Interestingly, we found that MG132 actually increased the
recovery of intracellular Aâ1-42. Since overproduction of

Aâ1-42 is implicated in the pathogenesis of AD, we
investigated the mechanism by which MG132 had this effect.
We examined the role of the proteasome in Aâ generation
and found that a more specific proteasome inhibitor, lacta-
cystin, induced a similar increase in recovery of ER/IC-
generated Aâ. Moreover, this increase in intracellular Aâ1-
42 levels was not caused by inhibition of Aâ turnover but
was rather due to increased Aâ1-42 production. While
previous studies found that lactacystin treatment modulated
R-secretase activity in 293 cells (37, 38), we found no effect
of lactacystin or MG132 onR-secretase activity in NT2N
neurons. Since we controlled for any confounding effects
of proteasome inhibition on early stages of APP processing,
including APP production and turnover, as well asR- and
â-secretase cleavage, we infer that proteasome inhibition
increased Aâ1-42 production at the step ofγ-secretase
cleavage, and that theγ-secretase in the ER/IC is not
inhibited by MG132.

How might inhibition of the proteasome increase produc-
tion of Aâ1-42? Potentially, the proteasome is involved in
the normal metabolism ofγ-secretase (or aγ-secretase
cofactor) itself. If so, proteasome inhibition should lead to
increasedγ-secretase activity and, as a consequence, in-
creased APP C-terminal fragment turnover. However, lac-
tacystin treatment decreased the turnover of C99, making
this hypothesis unlikely. Rather, our data support a role for
the proteasome in degradation of C99 and other APP
C-terminal fragments. Indeed, a degradative turnover of an
APP transmembrane probe has been observed in the ER of
293 cells (39). Inhibition of this process would increase the
availability of these fragments forγ-secretase cleavage, and
thus increase Aâ production. Since proteasome inhibition
increased production of Aâ1-42 at the step ofγ-secretase
cleavage in the ER/IC, while simultaneously decreasing
turnover of C99, we hypothesize that the proteasome may
degrade this fragment of APP. Thus, the involvement of the
proteasome in APP processing may have important conse-
quences for regulation of intracellular Aâ production and
the pathogenesis of AD.

To test if nonneuronal cells also utilize a distinctγ-secre-
tase to generate Aâ1-42 in the ER/IC, we examined the
effects of MG132 on Aâ production in CHO cells. As in
neurons, MG132 inhibited Aâ1-40 secretion and increased
intracellular Aâ1-42 levels in CHO cells. However, we
detected several notable differences. First, we observed
incomplete inhibition of Aâ secretion even at very high
concentrations of MG132 in neurons, while Aâ secretion was
completely abolished by these doses in nonneuronal cells.
This may reflect only partial inhibition of neuronalγ-secre-
tase activity by MG132 or the presence of multipleγ-secre-
tases involved the production of secreted Aâ by neurons,
only a subset of which are inhibited by MG132. Second,
MG132 decreased intracellular Aâ1-40 levels to a much
greater extent in CHO cells than in neurons. This may reflect
the faster turnover or secretion of Aâ in CHO cells than in
neurons. Thus, intracellular Aâ1-40 levels drop quickly in
CHO cells after Aâ production is blocked. Similarly, the
greater effect of MG132 on intracellular Aâ1-42 levels in
CHO cells as compared to neurons may also reflect differ-
ences in the metabolic rate. Since APP is processed more
rapidly in CHO cells than in neurons, any change in APP
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production in CHO cells would be reflected by a greater
change in steady-state Aâ levels.

Our results highlight the differential distribution ofγ-secre-
tases in human neurons and in nonneuronal cells. We found
that while MG132 inhibited theγ-secretase that produced
intracellular and secreted Aâ1-40, it only partially inhibited
the production of secreted Aâ1-42 and increased the
production of intracellular Aâ1-42. Thus, the ER/IC com-
partment contained aγ-secretase that utilized C99 as its
predominant substrate, produced only Aâ1-42, and was
insensitive to MG132. We further showed that thisγ-secre-
tase competed with the proteasome for turnover of APP
C-terminal fragments and was highly sensitive to substrate
concentration since increased availability of C99 dramatically
increased production of Aâ1-42. In contrast, later organelles
containedγ-secretase(s) that cleaved C99, C88, and C83,
produced mainly Aâ1-40 rather than Aâ1-42, and were
sensitive to MG132. While theseγ-secretase(s) generated
the bulk of secreted Aâ, p3, and other amino-truncated Aâ
fragments, the Aâ1-42 generated by the ER/ICγ-secretase
remained entirely intracellular. Thus, our data raise the
possibility that compounds designed to inhibit Aâ secretion
may have unpredicted effects on intracellular Aâ production,
and suggest the ER/IC Aâ1-42 producingγ-secretase as a
novel target for pharmacological intervention in AD.

ACKNOWLEDGMENT

We gratefully thank Dr. N. Suzuki and Tekeda Pharma-
ceutical for providing the monoclonal antibodies for the Aâ
sandwich-ELISA. We also thank Dr. D. G. Cook for valuable
discussions and T. T. Chou and Dr. J. Q. Trojanowski for
critically reading the manuscript.

REFERENCES

1. Selkoe, D. J. (1997) inThe Molecular and Genetic Basis of
Neurological Disease(Rosenberg, R. N., Prusiner, S. B.,
DiMauro, S., and Barchi, R. L., Eds.) pp 601-612, Butter-
worth-Heinemann, Boston.

2. Borchelt, D. R., Thinakaran, G., Eckman, C. B., Lee, M. K.,
Davenport, F., Ratovitsky, T., Prada, C. M., Kim, G., Seekins,
S., Yager, D., Slunt, H. H., Wang, R., Seeger, M., Levey, A.
I., Gandy, S. E., Copeland, N. G., Jenkins, N. A., Price, D.
L., Younkin, S. G., and Sisodia, S. S. (1996)Neuron 17,
1005-1013.

3. Duff, K., Eckman, C., Zehr, C., Yu, X., Prada, C. M., Perez-
tur, J., Hutton, M., Buee, L., Harigaya, Y., Yager, D., Morgan,
D., Gordon, M. N., Holcomb, L., Refolo, L., Zenk, B., Hardy,
J., and Younkin, S. (1996)Nature 383, 710-713.

4. Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M.,
Suzuki, N., Bird, T. D., Hardy, J., Hutton, M., Kukull, W.,
Larson, E., Levy-Lahad, E., Viitanen, M., Peskind, E., Poorkaj,
P., Schellenberg, G., Tanzi, R., Wasco, W., Lannfelt, L.,
Selkoe, D., and Younkin, S. (1996)Nat. Med.2, 864-870.

5. Miller, D. L., Papayannopoulos, I. A., Styles, J., Bobin, S.
A., Lin, Y. Y., Biemann, K., and Iqbal, K. (1993)Arch.
Biochem. Biophys. 301, 41-52.

6. Roher, A. E., Lowenson, J. D., Clarke, S., Woods, A. S.,
Cotter, R. J., Gowing, E., and Ball, M. J. (1993)Proc. Natl.
Acad. Sci. U.S.A. 90, 10836-10840.

7. Iwatsubo, T., Odaka, A., Suzuki, N., Mizusawa, H., Nukina,
N., and Ihara, Y. (1994)Neuron 13, 45-53.

8. Citron, M., Oltersdorf, T., Haass, C., McConlogue, L., Hung,
A. Y., Seubert, P., Vigo-Pelfrey, C., Lieberburg, I., and Selkoe,
D. J. (1992)Nature 360, 672-674.

9. Barrow, C. J., and Zagorski, M. G. (1991)Science 253, 179-
182.

10. Hilbich, C., Kisters-Woike, B., Reed, J., Masters, C. L., and
Beyreuther, K. (1991)J. Mol. Biol. 218, 149-163.

11. Burdick, D., Soreghan, B., Kwon, M., Kosmoski, J., Knauer,
M., Henschen, A., Yates, J., Cotman, C., and Glabe, C. (1992)
J. Biol. Chem. 267, 546-554.

12. Jarrett, J. T., Berger, E. P., and Lansbury, P. T. J. (1993)
Biochemistry 32, 4693-4697.

13. Haass, C., Schlossmacher, M. G., Hung, A. Y., Vigo-Pelfrey,
C., Mellon, A., Ostaszewski, B. L., Lieberburg, I., Koo, E.
H., Schenk, D., and Teplow, D. B. (1992)Nature 359, 322-
325.

14. Shoji, M., Golde, T. E., Ghiso, J., Cheung, T. T., Estus, S.,
Shaffer, L. M., Cai, X. D., McKay, D. M., Tintner, R., and
Frangione, B. (1992)Science 258, 126-129.

15. Chyung, A. C., Greenberg, B. D., Cook, D. G., Doms, R. W.,
and Lee, V. M.-Y. (1997)J. Cell Biol. 138, 671-680.

16. Cook, D. G., Forman, M. S., Sung, J. C., Leight, S., Kolson,
D. L., Iwatsubo, T., Lee, V. M.-Y., and Doms, R. W. (1997)
Nat. Med. 3, 1021-1023.

17. Hartmann, T., Bieger, S. C., Bruhl, B., Tienari, P. J., Ida, N.,
Allsop, D., Roberts, G. W., Masters, C. L., Dotti, C. G.,
Unsicker, K., and Beyreuther, K. (1997)Nat. Med. 3, 1016-
1020.

18. Xu, H., Sweeney, D., Wang, R., Thinakaran, G., Lo, A. C.,
Sisodia, S. S., Greengard, P., and Gandy, S. (1997)Proc. Natl.
Acad. Sci. U.S.A. 94, 3748-3752.

19. Koo, E. H., and Squazzo, S. L. (1994)J. Biol. Chem. 269,
17386-17389.

20. Skovronsky, D. M., Doms, R. W., and Lee, V. M.-Y. (1998)
J. Cell Biol. 141, 1031-1039.

21. Higaki, J., Quon, D., Zhong, Z., and Cordell, B. (1995)Neuron
14, 651-659.

22. Klafki, H., Abramowski, D., Swoboda, R., Paganetti, P. A.,
and Staufenbiel, M. (1996)J. Biol. Chem. 271, 28655-28659.

23. Yamazaki, T., Haass, C., Saido, T. C., Omura, S., and Ihara,
Y. (1997)Biochemistry 36, 8377-8383.

24. Pleasure, S. J., Page, C., and Lee, V. M.-Y. (1992)J. Neurosci.
12, 1802-1815.

25. Pleasure, S. J., and Lee, V. M.-Y. (1993)J. Neurosci. Res.
35, 585-602.

26. Forman, M. S., Cook, D. G., Leight, S., Doms, R. W., and
Lee, V. M.-Y. (1997)J. Biol. Chem. 272, 32247-32253.

27. Kim, K. S., Miller, D. L., Sapienza, V. J., Chen, C.-M., Bai,
C., Grundke-Iqbal, I., Currie, J. R., and Wisniewski, H. M.
(1988)Neurosci. Res. Commun. 2, 121-130.

28. Turner, R. S., Suzuki, N., Chyung, A. S., Younkin, S. G., and
Lee, V. M.-Y. (1996)J. Biol. Chem. 271, 8966-8970.

29. Suzuki, N., Cheung, T. T., Cai, X. D., Odaka, A., Otvos, L.
J., Eckman, C., Golde, T. E., and Younkin, S. G. (1994)
Science 264, 1336-1340.

30. Palombella, V. J., Rando, O. J., Goldberg, A. L., and Maniatis,
T. (1994)Cell 78, 773-785.

31. Fenteany, G., Standaert, R. F., Lane, W. S., Choi, S., Corey,
E. J., and Schreiber, S. L. (1995)Science 268, 726-731.

32. Doms, R. W., Russ, G., and Yewdell, J. W. (1989)J. Cell
Biol. 109, 61-72.

33. Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S., and
Klausner, R. D. (1989)Cell 56, 801-813.

34. Pelham, H. R. (1991)Cell 67, 449-451.
35. Cook, D. G., Sung, J. C., Golde, T. E., Felsenstein, K. M.,

Wojczyk, B. S., Tanzi, R. E., Trojanowski, J. Q., Lee, V. M.-
Y., and Doms, R. W. (1996)Proc. Natl. Acad. Sci. U.S.A. 93,
9223-9228.

36. Kovacs, D. M., Fausett, H. J., Page, K. J., Kim, T. W., Moir,
R. D., Merriam, D. E., Hollister, R. D., Hallmark, O. G.,
Mancini, R., Felsenstein, K. M., Hyman, B. T., Tanzi, R. E.,
and Wasco, W. (1996)Nat. Med. 2, 224-229.

37. Marambaud, P., Chevallier, N., Barelli, H., Wilk, S., and
Checler, F. (1997)J. Neurochem. 68, 698-703.

38. Marambaud, P., Lopez-Perez, E., Wilk, S., and Checler, F.
(1997)J. Neurochem. 69, 2500-2505.

39. Bunnell, W. L., Pham, H. V., and Glabe, C. G. (1998)J. Biol.
Chem. 273, 31947-31955.

BI991728Z

A Distinct γ-Secretase Generates Aâ in the ER/IC Biochemistry, Vol. 39, No. 4, 2000817


