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ABSTRACT: Cleavage of amyloid precursor protein (APP) byâ-secretase generatesâ-amyloid (Aâ), the
major component of senile plaques in Alzheimer’s disease. Cleavage of APP byR-secretase prevents Aâ
formation, producing nonamyloidogenic secreted APPs products. PKC-regulated APPR-secretase cleavage
has been shown to involve tumor necrosis factorR (TNF-R) converting enzyme (TACE). To determine
the location of APP cleavage, we examined PKC-regulated APPs secretion by examining cell surface
versus intracellular APP in CHO cells stably expressing APP695 (CHO695). We demonstrate that PKC
regulates cell surface and intracellular APP cleavage. The majority of secreted APPs originates from the
intracellular compartment, and PKC does not cause an increase in APP trafficking to the cell surface for
cleavage. Therefore, intracellular APP regulated by PKC must be cleaved at an intracellular site.
Experiments utilizing Brefeldin A suggest APP cleavage occurs at the Golgi or late in the secretory pathway.
Experiments using TAPI, an inhibitor of TACE, demonstrate PKC-regulated APPs secretion from the
cell surface is inhibited after pretreatment with TAPI, and APPs secretion from the intracellular pool is
partially inhibited after pretreatment with TAPI. These findings suggest PKC-regulated APP cleavage
occurs at multiple locations within the cell and both events appear to involve TACE.

The amyloid precursor protein (APP)1 can be processed
through various pathways to generate both amyloidogenic
and nonamyloidogenic peptides. APP cleavage by aâ-secre-
tase or through the endosomal or lysosomal pathway gener-
atesâ-amyloid (Aâ) [reviewed in (1, 2)]. Recently, BACE,
â-site APP-cleaving enzyme, was cloned and characterized
as havingâ-secretase activity (3, 4-6). The â-amyloid
protein is 39-43 amino acids in length and the major
component of senile plaques in Alzheimer’s disease (1, 7,
8, 9). APP processed by a constitutive secretory pathway
(or R-secretase) precludes Aâ formation, producing a large
secreted form (APPsR) and nonamyloidogenic carboxy-
terminal fragments (10, 11). APP is a family of transmem-
brane glycoproteins with a large extracytoplasmic domain,
a membrane-spanning domain containing the Aâ peptide,
and a short intracytoplasmic domain (12). APP is transcribed
as three alternatively spliced isoforms, ranging from 695 to

770 amino acids in length, and is expressed in mammalian
neuronal and nonneuronal cells and tissues (13). APP gene
mutations result in the aberrant processing of APP, which
may lead to the deposition and accumulation of Aâ (14, 15-
18). Additionally, a mutant APP transgenic mouse has been
shown to express high levels of APP and Aâ in an age-
dependent manner (19). This supports the hypothesis of a
primary role for APP and Aâ in the pathogenesis of
Alzheimer’s disease.

Receptor-mediated regulation of APPsR, through musca-
rinic and metabotropic glutamate receptors, has been shown
to involve protein kinase C (PKC) in the secretion of APPs
(20, 21-24). PKC is a family of serine/threonine kinases
involved in various functions in many different cells (10,
11, 21, 25). PKC has been shown to favorR-secretase
cleavage of APP, thereby precluding the formation of Aâ,
and actually decreasing Aâ generation (26, 27). For possible
therapeutic purposes, it is important to determine how PKC
is involved in the regulation of APP. PKC phosphorylates
various proteins in vivo; however, it has been shown that
PKC does not directly phosphorylate APP (28, 29). There-
fore, PKC is involved in the regulation of APP through
another action. One possibility is that PKC alters the
trafficking of APP, and another is that PKC affects the
activity of an R-secretase. Recently, tumor necrosis factor
R (TNF-R) converting enzyme (TACE), also known as
ADAM-17, and ADAM-10 (a disintegrin and metallopro-
tease) were implicated in PKC-regulatedR-secretase cleavage
of APP (30, 31). TACE cleaves the membrane-bound TNF-R
precursor to release soluble TNF-R from cells. An inhibitor
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of TACE has been shown to inhibit basal and PMA-induced
ectodomain shedding of APP, as well as TGF-R and IL-
6RR shedding (32). Additionally, another inhibitor of TACE
has been shown to inhibit APPs secretion, and TACE
knockout mice lack the ability to induce APPs secretion with
the PKC activator PMA (phorbol 12-myristate 13-acetate)
(30). Overexpression of ADAM-10 results in an increase in
PKC-stimulated APPs secretion in HEK293 cells, and
expression of a dominant-negative form of ADAM-10
inhibited endogenousR-secretase activity (31). These current
studies demonstrate a PKC-regulatedR-secretase activity by
the ADAM family of metalloproteases.

In addition, the location of these secretases and cleavage
events has led to multiple conclusions.R-Cleavage of APP
has been shown to occur at the plasma membrane, as well
as in caveolae within the plasma membrane, and mature APP
has been found in Golgi secretory vesicles (33, 34-37). â-
andγ-secretase activities have been described in the trans-
Golgi network, in the endoplasmic reticulum/intermediate
compartment, and in endosomes and lysosomes (34, 37-
44). The present study sought to investigate the location(s)
of PKC-regulated APPR-cleavage by examining the source
of PMA-induced APPs secretion, i.e., plasma membrane
versus intracellular APP, in CHO cells stably expressing
APP695 (CHO695), and the involvement of TACE/ADAM-
17 activity in these cleavage events.

EXPERIMENTAL PROCEDURES

Materials. The media and serum used to maintain the
CHO695 cell culture were from Gibco Co. (Grand Island,
NY). The sulfo-NS-biotin and NeutrAvidin beads were from
Pierce (Rockford, IL), and the phorbol esters PMA4â and
PMA4R were from Biomol (Plymouth Meeting, PA). [35S]-
Methionine (1000-1500 Ci/mmol) was purchased from ICN
Biomedicals (Costa Mesa, CA). The TACE inhibitor TAPI
was from Peptides International (Louisville, KY).

Cell Culture of CHO695 Cells.CHO cells stably express-
ing APP695 were kindly provided by Dr. Virginia Lee
(University of Pennsylvania). CHO695 cells were maintained
in RMEM supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin, and 1%L-glutamine.

Pharmacological Treatment of CHO695 Cells. CHO695
6-well plates were washed 3 times in Krebs-Hepes buffer
(25 mM Hepes, pH 7.4, 115 mM NaCl, 24 mM NaHCO3, 5
mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 0.1% bovine serum
albumin, 3 mM D-glucose), and then incubated under an
atmosphere of 95% O2/5% CO2 at 37°C for the appropriate
time with PMA. To examine the effect of Brefeldin A or
nocodazole, the cells were pretreated with the agents for the
appropriate time at 37°C and then incubated for an additional
60 min alone or in the presence of PMA. To examine the
effect of the TACE inhibitor, TAPI, the cells were pretreated
for 30 min with TAPI, and then incubated for an additional
60 min alone or in the presence of PMA.

Biotinylation of CHO695 Cells (Detection by [35S]Me-
thionine Labeling, Figure 1). CHO695 cells grown in 6-well
plates were serum-starved for 20 min in DMEM methionine-
free media and then labeled with 500µCi/mL [35S]methio-
nine in DMEM methionine-free media (1% penicillin/
streptomycin, 5% fetal bovine serum) for 3 h at 37°C. The

cells were then washed twice in phosphate-buffered saline
(PBS), and 0.5 mg/mL of sulfo-NS-biotin was added for 30
min at 4°C. After biotinylation, the cells were washed again
in PBS, and treated with and without 10µM PMA for 60
min at 37°C. After treatment, the supernatant (media) was
removed and centrifuged for 15 min at 15000g to remove
any remaining cells. NeutrAvidin beads were added to the
supernatants, and the next day the samples were centrifuged
and the supernatants transferred to new tubes containing
protein A-Sepharose beads preabsorbed to rabbitR-goat
IgG. The supernatant containing the remaining nonbiotiny-
lated APP was immunoprecipitated with 1-2 µg of an anti-
APP polyclonal antibody (Karen) as previously described
(45). The NeutrAvidin beads were washed, and sample buffer
(15 mg/mL DTT) was added. Immunoprecipitates (with
equivalent protein levels) were analyzed on 7.5% SDS-
PAGE mini-gels, and the radioactivity was quantitated using
Image Quant software on a Molecular Dynamics Phosphor-
Imager. For data analysis, the control was designated as
100% within each experiment due to the differences in
radioactive counts between the controls in separate experi-
ments.

Biotinylation of CHO695 Cells (Detection by Western
Blotting). CHO695 cells were biotinylated and treated with
PMA as described above, and the samples were processed
as described above. After analyzing samples (with equivalent
protein levels) on 7.5% SDS-PAGE mini-gels, proteins were
then transferred to nitrocellulose paper (Hybond C; Amer-
sham) at 100 V for 2 h. The nitrocellulose paper was blocked
overnight (1% bovine serum albumin, 10 mM Tris, pH 7.40,
150 mM NaCl, and 0.1% sodium azide), and the next day
the blots were probed with a specific goat polyclonal anti-
APP antibody (Karen). The blots were washed twice with
10 mM Tris, pH 7.40, 150 mM NaCl, and 0.1% sodium azide
(TNA) for 10 min, once with TNA supplemented with 0.05%
Nonidet P-40 for 5 min, and twice more with TNA for 10
min. The blots were then incubated for 1 h at room
temperature with a rabbit anti-goat antibody. The blots were
washed with TNA as before, the proteins detected with [125I]-
Protein A, and the blots washed as described. Proteins were
visualized using Image Quant software on a Molecular
Dynamics PhosphorImager.

Trafficking of APP.CHO695 6-well plates were treated
with and without PMA for various times, and then washed
with PBS. The cells were then biotinylated with sulfo-NS-
biotin for 30 min at 4°C. The cells were again washed with
PBS, and lysed in 50 mM Tris base (pH 8.0), 150 mM NaCl,
1% NP40, 5 mM EDTA (+ protease inhibitors). Samples
were centrifuged, and the supernatant was transferred to tubes
containing NeutrAvidin beads. The next day the beads were
washed and sample buffer (+15 mg/mL DTT) was added.
The samples were analyzed on a 7.5% SDS-PAGE mini-
gel, and the proteins were transferred to nitrocellulose
membranes. The membranes were blotted with an anti-APP
antibody and probed with [125I]Protein A. Proteins were
visualized and quantitated using Image Quant software on a
Molecular Dynamics PhosphorImager.

Data Analysis. Results were analyzed by two-way ANO-
VA, or one-way analysis of variance was used, followed by
the Bonferroni post-test. Differences were considered sig-
nificant for p < 0.05.
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RESULTS

Validation of the Biotinylation Method.Preliminary studies
were performed to validate the biotinylation protocol (Figure
1). In brief, CHO695 cells were biotinylated with various
concentrations of cell-impermeable sulfo-NHS-biotin to
determine the optimal biotin concentration and identify the
saturation point of the biotin. Our results demonstrate that
increasing the biotin above 0.5 mg/mL did not increase the
amount of recoverable biotinylated APP, suggesting that the
biotinylation is complete. Different amounts of NeutrAvidin
beads were also tested in order to determine the optimal
concentration of beads for maximum binding to biotin. In
addition, after biotinylation of the cells, the supernatants
collected were subjected to successive NeutrAvidin bead
incubations to ensure that the beads were able to bind all
biotinylated APP during the first incubation. We determined
that 30µL of the NeutrAvidin beads was sufficient to bind
all the biotinylated APP during the first incubation and
adding more than 30µL did not increase the recovery of
the biotinylated proteins. Immunofluorescence was also
performed using streptavidin bound to fluorescein isothio-
cyanate (FITC), verifying that the biotin was cell imperme-
able and that there was cell surface biotinylation.

Preliminary experiments were also performed to validate
the immunoprecipitation of APP. In brief, CHO695 cells
were metabolically labeled with [35S]methionine and then
treated with PMA. The medium was collected and an anti-
APP antibody added. Various concentrations of protein
A-Sepharose beads, preabsorbed to rabbit anti-goat IgG,
were then added to determine the optimal amount needed
for complete binding. In addition, the medium was subjected
to successive immunoprecipitations with the anti-APP anti-
body and the protein A-Sepharose to ensure that all of the
available APP was bound. We found that 35µL of the protein
A-Sepharose was sufficient to bind all the APP during the
first immunoprecipitation.

PMA Causes an Increase in APPs Secretion from the Cell
Surface and from the Intracellular Compartment.Experi-
mentally, CHO695 cells were metabolically labeled with
[35S]methionine, biotinylated, and then treated with PMA for
60 min. The secreted biotinylated proteins were detected by
binding to NeutrAvidin beads, and the nonbiotinylated APP

was detected by subsequent immunoprecipitation with an
anti-APP antibody. Figure 2A demonstrates that PMA causes
a 2.6-fold increase in biotinylated APP (i.e., APP from the
cell surface), and Figure 2B shows a 3.6- and 3.9-fold
increase in total APPs secretion and APPs secretion from
the intracellular compartment, respectively (p < 0.001 versus
control). The amount of APPs remaining after the biotiny-
lated APPs was removed is equivalent to the amount of total
APPs secreted, suggesting that the majority of the PMA-
induced APP secretion is coming from the intracellular
compartment and only a small fraction from the cell surface.
Table 1 also demonstrates that PMA causes the release of
APP from the cell surface into the media and also an increase
in APPs secretion from the intracellular compartment. In
addition, the mature intracellular APP is dramatically reduced
after PMA treatment, and the immature intracellular APP is
unaffected, suggesting that the mature APP is cleaved and
then released. Table 1 also shows that the majority of the
APP is located within the intracellular compartment (∼91%)
and that APP on the cell surface accounts for only a small
percentage (∼9%) of the total APP.

The Majority of PMA-Induced APPs Secretion Comes from
the Intracellular Compartment.To substantiate the findings
in Figure 2 that the majority of the PMA-induced APPs
secretion is coming from an intracellular compartment,
trypsin was used to cleave cell surface proteins, i.e., APP.
The removal of cell surface APP would allow for the
examination of PMA-regulated APP from the intracellular
compartment only. CHO695 cells were metabolically labeled
with [35S]methionine, biotinylated, trypsinized, and then
treated with PMA for 60 min. Figure 3A demonstrates the
effectiveness of the trypsin treatment on secreted biotinylated
proteins as detected with NeutrAvidin beads. Figure 3B
demonstrates that PMA causes a 3.6- and 5.2-fold increase
in total APPs secretion and APPs secretion from the
intracellular compartment, respectively (p < 0.0001 versus
control). The amount of APPs remaining after the removal
of cell surface proteins by trypsin treatment is equivalent to
the amount of total APPs secreted, suggesting again that the
majority of the PMA-regulated APPs secretion is coming
from an intracellular compartment.

FIGURE 1: Schematic of biotinylation method.

Table 1: Distribution of APP in CHO695 Cellsa

control (vehicle) PMA

secreted APP 93000b 530000b

(from cell surface) ()100%) (570%)
secreted APP (from 300000b 1300000b

intracellular compartment) ()100%) (428%)
intracellular APP

mature 260000b ()100%) 47000b (18%)
immature 340000b ()100%) 330000b (96%)

a Cells were labeled for 3 h with [35S]methionine as in Figure 2,
treated with and without NHS-sulfo-biotin, and then treated with vehicle
(control) or 10µM PMA for 60 min. APPs secreted from the cell surface
was determined after binding with NeutrAvidin beads, and the APP
secreted from the intracellular compartment was determined after
subsequent immunoprecipitation with an anti-APP antibody. Intracel-
lular APP, mature and immature, was determined by immunoprecipi-
tation with the anti-APP antibody.b Cellular APP and secreted APP
were quantitated by PhosphorImager analysis as the amount of
radioactivity in the APP band and are expressed as the average of the
amount of the radioactivity (arbitrary units) and as a percentage of the
control within each experiment. Results are from 4 separate observa-
tions/condition.
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PMA Causes an Increase in APPs Secretion from the Cell
Surface and from the Intracellular Compartment As Shown

by Western Blotting.To verify that the biotinylated proteins
seen in Figure 2 were in fact APP, the experiment was

FIGURE 2: Effect of phorbol ester PMA on APPs secretion from the cell surface and from the intracellular compartment in CHO695 cells.
CHO695 cells were labeled for 3 h with [35S]methionine, treated with or without sulfo-NHS-biotin for 30 min, and then treated for 60 min
with the vehicle (control) or 10µM PMA. The supernatant (media) was removed, and NeutrAvidin beads were added to bind the biotinylated
proteins. After binding, the supernatants were transferred to new tubes containing protein A-Sepharose beads preabsorbed to rabbitR-goat
IgG, and the remaining nonbiotinylated APP was immunoprecipitated with an anti-APP polyclonal antibody. Top panel A: Representative
gel showing the biotinylated (cell surface) APPs band after precipitation with NeutrAvidin beads. Top panel B: Representative gel showing
the remaining nonbiotinylated (intracellular) 110 kDa APPs band after precipitation with NeutrAvidin beads and subsequent immunopre-
cipitation with an anti-APP antibody. Bottom panels: APPs secretion, cell surface and intracellular compartment, after treatment with
PMA. APPs secretion was quantitated by a PhosphorImager as the amount of radioactivity in the APPs band and is expressed as a percentage
of the control within each experiment. Results are shown as the mean( SE of APPs secretion from 6-12 separate observations/condition.

FIGURE 3: Effect of trypsin on PMA-induced APPs secretion from the cell surface and from the intracellular compartment in CHO695
cells. CHO695 cells were labeled for 3 h with [35S]methionine, treated for 30 min with or without sulfo-NHS-biotin, treated with 10µg/mL
trypsin for 30 min at 4°C, and then treated for 60 min with the vehicle (control) or 10µM PMA. The supernatant (media) was removed,
and NeutrAvidin beads were added to bind the biotinylated proteins. After binding, the supernatants were transferred to new tubes containing
protein A-Sepharose beads preabsorbed to rabbitR-goat IgG, and the remaining nonbiotinylated APP was immunoprecipitated with an
anti-APP polyclonal antibody. Top panel A: Representative gel showing the biotinylated (cell surface) APPs band after precipitation with
NeutrAvidin beads. Top panel B: Representative gel showing the remaining nonbiotinylated (intracellular) 110 kDa APPs band after
precipitation with NeutrAvidin beads and subsequent immunoprecipitation with an anti-APP antibody. Bottom panel. APPs secretion,
intracellular compartment, after treatment with trypsin and with PMA. APPs secretion was quantitated by a PhosphorImager as the amount
of radioactivity in the APPs band and is expressed as a percentage of the control within each experiment. Results are shown as the mean
( SE of APPs secretion from 2-4 separate observations/condition.
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repeated using the western blotting technique and an anti-
APP antibody. CHO695 cells were biotinylated and treated
with PMA for 60 min. The medium was collected, and the
biotinylated proteins, i.e., cell surface proteins, were detected
by binding with NeutrAvidin beads. The supernatant remain-
ing after removal of the biotinylated proteins was assayed
for nonbiotinylated APP, i.e., intracellular APP, by immuno-
precipitation. The samples were then analyzed by SDS-
PAGE and immunoblotted with an anti-APP-specific anti-
body. Figure 4A shows that again PMA causes an increase
in biotinylated APPs secretion (2.8-fold), and that the inactive
PMA analogue, PMA4R, does not have an effect on APPs
secretion. Figure 4B confirms the results found with meta-
bolic labeling that the majority of PMA-induced APPs
secretion is coming from the intracellular compartment by
the fact that there is a 2.7-fold increase with PMA of total
APPs secretion and a 2.5-fold increase with PMA of APPs
secretion after removing the biotinylated APP, i.e., APP from
the intracellular compartment.

PMA Causes the Release of Full-Length, Mature APP.
CHO695 cells were metabolically labeled with [35S]methio-
nine for 3 h and treated with PMA as described above for
60 min. The medium was collected, and the cells were
washed with PBS and lysed. The APP in the media and the
cell lysate was immunoprecipitated with an antibody against
the N-terminus of APP (Karen) or theR-cleavage site (6E10).
Therefore, Karen will recognize full-length and cleaved APP,
and 6E10 will recognize cleaved APP. Intracellular APP can
be detected as immature APP, without all posttranslational
modifications, or as fully glycosylated, mature APP. Figure

5 shows that PMA causes nearly all of the full-length, mature
APP to be released from the cell and secreted into the media.

PMA-Induced APPs Secretion Is Inhibited by Brefeldin
A. CHO695 cells were labeled with [35S]methionine for 3 h
in the presence or absence of 10µg/mL Brefeldin A (BFA).

FIGURE 4: Effect of phorbol ester PMA on APPs secretion from the cell surface and from the intracellular compartment in CHO695 cells.
CHO695 cells were treated for 30 min with or without sulfo-NHS-biotin, and then treated for 60 min with the vehicle (control) (lanes 1,
4, 8, 9, 14, 15), 10µM PMA4â (active) (lanes 2, 3, 5, 6, 10, 11, 16, 17), or PMA4R (inactive analogue) (lanes 7, 12, 13, 18, 19). The
supernatant (media) was removed, and NeutrAvidin beads were added to bind the biotinylated proteins. After binding, the supernatants
were transferred to new tubes containing protein A-Sepharose beads preabsorbed to rabbitR-goat IgG, and the remaining nonbiotinylated
APP was immunoprecipitated with an anti-APP polyclonal antibody. Proteins were analyzed on SDS-PAGE mini-gels and APP proteins
detected by Western blotting with an anti-APP antibody. Top panel A: Representative immunoblot showing the biotinylated (cell surface)
APPs band after precipitation with NeutrAvidin beads. Top panel B: Representative immunoblot showing the remaining nonbiotinylated
(intracellular) 110 kDa APPs band after precipitation with NeutrAvidin beads and subsequent immunoprecipitation with an anti-APP antibody.
Bottom panels: APPs secretion, cell surface and intracellular compartment, after treatment with PMA. APPs secretion was quantitated by
a PhosphorImager as the amount of radioactivity in the APPs band and is expressed as a percentage of the control within each experiment.
Results are shown as the mean( SE of APPs secretion from 2-8 separate observations/condition.

FIGURE 5: Effect of PMA on intracellular APP and secreted APP
from CHO695 cells. CHO695 cells were labeled for 3 h with [35S]-
methionine and treated for 60 min with the vehicle (control) or 10
µM PMA. APP was immunoprecipitated with an N-terminal
antibody (Karen) or an antibody that recognizes theR-cleavage site
(6E10). Panel A: Representative gel showing the intracellular
mature and immature APP bands after immunoprecipitation of
lysates with Karen or 6E10 antibodies. Panel B: Representative
gel showing the secreted APPs band after immunoprecipitation of
the supernatant with Karen or 6E10. APPs secretion was quantitated
by a PhosphorImager as the amount of radioactivity in the APPs
band and is expressed as a percentage of the control within each
experiment. Results are shown as the mean( SE of APPs secretion
from 2-4 separate observations/condition.
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Cells were biotinylated and then treated with PMA alone or
in the presence of BFA. BFA is a fungal metabolite that
prevents newly synthesized proteins from exiting the ER,
causes disruption of the Golgi and retrograde transport back
to the ER, and inhibits transport of proteins from the Golgi
to the cell surface (46-50). Figure 6A shows that BFA
prevents biotinylated APPs secretion, i.e., cell surface APP
release, suggesting that BFA prevents APP from sorting to
the cell surface. Figure 6B shows that BFA also prevents
the intracellular APP from being secreted. Figure 6C
demonstrates that BFA causes the accumulation of immature
forms of intracellular APP. Since BFA prevents the matura-

tion of APP through the Golgi, APP is not able to sort to
the plasma membrane or be secreted into the media. These
results suggest that intracellular APP cleavage occurs later
in the secretory pathway. Treatment of the cells with
nocodazole, a microtubule depolymerizing agent, did not
have any effect on APPs secretion from the cell surface and
from the intracellular compartment (data not shown).

Inhibition of Cell Surface and Intracellular CleaVage by
TAPI. CHO695 cells were labeled for 3 h with [35S]-
methionine, biotinylated, and then pretreated for 30 min with
20 µM TAPI. The cells were then treated with PMA alone
or in the presence of TAPI. Figure 7A demonstrates the

FIGURE 6: Effect of Brefeldin A on PMA-induced APPs secretion from the cell surface and APP from the intracellular compartment in
CHO695 cells. CHO695 cells were labeled for 3 h with [35S]methionine in the presence or absence of 10µg/mL BFA, treated for 30 min
with or without sulfo-NHS-biotin in the presence or absence of 10µg/mL BFA, and then treated for 60 min with the vehicle (control) or
10 µM PMA in the presence or absence of 10µg/mL BFA. The supernatant (media) was removed, and NeutrAvidin beads were added to
bind the biotinylated proteins. After binding, the supernatants were transferred to new tubes containing protein A-Sepharose beads preabsorbed
to rabbit R-goat IgG, and the remaining nonbiotinylated APP was immunoprecipitated with an anti-APP polyclonal antibody. Panel A:
Representative gel showing the biotinylated (cell surface) APPs band after precipitation with NeutrAvidin beads. Panel B: Representative
gel showing the remaining nonbiotinylated (intracellular) 110 kDa APPs band after precipitation with NeutrAvidin beads and subsequent
immunoprecipitation with an anti-APP antibody. Panel C: Representative gel showing intracellular APP after immunoprecipitation with
anti-APP antibody (lanes 2-4 and 8-10, not biotinylated; lanes 5-7 and 11-13, biotinylated). APPs secretion was quantitated by a
PhosphorImager as the amount of radioactivity in the APPs band and is expressed as a percentage of the control within each experiment.
Results are shown as the mean( SE of APPs secretion from 2-4 separate observations/condition.

FIGURE 7: Effect of TAPI on PMA-induced APPs secretion from the cell surface and from the intracellular compartment in CHO695.
CHO695 cells were labeled for 3 h with [35S]methionine, treated for 30 min with or without sulfo-NHS-biotin, pretreated for 30 min with
or without 20µM TAPI, and then treated for 60 min with the vehicle (control) (lanes 1, 7), 10µM PMA (lanes 2, 8), 20µM TAPI (lanes
3, 4, 9, 10), or PMA+ TAPI (lanes 5, 6, 11, 12). The supernatant (media) was removed, and NeutrAvidin beads were added to bind the
biotinylated proteins. After binding, the supernatants were transferred to new tubes containing protein A-Sepharose beads preabsorbed to
rabbit R-goat IgG, and the remaining nonbiotinylated APP was immunoprecipitated with an anti-APP polyclonal antibody. Top panel A:
Representative gel showing the biotinylated (cell surface) APPs band after precipitation with NeutrAvidin beads. Top panel B: Representative
gel showing the remaining nonbiotinylated (intracellular) 110 kDa APPs band after precipitation with NeutrAvidin beads and subsequent
immunoprecipitation with an anti-APP antibody. Bottom panels: APPs secretion after pretreatment with TAPI and treatment with PMA(
TAPI. APPs secretion was quantitated by a PhosphorImager as the amount of radioactivity in the APPs band and is expressed as a percentage
of the control within each experiment. Results are shown as the mean( SE of APPs secretion from 2-4 separate observations/condition.
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inhibition of APPs secretion from the cell surface, suggesting
that TAPI inhibits cell surface APP cleavage. Figure 7B
shows that TAPI also inhibits APPs secretion from the
intracellular compartment, again suggesting that TAPI
inhibits intracellular APP cleavage. However, PMA is still
able to cause a 2-fold and 1.7-fold (Figure 7B) increase in
APPs secretion in the presence of TAPI versus TAPI alone.
TAPI does not seem to affect constitutive APP secretion from
the intracellular compartment or the cell membrane.

Depletion of Cell Surface APP with PMA.CHO695 cells
were treated with PMA for various times, and then biotiny-
lated. After lysing the cells, the biotinylated cell surface
proteins were analyzed by SDS-PAGE and immunoblotted
with an anti-APP antibody. Figure 8 demonstrates a time-
dependent decrease in cell surface APP with PMA. These
results suggest that PMA does not cause APP trafficking to
the cell surface for cleavage, therefore implying again that
there is also intracellular cleavage of APP.

DISCUSSION

We have shown that PKC causes the redistribution of
mature APP from an intracellular site and the cell membrane
to the media of CHO695 cells. A small portion of the APPs
secreted was found to be cleaved from the cell surface;
however, the majority of the APPs was from the intracellular
compartment, suggesting that APP cleavage occurs both
inside the cell as well as at the plasma membrane. PKC-
regulated cleavage at the cell surface and at an intracellular
location appears to involve TACE and/or ADAM-10 due to
the inhibition of the secretion of APP by TAPI, an inhibitor
of TACE. Experiments utilizing agents that affect protein
trafficking through the endoplasmic reticulum (ER) and Golgi
suggest that intracellular cleavage of APP occurs beyond the
ER after maturation and posttranslational modification of
APP in the Golgi. Previous studies have demonstrated that
APP mutants defective in O-glycosylation accumulate in
reticular compartments such as the endoplasmic reticulum
and there is a decrease in the intracellular production of
C-terminal fragments and the production of Aâ in the

medium (51). These results suggest that APP is cleaved
during or after maturation (O-glycosylation) of APP after
the trans-Golgi or during transport through the Golgi.

The constitutive APP secretory pathway represents a major
pathway of APP degradation. This involves the cleavage of
APP by anR-secretase, which releases a large secreted
N-terminal fragment, and subsequent cleavage of the mem-
brane-bound C-terminal segment by aγ-secretase produces
a 3 kDa nonamyloidogenic fragment. APPR-secretase
cleavage is thought to occur at Lys16 within the Aâ sequence;
however, the cleavage appears to be determined by the
cleavage site conformation and the distance from the
membrane, rather than a specific sequence. APP and
R-secretase activities have been localized to the Golgi, as
well as post-Golgi, secretory vesicles (36, 37, 52). APP and
APPR-secretase cleavage products have also been found in
caveolae, invaginations in the plasma membrane containing
caveolin, a protein that binds other proteins, cholesterol, and
glycospingolipids (35). Conversely, the upregulation of
caveolin-3 stimulatesâ-secretase activity in COS cells
cotransfected with APP695 and caveolin-3 (53). APP, as well
as other transmembrane proteins, can be cleaved at the
plasma membrane, also referred to as “ectodomain shedding”,
and has been shown to involve a metalloprotease (32-34).
APP internalized from the cell membrane is degraded in the
endosomal or lysosomal pathway and can produce the
amyloidogenic Aâ peptide (34, 41, 42, 44). APP can also
be cleaved byâ- andγ-secretases to generate Aâ (17, 54,
55). These secretase activities have been demonstrated in
the trans-Golgi network, in the endoplasmic reticulum/
intermediate compartment, and also in endosomes and
lysosomes (34, 37-44). Most recently, an aspartic protease
BACE, â-site APP-cleaving enzyme, was cloned and char-
acterized as exhibitingâ-secretase activity (3-6).

In contrast, the location of regulated APP cleavage has
been studied less extensively. It is important to understand
PKC-regulated APP cleavage since PKC activation results
in the cleavage of APP into nonamyloidogenic peptides, and
in the reduction of Aâ production (26, 27, 56, 57). PKC has

FIGURE 8: Effect of PMA on APP trafficking to the cell surface in CHO695 cells. CHO695 cells were pretreated for 30 min in the presence
or absence of 20µM TAPI, and then treated for various times with the vehicle (control) (lane 1), 10µM PMA (lane 2), 20µM TAPI (lane
3), or 10µM PMA + 20 µM TAPI (lane 4). The cells were then biotinylated for 30 min with sulfo-NHS-biotin. The biotinylated cell
surface proteins were detected with NeutrAvidin beads. The proteins were analyzed by SDS-PAGE mini-gels, and the cell surface APP
was detected by western blotting with an anti-APP antibody. Panel A: Representative immunoblot of the effect of PMA on cell surface
APP over time. Panel B: Time course of the effect of PMA on cell surface APP.
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been extensively studied and shown to be involved in the
regulation of APPs secretion (10, 11, 21, 25). Both musca-
rinic regulation and glutamatergic regulation of APPs secre-
tion have been shown to involve PKC downstream of their
receptors (20-24). However, the mechanism by which PKC
results in the secretion of APP is not well understood. PKC
is not involved in the direct phosphorylation of APP;
therefore, it is possible that PKC activates anR-secretase or
causes APP to redistribute from the Golgi to another
compartment for cleavage. PKC does not appear to cause
APP to redistribute from an intracellular compartment to the
cell surface. We demonstrate that activation of PKC causes
a time-dependent decrease in the amount of APP at the cell
surface, and an increase in the appearance of APPs in the
media. This suggests that PKC does not cause redistribution
of APP from the Golgi to the cell surface for cleavage;
therefore, in our system the majority of APP cleavage occurs
within an intracellular compartment.

The ADAM family of metalloproteases was first shown
to be involved in the ectodomain shedding of many cell
surface transmembrane proteins, such as TNF-R, transform-
ing growth factorR (TGF-R), other growth factors and
growth factor receptors, and cell adhesion molecules (32,
58-60). Recently, TACE/ADAM-17 and ADAM-10, mem-
bers of the metalloprotease family, were shown to be
involved in PKC-regulated APPs secretion (30, 31). Disrup-
tion of the TACE gene in mouse fibroblasts inhibited the
secretion of PMA-induced APPs secretion, but did not affect
the constitutive production and secretion of APP (30).
Overexpression of ADAM-10 increased both basal as well
as protein kinase C-stimulated APPs secretion (31). Ad-
ditionally, a dominant-negative ADAM-10 mutant inhibited
endogenousR-secretase activity. The majority of the active
form of ADAM-10 is found at the cell surface; however,
the proenzyme of ADAM-10 has also been detected in the
Golgi, supporting the idea that APP cleavage occurs at the
cell membrane. Two glycosylphosphatidylinositol-linked
aspartyl proteases, termed yapsin, have recently been identi-
fied in yeast that are active at the cell membrane and are
able cleave human APP at theR-secretase cleavage site,
releasing it into the media (61). These results suggest that
different enzymes may be involved in constitutive versus
PKC-regulated APPs secretion, and that possibly different
R-secretases are involved in cell surface versus intracellular
APP cleavage.

This study provides a novel insight into the regulation of
APPs secretion by PKC. First, our results demonstrate that
the majority of PKC-regulated APPs secretion is due to
cleavage within an intracellular compartment, and a minority
from cleavage at the cell surface. Second, the cell surface
APP cleavage appears not to be just “ectodomain shedding”
or constitutive cleavage, but rather regulated cleavage that
involves PKC and TACE. Likewise, the PKC-regulated
intracellular cleavage also appears to involve TACE, but not
completely. TAPI only slightly inhibits PKC-regulated APP
cleavage from the intracellular compartment. TAPI inhibits
the overall amount of APP secreted, but only slightly
decreases the fold of PKC-regulated secretion over the
secretion with TAPI alone. This could be due to an
incomplete inhibition of TACE by TAPI or due to the
involvement of more than one secretase in the intracellular
cleavage of APP. However, TAPI seems to completely

inhibit the PMA-induced APPs secretion from the cell
surface, suggesting that TAPI is effectively blocking the
action of the TACE. In addition, inhibition of TACE with
TAPI was able to retain APP at the cell surface even after
treatment with PMA, implying that TAPI inhibited the cell
surface cleavage of APP by TACE. Furthermore, the recent
evidence implicating different enzymes, the metalloproteases
and the aspartyl proteases, in the regulation of APPs secretion
provides the basis for the involvement of multiple enzymes
in the constitutive and regulated cleavage of APP. For both
the intracellular and cell surface cleavage of APP, TACE
does not appear to be involved in the constitutive cleavage
and secretion. However, TACE does seem to be involved in
the regulated cleavage of APP from the cell surface and to
some extent in the intracellular cleavage of APP.

In conclusion, we have shown that PKC regulates both
cell surface as well as intracellular cleavage of APP, resulting
in the secretion of APPs. PKC does not cause trafficking of
APP to the cell surface for cleavage, but rather is involved
in the regulation of APP cleavage. The intracellular site(s)
of APP cleavage occur(s) after maturation of APP in the
trans-Golgi or later in the secretory pathway. TACE is not
involved in the basal production and secretion of APP, but
rather in the regulated cell surface cleavage of APP, and to
some extent in the regulated intracellular cleavage of APP.
However, the majority of the PKC-regulated APPs secretion
is coming from the intracellular compartment, suggesting that
PKC-regulated APP cleavage and secretion could involve
more than oneR-secretase.
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