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Excessive accumulationof�-amyloidpeptides in the brain is a
major cause for the pathogenesis of Alzheimer disease. �-Amy-
loid is derived from�-amyloid precursor protein (APP) through
sequential cleavages by �- and �-secretases, whose enzymatic
activities are tightly controlled by subcellular localization.
Delineation of how intracellular trafficking of these secretases
and APP is regulated is important for understanding Alzheimer
disease pathogenesis. Although APP trafficking is regulated by
multiple factors including presenilin 1 (PS1), a major compo-
nent of the �-secretase complex, and phospholipase D1 (PLD1),
a phospholipid-modifying enzyme, regulation of intracellular
trafficking of PS1/�-secretase and�-secretase is less clear. Here
we demonstrate that APP can reciprocally regulate PS1 traffick-
ing; APP deficiency results in faster transport of PS1 from the
trans-Golgi network to the cell surface and increased steady
state levels of PS1 at the cell surface, which can be reversed by
restoring APP levels. Restoration of APP in APP-deficient cells
also reduces steady state levels of other �-secretase components
(nicastrin, APH-1, and PEN-2) and the cleavage of Notch by
PS1/�-secretase that is more highly correlated with cell surface
levels of PS1 than with APP overexpression levels, supporting
the notion that Notch is mainly cleaved at the cell surface. In
contrast, intracellular trafficking of �-secretase (BACE1) is not
regulated by APP. Moreover, we find that PLD1 also regulates
PS1 trafficking and thatPLD1overexpressionpromotes cell sur-
face accumulation of PS1 in an APP-independent manner. Our
results clearly elucidate a physiological function of APP in reg-
ulating protein trafficking and suggest that intracellular traf-
ficking of PS1/�-secretase is regulated by multiple factors,
including APP and PLD1.

An important pathological hallmark of Alzheimer disease
(AD)4 is the formation of senile plaques in the brains of

patients. The major components of those plaques are �-amy-
loid peptides (A�), whose accumulation triggers a cascade of
neurodegenerative steps ending in formation of senile plaques
and intraneuronal fibrillary tangles with subsequent neuronal
loss in susceptible brain regions (1, 2). A� is proteolytically
derived from the �-amyloid precursor protein (APP) through
sequential cleavages by �-secretase (BACE1), a novel mem-
brane-bound aspartyl protease (3, 4), and by �-secretase, a high
molecular weight complex consisting of at least four compo-
nents: presenilin (PS), nicastrin (NCT), anterior pharynx-de-
fective-1 (APH-1), and presenilin enhancer-2 (PEN-2) (5, 6).
APP is a type I transmembrane protein belonging to a protein
family that includes APP-like protein 1 (APLP1) and 2 (APLP2)
in mammals (7, 8). Full-length APP is synthesized in the endo-
plasmic reticulum (ER) and transported through the Golgi
apparatus. Most secreted A� peptides are generated within the
trans-Golgi network (TGN), also the major site of steady state
APP in neurons (9–11). APP can be transported to the cell
surface in TGN-derived secretory vesicles if not proteolyzed to
A� or an intermediate metabolite. At the cell surface APP is
either cleaved by �-secretase to produce soluble sAPP� (12) or
reinternalized for endosomal/lysosomal degradation (13, 14).
A� may also be generated in endosomal/lysosomal compart-
ments (15, 16). In contrast to neurotoxic A� peptides, sAPP�
possesses neuroprotective potential (17, 18). Thus, the subcel-
lular distribution of APP and proteases that process it directly
affect the ratio of sAPP� to A�, making delineation of the
mechanisms responsible for regulating trafficking of all of these
proteins relevant to AD pathogenesis.
Presenilin (PS) is a critical component of the �-secretase. Of

the two mammalian PS gene homologues, PS1 and PS2, PS1
encodes the major form (PS1) in active �-secretase (19, 20).
Nascent PSs undergo endoproteolytic cleavage to generate an
amino-terminal fragment (NTF) and a carboxyl-terminal frag-
ment (CTF) to form a functional PS heterodimer (21). Based on
observations that PSs possess two highly conserved aspartate
residues indispensable for �-secretase activity and that specific
transition state analogue �-secretase inhibitors bind to PS1
NTF/CTF heterodimers (5, 22), PSs are believed to be the cat-
alytic component of the �-secretase complex. PS assembles
with three other components, NCT, APH-1, and PEN-2, to
form the functional �-secretase (5, 6). Strong evidence suggests
that PS1/�-secretase resides principally in the ER, early Golgi,
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TGN, endocytic and intermediate compartments, most of
which (except the TGN) are notmajor subcellular sites for APP
(23, 24). In addition to generating A� and cleaving APP to
release the APP intracellular domain, PS1/�-secretase cleaves
other substrates such as Notch (25), cadherin (26), ErbB4 (27),
andCD44 (28), releasing their respective intracellular domains.
Interestingly, PS1/�-secretase cleavage of different substrates
seems to occur at different subcellular compartments; APP is
mainly cleaved at the TGN and early endosome domains,
whereas Notch is predominantly cleaved at the cell surface
(9, 11, 29). Thus, perturbing intracellular trafficking of PS1/
�-secretase may alter interactions between PS1/�-secretase
and APP, contributing to either abnormal A� generation and
AD pathogenesis or decreased access of PS1/�-secretase to
APP such that A� production is reduced. However, mecha-
nisms regulating PS1/�-secretase trafficking warrant further
investigation.
In addition to participating in �-secretase activity, PS1 regu-

lates intracellular trafficking of several membrane proteins,
including other �-secretase components (nicastrin, APH-1,
and PEN-2) and the substrate APP (reviewed in Ref. 30). Intra-
cellular APP trafficking is highly regulated and requires other
factors such as mint family members and SorLA (2). Moreover,
we recently found that phospholipase D1 (PLD1), a phospho-
lipid-modifying enzyme that regulates membrane trafficking
events, can interact with PS1, and can regulate budding of APP-
containing vesicles from the TGN and delivery of APP to the
cell surface (31, 32). Interestingly, Kamal et al. (33) identified an
axonal membrane compartment that contains APP, BACE1,
and PS1 and showed that fast anterograde axonal transport of
this compartment is mediated by APP and kinesin-I, implying a
traffic-regulating role forAPP. IncreasedAPP expression is also
shown to decrease retrograde axonal transport of nerve growth
factor (34). However, whether APP indeed regulates intracellu-
lar trafficking of proteins including BACE1 and PS1/�-secre-
tase requires further validation. In the present study we dem-
onstrate that intracellular trafficking of PS1, as well as that of
other �-secretase components, but not BACE1, is regulated by
APP. APP deficiency promotes cell surface delivery of PS1/�-
secretase complex and facilitates PS1/�-secretase-mediated
Notch cleavage. In addition, we find that PLD1 also regulates
intracellular trafficking of PS1 through a different mechanism
and more potently than APP.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Maintenance of APP/APLP2
double knock-out (APP dKO)mouse embryonic fibroblast cells
and wild type control cells (35), PS1/PS2 double knock-out (PS
dKO) mouse embryonic fibroblast cells and wild type control
cells (35), mouse neuroblastomaN2a cells and cells stably over-
expressing humanAPP695 (N-695) (36), and humanHeLa cells
and cells stably overexpressing human APP Swedish mutant
(H-sw) (37) has been described. The cells were transiently
transfected with control pcDNA vector or vectors expressing
full-length APP, APP CTF (C99), C99 with an ER retention
signal (gift from Dr. G. Thinakaran), C99 with a Golgi/TGN
retention signal (gift from Dr. G. Thinakaran), APP lacking the
last 57 carboxyl-terminal amino acids, wild type PLD1, catalyt-

ically inactive form (K898R) of PLD1, orNotchN�E-Myc using
Lipofectamine (Invitrogen) following the manufacturer’s pro-
tocol. A pSUPER RNA interference vector (OligoEngine, Seat-
tle, WA) containing a small hairpin RNA targeting the APP
sequence CACAAGTAGATGCCTGAAC and a vector con-
taining a scrambled control sequencewere transfected to knock
down APP expression. The cells were harvested for analysis
48 h after transfection.
Antibodies and Western Blot—Treated cells were lysed in

Nonidet P-40 lysis buffer (1% Nonidet P-40 in phosphate-buff-
ered saline supplemented with a protease inhibitor mixture).
Equal protein amounts of lysate were analyzed and immuno-
blotted as indicated. Rabbit polyclonal antibodies against
BACE1 (B690), PS1 NTF (Ab14), APP CTF (369), APH-1aL
carboxyl terminus, PEN-2 amino terminus (PNT2), and nicas-
trin (716) were developed in our laboratory (9, 38–44). Mouse
anti-�-tubulin antibody was from Sigma.Monoclonal antibody
9E10 recognizing the Myc tag, monoclonal antibody against
�-adaptin, and polyclonal antibody against Rab5 were from
Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
antibody against Na/K ATPase was from Abcam (Cam-
bridge, MA). Polyclonal antibodies against Bip and against
the cleaved Notch/NICD were from Cell Signaling Technol-
ogy (Danvers, MA).
Cell Surface Protein Biotinylation—Biotinylation was carried

out following a previously described protocol (42, 45). Briefly,
the cells were washed with ice-cold phosphate-buffered saline
containing CaCl2 and MgCl2 and incubated at 4 °C with NHS-
LC-biotin (Pierce). The cells were lysed in 1% Nonidet P-40
lysis buffer, and lysates were affinity-precipitated with strepta-
vidin-agarose beads (Pierce). Biotinylated proteins were eluted
with SDS-PAGE sample buffer (Invitrogen) and loaded directly
onto gels for electrophoresis, followed byWestern blot analysis
with indicated antibodies.
Pulse-Chase and Biotinylation Analysis—APP dKO and wild

type control cells were starved for 30 min and labeled by
[35S]methionine (500 �Ci/ml) for 15 min at 37 °C. After wash-
ing away [35S]methionine, the cells were chased in normal
growth medium at 20 °C for 2 h to promote accumulation of
labeled proteins in the TGN. The cells were then incubated for
various times at 37 °C. At the end of each chase time, the cells
were biotinylated at 4 °C. The cell lysates were affinity-precip-
itated by streptavidin-agarose beads, and biotinylated cell sur-
face proteins were eluted with 2% SDS. After dilution, eluted
PS1 NTF was immunoprecipitated using Ab14 antibody, sepa-
rated on SDS-PAGE gels, and analyzed by autoradiography.
Subcellular Fractionation—APP dKO and wild type control

cells were homogenized using a ball-bearing cell cracker and
then centrifuged at 800 � g for 5 min. The supernatant was
fractionated by sucrose density gradient as described (9, 42, 46),
and equal sample volumes were resolved by SDS-PAGE, fol-
lowed by immunoblotting with antibodies recognizing indi-
cated proteins.
Immunofluorescence Microscopy—Cell immunostaining was

carried out as previously described (42). Briefly, the cells were
fixed, permeabilized, and incubatedwith the PS1NTF antibody
Ab14. After subsequent incubation with Alexa Fluor 488-con-
jugated secondary antibody (Invitrogen), the cells were exam-
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ined using a deconvolution fluorescent microscope (Zeiss,
Thornwood, NY).

RESULTS

APP/APP �CTF (C99) Regulates Cell Surface Accumulation
of PS1—We and others have shown that PS1 can regulate intra-
cellular trafficking of APP (reviewed in Ref. 30). However, reg-
ulation of PS1/�-secretase intracellular trafficking has
remained elusive. One study found that axonal transport of a
membrane compartment containing BACE1 and PS1 requires
APP (33), implying that APP might reciprocally regulate intra-
cellular trafficking of PS1, as well as that of BACE1. To investi-
gate this, we compared the cell surface levels of PS1 in APPwild
type (APPWT) and APP/APLP2 double knock-out (APP dKO)
mouse embryonic fibroblasts.We found that although the total

levels of PS1 were similar between cells, steady state levels of
cell surface PS1 dramatically increased in the absence of APP/
APLP2 (Fig. 1A). Such an increase was reversed by overexpress-
ing APP in the APP dKO cells (Fig. 1A), ruling out potential
clonal variation effects. In contrast, APP deficiency had no
effect on cell surface levels of BACE1 (Fig. 1A). Furthermore,we
found that in both HeLa cells stably expressing human APP
Swedish mutations (H-sw) and N2a cells stably expressing
human APP695 (N-695), steady state levels of cell surface PS1
were markedly reduced compared with those seen in control
cells (Fig. 1B). Moreover, when we down-regulated APP levels
in wild type mouse embryonic fibroblast and N2a cell lines
using RNA interference, steady state levels of PS1 at the cell
surface dramatically increased, but total PS1 levels were not

FIGURE 1. APP regulates steady state levels of PS1 at the cell surface. A, APP wild type (WT), APP/APLP2 double knock-out (dKO), and APP dKO cells
transiently expressing either control pcDNA (pc) or APP were biotinylated. The cell lysates were incubated with streptavidin-agarose beads for affinity
precipitation of biotinylated cell surface proteins. Biotinylated proteins and total cell lysates were subjected to SDS-PAGE and Western blot. B, HeLa cells (H),
HeLa cells stably expressing APP Swedish mutations (H-sw), N2a (N), and N2a cells stably expressing APP695 (N-695) were biotinylated and affinity-precipitated,
followed by SDS-PAGE and Western blot. C, mouse embryonic fibroblasts and N2a cells were transiently transfected with an APP small hairpin RNA construct
to down-regulate APP or with a scrambled (sc) small hairpin RNA control construct. The cells were then subjected to biotinylation, and biotinylated cell surface
proteins were precipitated with streptavidin-agarose beads for SDS-PAGE. D, APP WT, APP dKO, and APP dKO cells transiently transfected with pcDNA (pc), APP
C99, C99 with a TGN retention signal (C99T), C99 with an ER retention signal (C99E), or APP lacking 57 amino acids at the carboxyl terminus (�57) were
biotinylated. Affinity-precipitated cell surface proteins were analyzed by Western blot. Antibodies used for recognizing APP, PS1 NTF, and BACE1 were 369,
Ab14, and B690, respectively. Protein levels were quantitated by densitometry and normalized to respective controls (set as 1 arbitrary unit). The data represent
the means � S.E. from three separate experiments. *, p � 0.05.
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affected (Fig. 1C). Taken together, these results suggest that
intracellular trafficking of PS1 is regulated by APP.
The �-cleavage of APP requires a precedent �-cleavage to

generate membrane-bound APP �CTF (C99). Because APP
C99 reportedly interacts with PS1 to form a complex prior to
cleavage by active PS1/�-secretase (47, 48), we asked whether
C99 regulated PS1 trafficking similarly to APP. As expected,
overexpression of C99, the direct substrate of PS1/�-secretase,
rescued increased cell surface accumulation of PS1 in the APP
dKO cells (Fig. 1D). Overexpression of two C99 variants con-
taining either TGN or ER retention signals also rescued
increased PS1 delivery to the cell surface. In contrast, overex-

pression of an APP variant lacking the carboxyl-terminal 57
amino acids did not promote rescue (Fig. 1D). These data sug-
gest that APP or the membrane-bound APP C99 fragment may
act to retain PS1 in appropriate compartments and that the
intracellular domain of APP is critical for this function.
APP Deficiency Accelerates Cell Surface Delivery of PS1—We

had previously found that loss of PS1 promotes budding of
APP-containing vesicles from theTGNand accelerates cell sur-
face delivery of APP (49). Therefore we compared cell surface
delivery rates of PS1 in the APPWT and the APP dKO cells. As
shown in Fig. 2, most [35S]methionine-labeled PS1 was deliv-
ered to the cell surface after a 60-min chase in the APP WT
cells. However, in the APP dKO cells most isotope-labeled PS1
was seen at the cell surface as early as after a 30-min chase,
suggesting accelerated cell surface delivery of PS1 in the
absence of APP.
Confirmation of an Increase of Cell Surface Levels of PS1 by

APP Deficiency—To corroborate that cell surface levels of PS1
are increased in the absence of APP, we performed sucrose
fractionation experiments (9, 42, 46) to investigate subcellular
localization of PS1. Subcellular distribution patterns of
organelle markers were similar between the WT and the APP
dKO cells (Fig. 3A, left panels; only dKO cells were shown).
Consistent with previous reports (38, 42), PS1 was localized
mainly in theGolgi/TGNand ER/plasmamembrane (PM) frac-
tions in both APP WT and dKO cells (Fig. 3A, left panels).
However, the ratio of the PS1 in the ER/PM fractions relative to
the total PS1 level was significantly higher in the APP dKO cells
than in theWT cells (Fig. 3A, right panels). Because the sucrose
fractionation assay is unable to distinguish PM from ER, we
performed fluorescent immunostaining and found a much

more intensive cell surface immu-
nofluorescence of PS1 in the APP
dKO cells than that in the WT cells
(Fig. 3B). It is worth noting that the
morphology of the APP dKO cells is
quite distinct with a larger andmore
spreading cell body for unidentified
reasons, compared with the WT
fibroblasts.
APP Regulates Cell Surface Accu-

mulation of All �-Secretase Compo-
nents as Well as Notch Cleavage by
PS1/�-Secretase—In addition to
PS1, the �-secretase complex con-
sists of at least three other compo-
nents, NCT, APH-1, and PEN-2,
which regulate each other’s stability
and subcellular localization (38, 42,
45). Because PS1 trafficking is regu-
lated by APP, we asked whether
APP also regulates intracellular traf-
ficking of these factors. As expected,
APP overexpression in the APP
dKO cells not only reduced cell sur-
face levels of PS1 but also reduced
cell surface levels of NCT, APH-1,
and PEN-2 (Fig. 4A).

FIGURE 2. APP deficiency accelerates cell surface delivery of PS1. After
labeling with [35S]methionine, APP WT and APP dKO cells were incubated at
20 °C to promote accumulation of isotope-labeled protein in the TGN. The
cells were then switched to 37 °C for indicated times and biotinylated at 4 °C.
The cell lysates were subjected to affinity precipitation with streptavidin-aga-
rose beads and immunoprecipitation with a PS1 antibody (Ab14 for NTF),
followed by SDS-PAGE and autoradiography. PS1 levels were normalized to
those of PS1 at 5 min of chase in APP WT. The data represent the means � S.E.
from three experiments.

FIGURE 3. APP deficiency increases cell surface levels of PS1. A, APP WT and APP dKO cells were homoge-
nized and fractionated by sucrose gradient sedimentation (left panels). One-ml samples from each cell line
were collected from the top to the bottom of the gradient (labeled from 1 to 11). Equal sample volumes were
analyzed by Western blot for PS1 NTF. Bip, �-adaptin, Na/K ATPase, and Rab5 served as markers for ER, Golgi/
TGN, PM, and vesicles, respectively. The level of PS1 NTF in each fraction was quantitated by densitometry. The
ratio of PS1 NTF level in the ER/PM fractions relative to the total PS1 NTF level was analyzed and normalized to
that of APP WT cells (set as 1 arbitrary unit). The data represent the means � S.E. from three separate experi-
ments. *, p � 0.05 (right panels). B, APP WT and dKO cells were fixed, permeabilized, sequentially incubated with
anti-PS1 NTF antibody Ab14 and Alexa Fluor 488-conjugated secondary antibody, and examined with decon-
volution microscope. The arrows indicate cell surface PS1.
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Another important PS1/�-secretase substrate is Notch,
whose cleavage product (NICD) serves as a transcription factor
regulating several genes involved in development (50, 51). The
major site for Notch cleavage is the cell surface (29). To deter-
mine whether increased cell surface levels of PS1/�-secretase
affects Notch cleavage, we overexpressed in the APP dKO cells
a form of Notch1 (N�E) lacking the ectodomain and therefore
constitutively processed by PS1/�-secretase in the absence of
ligand (52). Although coexpressing APP had no effect on total
and cell surface levels of NotchN�E, NICD levels were dramat-
ically reduced in the presence of APP (Fig. 4, B and C). More-
over, NICD levels were more highly related with cell surface
levels of PS1 than with APP overexpression levels; the maximal
reduction of NICD generation was achieved when cell surface
levels of PS1 were maximally reduced by APP overexpression
(at 2�g), and higher APP overexpression (4 and 8�g) could not
further decrease the levels of either cell surface PS1 or NICD
(Fig. 4B). These results imply that reduced Notch cleavage
resulting from APP overexpression is likely due to decreased
cell surface levels of PS1/�-secretase rather than substrate com-
petition between Notch and APP.

PLD1 Regulates PS1 Trafficking
Differently than APP—We recently
identified an interaction between
PLD1 and PS1 and found that PLD1
also regulatedAPP trafficking but in
a PS1-independentmanner (31, 32).
Herewe confirmed that overexpres-
sion of wild type PLD1 but not its
catalytically inactive K898R form
promoted APP delivery to the cell
surface in PS WT fibroblast cells
(Fig. 5A). Although overexpressing
PLD1 did not promote cell surface
accumulation of APP in PS1/PS2
double knock-out (PS dKO) cells
(Fig. 5A), we previously found that
inhibiting PLD1 catalytic activity
resulted in reduced budding of
APP-containing vesicles from the
TGN in both PS1 single knock-out
and wild type control fibroblasts
(32), implying that unchanged cell
surface levels of APP in the PS dKO
cellsmight be due to amaximal traf-
ficking of APP-containing vesicles
in the absence of PS1 so that PLD1
overexpression will not further pro-
mote APP trafficking.
On the other hand, we found that

overexpressing PLD1 dramatically
increased cell surface levels of PS1
in both APP WT and APP dKO
cells, whereas overexpressing the
PLD1 mutant (K898R) had no such
effects (Fig. 5B). Overexpression of
wild type PLD1 also resulted in
more cell surface PS1 levels than

overexpression of the PLD1 mutant in both APP dKO cells
transfected with control vector (�) (lanes 1 versus 2) and with
APP (�) (lanes 3 versus 4) (Fig. 5C). However, unlike the inter-
action observed between PLD1 and PS1, we did not observe
interaction between PLD1 and APP (data not shown). These
results suggest that PLD1 also regulates intracellular trafficking
of PS1 but through amechanism different from that by APP. In
addition, although APP overexpression reduced cell surface
levels of PS1 in cells transfected with mutant PLD1 (Fig. 5C,
lane 2 versus lane 4), APP overexpression did not attenuate the
effects of wild type PLD1 on cell surface accumulation of PS1
(Fig. 5C, lane 1 versus lane 3), suggesting that PLD1 overexpres-
sion can override effects of APP overexpression in reducing cell
surface delivery of PS1.

DISCUSSION

Since its identification,multiple roles have been proposed for
APP, such as mediating signal transduction, promoting cell
adhesion, and functioning in neurite outgrowth and synapto-
genesis (53). We and others have also demonstrated that the
APP ectodomain (sAPP�) has neuroprotective activity and pre-

FIGURE 4. APP regulates cell surface delivery of all four �-secretase components and modulates Notch
cleavage. A, APP dKO cells were transiently transfected with pcDNA control or APP cDNA and subjected to
biotinylation. Affinity-precipitated cell surface proteins were analyzed by Western blot for PS1 NTF, NCT, PEN-2,
and APH-1. Protein levels were quantitated by densitometry and normalized to respective controls (set as 1
arbitrary unit). The data represent the means � S.E. from three experiments. *, p � 0.05. B, APP dKO cells were
transiently transfected with a Notch N�E-Myc vector. After splitting equally, the cells were transfected with
pcDNA (pc) or different amounts of APP cDNA and biotinylated. The cell lysates were subjected to SDS-PAGE
and Western blot with antibodies against total and biotinylated (surface) APP (369), PS1 (Ab14), and N�E (using
the 9E10 anti-Myc antibody) and cleaved N�E/NICD. C, samples transfected with 8 �g of control (APP 0 �g) or
APP cDNA in B were used for comparison. After densitometry quantitation, relative levels of NICD/total N�E
were normalized to those of controls (set as 1 arbitrary unit). The data represent the means � S.E. from three
experiments. *, p � 0.05.
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vents Tau hyperphosphorylation via suppressing overactiva-
tion of CDK5 (17, 18, 54) and that the APP intracellular domain
can bind to promoter regions and regulate gene transcription
(35, 55). Nevertheless, the physiological and pathological func-
tions of APP, especially in its uncleaved full-length form,
remain active areas of AD research.

Deletion of the Drosophila APP-like gene (Appl) or overex-
pression of human APP695 or APPL constructs in Drosophila
reportedly causes abnormal axonal transport phenotypes sim-
ilar to those seen in kinesin and dynein mutants (56). In addi-
tion, an axonal membrane compartment containing APP,
BACE1, and PS1 has been identified, and anterograde axonal
transport of that compartment is mediated by APP and kine-
sin-I (33). These observations suggest that APPmay function as
a kinesin-I membrane receptor, possibly through an indirect
interaction with a kinesin light chain subunit via the adaptor
JIP-1 (57), to regulate axonal transport of BACE1 and PS1 (33,
58). Consistently, it was found that APP is a major component
of herpes simplex viral particles and likely mediates fast anter-
ograde axonal transport of these particles (59, 60). Moreover,
increased APP levels were recently found to markedly decrease
retrograde transport of nerve growth factor and promote
degeneration of forebrain cholinergic neurons in a mouse
model of Down syndrome (34). These studies suggest another
physiological function of APP in regulating axonal transport/
protein trafficking, but this notion requires validation with
additional investigation. Here we show that intracellular traf-
ficking of PS1 is indeed regulated by APP/APP�CTF (C99) and
that loss of APP increases cell surface delivery of PS1. Interest-
ingly, our previous studies and others show that PS1 also regu-
lates intracellular trafficking of APP and that loss of PS1 accel-
erates cell surface delivery ofAPP (reviewed inRef. 30). Because
PS1 reportedly interacts APP and APP �CTF and their proper
conformation is critical for normal trafficking of membrane/
secretory proteins within the secretory pathway (47, 48), inter-
action between APP/C99 and PS1 may be a prerequisite for
proper retention of APP/PS1 in the TGN and their delivery to
the cell surface.
PS1 assembles with nicastrin, APH-1, and PEN-2 to form a

functional �-secretase complex (5). These components are
tightly associated, and down-regulation or targeted disruption
of any one member of the complex affects maturation and/or
stability of the other components, indicating that complex
assembly and trafficking are highly regulated (38, 42, 45). Here,
as expected and consistent with the pattern of PS1 trafficking,
we found that cell surface accumulation of nicastrin, APH-1,
and PEN-2 is also increased in the absence of APP. These
results suggest that intracellular trafficking of the entire func-
tional PS1/�-secretase complex is regulated by APP. Interest-
ingly, we found that Notch cleavage/NICD generation is
reduced when APP is overexpressed in APP dKO cells (Fig. 4, B
andC). This could be attributed to either substrate competition
between Notch and APP for PS1/�-secretase cleavage or
decreased PS1/�-secretase delivery to the cell surface site of
Notch cleavage in the presence of APP (29). However, our
results show that NICD generation is more highly related with
cell surface levels of PS1 than with APP overexpression levels
(Fig. 4B). Hence, although we do not completely exclude the
possibility of substrate competition between APP and Notch, it
is very likely that APP negatively modulates Notch cleavage/
NICD generation through regulating intracellular trafficking of
PS1/�-secretase.

BACE1 is a type I transmembrane aspartyl protease and syn-
thesized as a larger precursor, pro-BACE1, which can be mod-

FIGURE 5. PLD1 regulates PS1 trafficking. PS wild type cells (PS WT) and
PS1/PS2 double knock-out (PS dKO) cells (A) and APP WT and APP dKO cells
were transiently transfected with pcDNA (pc), wild type PLD1 (wt), or a cata-
lytically inactive form of PLD1 (K898R, mut) (B). The cells were then subjected
to biotinylation and analysis of cell surface proteins. C, APP dKO cells were first
transfected with control vector (�) or APP (�). After splitting equally, the cells
were transfected with wt or mut PLD1 followed by biotinylation to analyze cell
surface proteins. Antibodies 369 and Ab14 recognizing APP and PS1 NTF, respec-
tively, were used for Western blot analysis. Protein levels were quantitated by
densitometry and normalized to respective controls (set as 1 arbitrary unit). The
data represent the means � S.E. from three experiments. *, p � 0.05.
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ified by glycosylation (and also phosphorylation) and cleaved by
a furin-like endoprotease to produce mature BACE1 (61, 62).
The optimal BACE1 activity requires an acidic environment
and themajor cellular compartments, in various premitotic cell
lines overexpressing exogenous BACE1, include early Golgi,
late Golgi/early endosomes, endosomes, and the cell surface (3,
28, 63, 64). Maturation/intracellular trafficking of BACE1 is a
complex process, requiring the interaction of BACE1 with
a variety of different proteins such as GGA proteins that are a
family of proteins involved in the recruitment and/or sorting of
cargo into secretory vesicles (65–67). It has been found that
BACE1 can associate with APP via the GYENPTYmotif of APP
(65, 68, 69), and such an interaction can be significantly reduced
by sorLA, which interacts with both BACE1 and APP and reg-
ulates the trafficking/processing of the latter (2, 70, 71). How-
ever, in contrast to PS1/�-secretase, steady state cell surface
levels of BACE1 are not affected by APP (Fig. 1). Interestingly,
PS1 was found to also interact with BACE1, preferably pro-
BACE1, and affect BACE1 maturation (72). Therefore,
although APP, PS1, and BACE1 interact with each other, their
intracellular trafficking is differentially regulated.
In addition, we found that PLD1, a phospholipid-modifying

enzyme known to regulate membrane trafficking events, can
regulate intracellular trafficking of both APP and PS1 inde-
pendent of PS1 andAPP, respectively, and in amanner opposite
to that by APP or PS1. We have previously found that overex-
pression of PLD1 can disrupt the association of �-secretase
components (31). Therefore, although PLD1 overexpression
facilitates cell surface delivery of PS1, it impairs the �-secretase
activity, which results in an inhibition of �-cleavage of APP and
Notch (31). Because PLD1 is a phospholipid-modifying
enzyme, it affects membrane integrity and thus may have a
more general and profound effect on protein trafficking than
APP or PS1 has. This notion may be supported by the observa-
tion that PLD1 overexpression overrode the effect of APP over-
expression on reducing cell surface delivery of PS1 (Fig. 5C).
Cytosolic factors such as Rab11, Rab6, and Rab GDI, all of

which regulate vesicular transport, have been found to interact
with PS1 and/or APP (73–75), and modulation of Rab6-medi-
ated transport affects APP processing (75). Moreover, the APP
carboxyl terminus, which is conserved among APP family
members (APLP1 and APLP2) and likely functionally signifi-
cant (53), can interact with adaptor proteins such as Fe65,
Tip60, and all threemint (X11) proteins (76–78).Mint proteins
may regulate APP processing by stabilizing cellular APP, thus
affecting both sAPP� andA� secretion (79). Interestingly, mint
proteins also bind to PS1 and promote APP-PS1 interaction
(64). We found that PLD1 can bind to PS1 (31) but not APP
(data not shown). Together these results suggest that PS1 and
APP might regulate protein trafficking via their interaction
with various trafficking factors and that proper intracellular
trafficking of APP and PS1/�-secretase requires a dynamic bal-
ance among multiple regulatory pathways.
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