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Ectodomain shedding of the amyloid precursor protein (APP) is a
key regulatory step in the generation of the Alzheimer disease amy-
loid � peptide (A�). The molecular mechanisms underlying the
control of APP shedding remain little understood but are in part
dependent on the low density lipoprotein receptor-related protein
(LRP), which is involved inAPP endocytosis. Here, we show that the
APP homolog APLP1 (amyloid precursor-like protein 1) influences
APP shedding. In human embryonic kidney 293 cells expression of
APLP1 strongly activated APP shedding by �-secretase and slightly
reduced �-secretase cleavage. As revealed by domain deletion anal-
ysis, the increase in APP shedding required the NPTY amino acid
motif within the cytoplasmic domain of APLP1. This motif is con-
served in APP and is essential for the endocytosis of APP and
APLP1.Unrelatedmembraneproteins containing similar endocytic
motifs did not affect APP shedding, showing that the increase in
APP shedding was specific to APLP1. In LRP-deficient cells APLP1
no longer induced APP shedding, suggesting that in wild-type cells
APLP1 interferes with the LRP-dependent endocytosis of APP and
thereby increases APP �-cleavage. In fact, an antibody uptake assay
revealed that expression of APLP1 reduced the rate of APP endocy-
tosis. In summary, our study provides a novel mechanism for APP
shedding, inwhichAPLP1affects the endocytosis ofAPPandmakes
more APP available for �-secretase cleavage.

The amyloid precursor protein (APP)2 is one of a large number of
membrane proteins that are proteolytically converted to their soluble
counterparts. This process is referred to as ectodomain shedding and is
an important way of regulating the biological activity of membrane pro-
teins (1, 2). The shedding of APP may occur through two different
protease activities termed �- and �-secretase, which cleave APP within
its ectodomain close to its transmembrane domain (for a review, see Ref.

3) (see Fig. 1A). APP cleavage by �- or �-secretase is a key regulatory
process in the generation of the amyloid� peptide (A�). Generation and
subsequent deposition of A� are assumed to be the first events in the
pathogenesis of Alzheimer disease. �-Secretase has been identified as
the aspartyl protease BACE1 and cleaves APP at the N terminus of the
A� peptide domain, thus catalyzing the first step in A� peptide gener-
ation (4). After the initial cleavage of APP by BACE1, the remaining
C-terminal APP fragment is cleaved by �-secretase within its trans-
membrane domain at the C terminus of the A� domain, leading to the
secretion of the A� peptide (5). In contrast to �-secretase, �-secretase
cleaves within the A� sequence and thereby precludes the generation of
the A� peptide. �-Secretase is a member of the ADAM family of pro-
teases. Candidate �-secretases are ADAM10, ADAM17 (TACE), or
ADAM9 (6). �-Secretase cleavage of APP is assumed to take place at or
close to the cell surface, whereas �-secretase cleavage takes place after
endocytosis of wild-type APP into endosomes. Endocytosis of APP
requires the cytoplasmic amino acid motif NPTY, which belongs to the
NPXY class of endocytic motifs found in a small number of type I mem-
brane proteins (7), including the twomammalianAPPhomologsAPLP1
and APLP2 (amyloid precursor-like protein 1 and 2). Like APP, APLP2
is ubiquitously expressed, whereas expression of APLP1 is strongest in
brain (for an overview, see Ref. 8). Both proteins undergo protease cleav-
age events similar to those of APP (9–12). Whether the three APP
family members can mutually affect their proteolytic processing is
unknown.Despite a high degree of similarity toAPP, APLP1 andAPLP2
lack theA� peptide domain.However, both proteins have been found in
the amyloid plaques in the brain of Alzheimer patients (13) and thus
may potentially contribute to the pathogenesis.
Although the ectodomain shedding of APP by �- or �-secretase has

opposite effects on A� generation, little is known about the molecular
mechanisms that control to what extent APP shedding occurs by either
protease. Different kinases, including protein kinase C, mitogen-acti-
vated protein kinases, and protein kinase A, can stimulate APP �-cleav-
age, but downstream molecular target proteins remain to be identified
(6). Additionally, cytoplasmic adapter proteins, such as FE65, have been
reported to bind to the cytoplasmic domain of APP and to alter APP
shedding (for reviews, see Refs. 14 and 15). The FE65 family of cytoplas-
mic multidomain adapter proteins consists of three family members,
FE65, FE65L1, and FE65L2 (for a review, see 15). FE65 colocalizes with
APP in actin-rich lamellipodia in neuronal growth cones (16) and may
link APP to cellular motility (17). Moreover, it may be involved in the
potential transcriptional regulation of the �-secretase-cleaved APP
intracellular domain (18, 19). According to a recently suggested model,
FE65 links APP to the low density lipoprotein receptor-related protein
(LRP), which is a multifunctional cell surface receptor for proteins
involved in lipoprotein metabolism (20) and which modulates APP
processing and A� generation (21, 22). The complex of APP, FE65, and
LRP seems to be required for efficient endocytosis of APP (23–25). In
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contrast, in cells lacking LRP, APP endocytosis was reduced (22). As a
consequence, APP �-cleavage in the endosomes was also reduced, and
APP �-cleavage was increased (21, 22).

In this study we identified APLP1 as a novel activator of APP �-cleav-
age. This activation required the endocyticGYENPTYmotif in the cyto-
plasmic domain of APLP1. Concerning the underlyingmolecularmech-
anism, we show that APLP1 reduces APP endocytosis and that the
increase in APP shedding occurs in an LRP-dependent manner. Thus,
our study provides further evidence for a complex of LRP with APP
which controls APP endocytosis and shedding.

EXPERIMENTAL PROCEDURES

Reagents—The following antibodieswere used: anti-HAepitope anti-
body HA.11 (Covance), anti-FLAG (Sigma), horseradish peroxidase-
conjugated goat anti-mouse secondary antibody (DAKO), anti-insulin
receptor (IR) (BD Transduction Laboratories), anti-EGFR (BD Trans-
duction Laboratories), anti-EEA1 (BD Transduction Laboratories),
horseradish peroxidase-coupled goat anti-mouse (DAKO), horseradish
peroxidase-coupled goat anti-human IgG Fc (Cappel), Alexa 555-cou-
pled secondary anti-rabbit and Alexa 488-coupled secondary anti-
mouse (Molecular Probes). Antibodies 5313 (against APP ectodomain)
and 6687 (against APP C terminus) were described previously (26).
Monoclonal antibodies 1G7, 5A3 (against APP ectodomain) as well as
LRP1704 against the LRP C terminus were described (22). Antibody
192wt specific for the C terminus of APPs� (27) was provided by Dale
Schenk. Antibodies 22C11 (anti-APP ectodomain),W02 (against amino
acids 5–8 of A�) (28), Ab150 (against A�-like domain of APLP1) (10),
Ab57 (against C terminus of APLP1) were provided by Simone Eggert
and Konrad Beyreuther. The specific �-secretase inhibitor DAPT was
provided by Boris Schmidt (University of Darmstadt, Germany).

Plasmid Construction—Generation of vector peak12 expressing
human BACE1 and ADAM10 has been described (29). The cDNA of
human APLP1 in the peak8 expression vector was obtained from a
human brain cDNA library (Edgebio). The human cDNAs of BACE1
(1503-nucleotide open reading frame), APP (2085-nucleotide open
reading frame), APLP1 (1950-nucleotide open reading frame), and
APLP2 (2253-nucleotide open reading frame) tagged with a C-terminal
HA epitope tag were cloned into the expression vector peak12. Like-
wise, human L-selectin (without its signal peptide; starting at nucleotide
154 of the open reading frame) carrying an N-terminal HA epitope tag
and the signal peptide of CD5 was cloned into peak12. Rat dynamin 1
K44A was amplified from plasmid pCB1/dynamin1 K44A (obtained
from Marc Caron) and cloned into the peak12 vector together with a
C-terminal HA tag. Plasmid pRK5-hIR encoding the human insulin
receptor was obtained from Axel Ullrich. Plasmid pcDNA3/EGFR was
obtained from Gordon Gill. The plasmids pCEP4/APLP1, pCEP4/
APLP1�NPTY (carrying an N-terminal myc tag and lacking the cyto-
plasmic GYENPTY amino acid motif) and pCEP4/APLP2 were
obtained from Simone Eggert and Konrad Beyreuther (10). The intra-
cellular domains of human APLP1 (starting with nucleotide A1813 of
the coding region) and TACE (starting with nucleotide G2083 of the
coding region) were amplified by PCR, digested with MluI/NotI, and
ligated into the peak12 expression vector (digested with HindIII/NotI)
together with the sIg7 HindIII/MluI fragment derived from vector
cdm12/sIg7 (obtained from Brian Seed). The resulting plasmids encode
fusion proteins consisting of the human IgG1 constant region as
ectodomain (secreted Ig, sIg), followed by the transmembrane domain
of CD7 and the cytoplasmic domain of the indicated proteins. The
cDNA of TACE was amplified by PCR from an activated T cell library.

The peak12 vectors encoding the C-terminal fragments (CTF) of
APLP1 (ectodomain deletion constructs) consist of the signal peptide of
CD5 followed by anHA epitope tag and the C-terminal 106 amino acids
of APLP1 (starting with residues QYERK). CTF106�cyto has a deletion
of the 42 cytoplasmic amino acids and stops after themembrane anchor
sequence RRKKP. CTF106ER has an ER retention signal of the KKXX-
type added to the C terminus of APLP1 ( . . . EERPGKKQN). Peak12/
GFP-ICD encodes a fusion protein consisting of GFP fused to the N
terminus of the 50 C-terminal amino acids of APLP1 (starting with
LLLRRKKP, corresponding to an �-cleavage-like fragment). Plasmid
peak12/sIg7-APLP1(Y/S) has tyrosine 638 mutated to serine. Plasmid
pcIneo/LRP-CT (C-terminal fragment of LRP) was generated by sub-
cloning the sequence that encodes for theC-terminal 370 amino acids of
the LRP �-subunit together with a signal peptide from the LRP-CT/
pBabehygro vector (22) into the EcoRI and NotI sites of the pcIneo
vector (Promega). Plasmid pcDNA3/FE65-FLAG (C-terminal FLAG
tag) was described previously (24). The identity of all constructs
obtained by PCR was confirmed by DNA sequencing.

Cell Culture, Transfections,Western Blot—Human embryonic kidney
293-EBNA cells (HEK293) cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 10% fetal bovine serum
(Hyclone), 50 units/ml penicillin, and 50 �g/ml streptomycin. Clonal
HEK293 cells expressing AP-APP and Bcl-XL/CrmA were generated
and cultured as described previously (29). Transfections were carried
out using Lipofectamine 2000 (Invitrogen). One day after transfection,
the medium was replaced with fresh medium. After overnight incuba-
tion the conditioned medium and the cell lysate (in 50 mM Tris, pH 7.5,
150mMNaCl, 1%Nonidet P-40) were collected. For APmeasurements,
aliquots of the conditioned medium were treated for 30 min at 65 °C to
heat inactivate the endogenous AP activity. AP activity wasmeasured in
the conditioned medium and the cell lysate as described previously (29)
and corrected for the protein concentration in the cell lysate.
To detect secreted and cellular APP or other cellular proteins, the

protein concentration in the cell lysate was measured, and correspond-
ing aliquots of lysate or conditioned medium were loaded directly onto
an electrophoresis gel.Western blot detection was carried out using the
indicated antibodies. HEK293 cells stably expressing APLP1 and
BACE1 were generated using plasmids peak8/APLP1 and peak12/
BACE1-HA, respectively, using 0.5 �g/ml puromycin (Sigma). LRP-
deficient Chinese hamster ovary (CHO) cell line (13-5-1) and corre-
sponding LRP-expressing CHO K1 control cells (kind gift from Dr. S.
Leppla, National Institutes of Health, Bethesda, MD), were grown in
�-Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (24). CHO cells were transiently transfected with APLP1
and LRP-CT using Lipofectamine 2000.

Inhibition of �-Secretase—HEK293 cells were transiently transfected
with APLP1 or as a control with empty vector. Two days after transfec-
tion the cells were preincubated for 45min in the presence of the inhib-
itor and then incubated for an additional 8 h with fresh medium con-
taining the inhibitor. The specific �-secretase inhibitor DAPT (1 �M)
(30) was dissolved in dimethyl sulfoxide. Control cells were treated with
dimethyl sulfoxide alone. Aliquots of the cell lysate were analyzed by
Western blotting. For the detection of the APLP1 C-terminal fragments
the lysate was immunoprecipitated with antibody Ab57 against the C
terminus of APLP1.

FE65 Coimmunoprecipitation—HEK293 cells were transiently
cotransfected with FE65 and APP, the IR, wild-type andmutant APLP1,
with sIg7-APLP1 constructs or as a control with empty vector. Twodays
after transfection the cells were lysed in 50 mM Tris, pH 7.5, 150 mM

NaCl, 1%Nonidet P-40. After preclearing cell lysates were incubated for

APLP1 Influences APP Shedding

7584 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 11 • MARCH 17, 2006



2 h with a 1:100 diluted anti-FLAG antibody and protein G-Sepharose
or with protein G-Sepharose alone (for precipitation of sIg7-APLP1
constructs). After washing of the beads bound proteins were separated
by electrophoresis and detected by immunoblot analysis with the indi-
cated antibodies.

APP Antibody Uptake Assay—COS cells plated on coverslips were
cotransfected with wild-type APP695 and C-terminally GFP-tagged
APLP1 or GFP as a control. APP endocytosis was determined as
described previously (31). In brief, transfectedCOS cells werewashed in
ice-cold PCM (phosphate-buffered saline supplemented with 1 mM

CaCl2, 0.5 mM MgCl2), and incubated on ice in a 1:200 dilution of anti-
body 5313 in PCM. After 20 min, cells were washed in PCM on ice, and
then PCM was replaced by prewarmed culture medium, and cells were
placed in a 37 °C incubator. After the indicated time points, coverslips
were transferred to 4% paraformaldehyde, 4% sucrose in phosphate-
buffered saline, fixed for 20 min, and processed for standard immuno-
fluorescence using 1:500 dilutedAlexa 555-coupled secondary anti-rab-
bit antibodies or 1:100 diluted EEA1 antibody followed by 1:500 diluted
Alexa 488-coupled secondary anti-mouse antibodies. Fixed cells were
analyzed on a Zeiss Axioskop2 plus microscope equipped with a 63�/
1.25 objective and standard FITC and TRITC fluorescence filter sets.
Images were obtained using a Spot Camera (Zeiss AxioCam HRm) and
the MetaView Imaging software (Universal Imaging Corp.). APP and
EEA1 costainings were analyzed using a Zeiss 510Meta confocal system

equipped with an 100/1.3 objective. Experiments were performed at
least three times andwere carried out under double blind conditions. At
time point 0 min all cells showed cell surface APP staining. At time
points 7 min, 20 min, and 35 min some cells started undergoing endo-
cytosis, whereas other cells had not yet started. Thus, around 100 cells
were scored/cell line and time point. Statistical significance was deter-
mined with Student’s t test.

RESULTS

APLP1 Stimulates the Shedding of APP—For the rapid detection of
APP shedding we used the following reporter cell line. HEK293 cells
were stably transfected with a cDNA expression vector encoding a
fusion protein (AP-APP) consisting of secretory alkaline phosphatase
(AP) upstream from full-length APP (Fig. 1A) (29). The expression level
of AP-APP in this cell line is similar to the expression level of the endog-
enous APP (32). In an expression cloning approach, cDNAs from a
human brain cDNA library were transfected into the AP-APP cell line
and screened for activators of APP shedding. This way we identified the
cDNA of APLP1 as a stimulator of APP shedding. Transfection of
APLP1 into the AP-APP expressing cells resulted in a strong increase in
AP-APP shedding compared with control vector transfected cells (�4-
fold, Fig. 1B). Because APLP1 is a member of the APP gene family com-
prising APP, APLP1, and APLP2, we tested whether APP and APLP2
could also stimulate shedding in the AP-APP reporter cell line. Both
APP and APLP2 stimulated APP shedding, although not as strongly as
APLP1 (Fig. 1B). All three proteins were expressed at similar levels, as
detected by immunoblotting of the cell lysates using an antibody against
their C-terminal HA epitope tag (Fig. 1C). As a control, transfection of
the �-secretase BACE1 strongly increased APP shedding (6-fold; Fig.
1B). Transfection of the �-secretase ADAM10 led to a moderate
increase inAPP shedding (2-fold), which is in agreementwith a previous
publication (29). Next, we tested the effect of APLP1 on APP shedding
in HEK293 cells expressing the endogenous wild-type APP that is not
fused to the AP reporter. To this aim, HEK293 cells were transiently
transfected with APLP1, BACE1, or control vector. Soluble APP gener-
ated by �-secretase (APPs�) or by �-secretase (APPs�) was detected in

FIGURE 1. APLP1 stimulates the shedding of an AP-APP reporter protein. A, sche-
matic drawing of the AP-APP fusion protein. The AP ectodomain was fused to the N
terminus of full-length APP695 lacking its signal peptide. Horizontal bars show the
epitopes recognized by the indicated antibodies. Arrows indicate the proteolytic �-, �-,
and ��-cleavage sites within the APP ectodomain. The ��-cleavage site is an additional
cleavage site of the �-secretase BACE1. M, membrane. B and C, HEK293 cells stably
expressing AP-APP were transiently transfected with plasmids encoding the indicated
cDNAs. AP activity was measured in the conditioned medium relative to the control (Con)
transfected cells (B). Aliquots of the cell lysate were blotted for expression of the trans-
fected APP, APLP1, and APLP2 using an antibody against their C-terminal HA epitope tag
(C, from duplicate transfections). The AP activity represents the mean of two independ-
ent experiments, each one carried out in duplicate.

FIGURE 2. APLP1 stimulates the �-secretase cleavage of the endogenous APP of 293
cells. HEK293 cells were transiently transfected with APLP1, BACE1, or control vector
(Con). Aliquots of the conditioned medium and the cell lysate were loaded directly onto
electrophoresis gels. By immunoblot analysis APP secreted into the conditioned
medium (top panels) or APP in the cell lysate (middle panel) were detected using antibod-
ies W02 (detecting soluble APP cleaved at the �- or ��- site, APPs�, APPs��), 192wt
(detecting the �-cleaved soluble APP, APPs�), or 6687 (binding to the C terminus of
full-length APP), respectively. Antibody 6687 also detects the transfected APLP1. Expres-
sion of APLP1 and BACE1 was detected using an antibody against their C-terminal HA
epitope tag. Shown are representative blots of two independent experiments. The ver-
tical lines on the blots indicate that the samples were loaded on the same gel, but not
directly next to each other.
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the conditioned medium using cleavage site-specific antibodies. Anti-
body 192wt specifically detects APPs� (27), whereas antibody W02
binds to an epitope between the �- and the �-secretase cleavage sites
(28). Therefore, W02 does not detect APPs�, but instead APPs� and
APPs��, which starts at residue Glu-11 of the �� sequence and repre-
sents a minor secondary cleavage site of BACE1 (Fig. 1A). Compared
with control cells W02 detected a strong increase in soluble APP in the
APLP1-expressing cells (Fig. 2). Antibody 192wt detected a mild
decrease in soluble APP, which was not always seen. This reveals that
APLP1 stimulates the �-secretase cleavage of APP, but only has a mild
effect on �-cleavage. As a control, BACE1-expressing cells showed a
strong increase in APPs� secretion detected by antibody 192wt (Fig. 2,
192wt blot). Antibody W02 also detected an increase in soluble APP in
BACE1-transfected cells. This increase wasmuch less pronounced than
the one detected with 192wt and is likely to result from APPs�� gener-
ation, but not from APPs�. Expression of APLP1 and BACE1 did not

alter the total amount of full-lengthAPP in the cell lysate, as determined
using an antibody against the C terminus of APP (Fig. 2). APLP1 and
BACE1 were detected in the cell lysate with an antibody against their
C-terminal HA epitope tag. Similar results were obtained in HEK293
cells stably transfected with BACE1 or APLP1 (data not shown). Inter-
estingly, the APLP1-induced increase in APP shedding was only
observed in HEK293 cells expressing low levels of APP, such as the
endogenous APP (Fig. 2) or the AP-APP (Fig. 1B), which is expressed at
levels similar to the endogenous APP (32). In contrast, in HEK293 cells
stably transfected with APP the increased APP shedding was not seen,
but instead an increased amount of mature APP was visible (data not
shown).

Domain Deletion Analysis of APLP1—To start analyzing the mecha-
nism by which APLP1 increases APP shedding, we carried out a domain
deletion analysis and determined which APLP1 domains were required
for the shedding-inducing effect. APLP1 and the deletion mutants were
transiently transfected into the AP-APP reporter cell line. Mutant con-
struct CTF106 (Fig. 3A) is a C-terminal fragment of APLP1 and roughly
corresponds to the C99 fragment of APP. CTF106 consists of the C-ter-
minal 106 amino acids of APLP1 and thus comprises a short fragment of
the ectodomain, the transmembrane domain and the cytoplasmic
domain of APLP1. CTF106 still increased APP shedding (Fig. 3A),
revealing that most of the ectodomain is not required for the increase in
APP shedding. In contrast, CTF106 lacking the cytoplasmic domain
(CTF106�cyto) had lost its ability to induce APP shedding, revealing an
essential role for the cytoplasmic domain in stimulating APP shedding.
Likewise, transfection of the APP C99 fragment increased APP secre-
tion, but APP C99 lacking its cytoplasmic domain did not (data not
shown). Addition of an ER retention motif to the C terminus of the
APLP1 CTF106 abolished the APP shedding effect (Fig. 3A), demon-
strating that CTF106 needs to be transported out of early cellular secre-
tory compartments to increase APP shedding. Additionally, the cyto-
plasmic domain of APLP1 needs to be membrane-anchored to induce
APP shedding. The cytoplasmic domain of APLP1 had no effect on APP
sheddingwhen fused to the soluble cytoplasmic proteinGFP (GFP-ICD,
Fig. 3A). In contrast, it strongly activated APP shedding when fused to a
chimeric type I membrane protein comprising the human IgG1 con-
stant region as ectodomain, followed by the CD7 transmembrane
domain (sIg7; fusion protein sIg7-APLP1; Fig. 3A). To ensure that the
sIg7 fusion part did not affect APP shedding, an additional protein was

FIGURE 3. Domain deletion analysis of APLP1. The indicated APLP1 mutants were
transiently transfected into AP-APP cells. A, AP activity was measured in the conditioned
medium relative to the control cells and represents the mean � S.D. of two independent
experiments, each one carried out in duplicate. A schematic drawing of the mutants is
given below the AP diagram. The N and C termini of APLP1 are indicated (N, C) as well as
the membrane (M) and the luminal and the cytosolic sides of the membrane. B, aliquots
of the cell lysate were blotted for expression of the transfected constructs using antibod-
ies against APLP1 (Ab57), the N-terminal HA epitope tag (shown in duplicate transfec-
tions), or human IgG1 (hIgG). The CTF106 proteins are visible as a major protein band and
a minor one of a lower molecular mass, which may result from C-terminal truncation of
the protein. The vertical line on the right panel indicates that the two lanes were on the
same gel but not directly next each other. CTF106, C-terminal fragment comprising C-ter-
minal 106 amino acids of APLP1; CTF106�cyto, CTF106 lacking the cytoplasmic domain;
CTF106ER, CTF106 with an ER retention signal; GFP-ICD, fusion protein of GFP and the
intracellular domain of APLP1; sIg7-APLP1/TACE, chimeric type I membrane protein con-
sisting of the human IgG1 constant region as the ectodomain, followed by the trans-
membrane domain of CD7, followed by the intracellular domain of APLP1 or TACE.

FIGURE 4. APLP1-induced APP shedding is independent of �-secretase activity.
HEK293 cells expressing endogenous APP were transiently transfected with control vec-
tor (Con) or APLP1 plasmid and treated for 8 h with dimethyl sulfoxide as a control or with
the specific �-secretase inhibitor DAPT. A, aliquots of the conditioned medium and the
cell lysate were separated by electrophoresis and blotted for soluble APP in the condi-
tioned medium or total APP in the cell lysate using antibody W02. The vertical bar on the
upper panel indicates that the control and the APLP1 samples were on the same gel, but
not directly next to each other. Lanes are numbered below the panels. B, cell lysates were
blotted for C-terminal fragments of APLP1 (APLP1 CTFs), which are visible in the APLP1-
transfected but not in the control transfected cells. The �-secretase inhibitor DAPT
increases the amount of CTFs.
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tested, which carries the cytoplasmic domain of TACE fused to the
same sIg7 transmembrane and ectodomain (sIg7-TACE). This protein
did not affect APP shedding. All deletion mutants and fusion proteins
were expressed in theHEK293 cells as shown by immunoblot analysis in
the cell lysate (Fig. 3B). Taken together, the domain deletion analysis
reveals that theAPLP1-inducedAPP shedding requires theAPLP1 cyto-

plasmic domain to be membrane-anchored and to be present in a late
compartment of the secretory pathway or in the endocytic pathway.

Stimulation of APP Shedding Is Independent of �-Secretase Activity—
Like APP, APLP1 is processed by �-secretase (9, 10, 12), leading to the
release of the cytoplasmic domain, which might translocate to the
nucleus and stimulate the transcription of target genes, potentially

FIGURE 5. The cytoplasmic GYENPTY motif is
required for the APLP1-induced increase in
APP shedding. AP-APP cells were transfected
with the indicated cDNAs. A, AP activity was meas-
ured in the conditioned medium relative to the
control (Con) cells and represents the mean � S.D.
of two independent experiments, each one car-
ried out in duplicate. APLP1�NPTY, APLP1 lacking
the cytoplasmic amino acid motif GYENPTY. B,
experiments carried out as in A. C, cell lysates were
separated and blotted for the indicated cDNAs.
The asterisk denotes the endogenous LRP �. IR fl.,
IR full-length. D, alignment of the NPXY amino acid
motif of APP, APLP1, the IR, and LRP. LRP has two
NPXY motifs denoted with (1) and (2), only LRP (2)
binds FE65. The numbers on the left indicate the
numbers of amino acids between the end of the
transmembrane domain (Tm) and the start of the
NPXY motif. The numbers on the right indicate the
numbers of amino acids C-terminal to the NPXY
motif before the C-terminal end of the protein
(modified after Ref. 7). E, left panel, experiments
carried out as in A. sIg7-APLP1 (Y/S), Tyr-638 is
mutated to Ser. Right panel, cell lysates were sepa-
rated and blotted for the indicated expressed
cDNAs.

FIGURE 6. The cytoplasmic GYENPTY motif is
necessary for binding of APLP1 to FE65. HEK293
cells were transiently cotransfected with FLAG-
tagged FE65 and additionally APP, APLP1,
mutants of APLP1 (APLP1�NPTY, sIg7-APLP1,
sIg7-APLP1(Y/S)), the IR, or as a control (Con)
empty vector. Cell lysates were immunoprecipi-
tated with anti-FLAG antibody (A, B, and D) or with
protein G-Sepharose alone (C, directly binding the
Ig part of the sIg7 proteins). Immunoprecipitated
proteins were analyzed by gel electrophoresis and
immunoblot using the indicated antibodies. For
every immunoprecipitation two immunoblots are
shown, one for the precipitated protein (e.g. FE65
in A) and one for the coprecipitated protein (e.g.
APP in A). The vertical line in the lower blot in A
indicates that the lanes were on the same gel but
not directly next to each other. IP, immunoprecipi-
tation with the indicated antibody. Lysate, to
prove that the transfected cDNAs were expressed,
aliquots of the cell lysate were loaded directly and
analyzed by immunoblot using the indicated anti-
body. sIg7-APLP1 (Y/S), Tyr-638 is mutated to Ser.
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FIGURE 7. APP antibody uptake assay. A, COS cells were transiently transfected with APP. As described under “Experimental Procedures,” cells were incubated on ice with the
polyclonal antibody 5313 against the extracellular domain of APP. After the indicated time periods at 37 °C, cells were fixed, permeabilized and stained with a monoclonal anti-EEA1
antibody followed by fluorescently labeled secondary antibodies. Cells were analyzed by confocal microscopy. Left panels, EEA1-positive compartments are shown in green. Middle
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including genes involved in APP shedding or endocytosis. If this process
is required for the APLP1 effect, an inhibition of �-secretase activity
should reduce the increase in APP shedding observed upon APLP1
transfection. To test this possibility, HEK293 cells were transiently
transfectedwithAPLP1 or control vector and then treatedwith or with-
out the well characterized �-secretase inhibitor DAPT. Endogenous
APP in the cell lysate and in the conditioned medium was detected by
immunoblotting using antibody W02. Transfection of APLP1 stimu-
lated APP shedding (Fig. 4A, lanes 5 and 6) compared with control
transfected cells (lanes 1 and 2), consistent with the effect seen in Fig. 2.
Addition of the �-secretase inhibitor DAPT had no effect on APP shed-
ding, neither in the control nor in the APLP1-transfected cells. Thus,
�-secretase activity is not required for the APLP1-induced increase in
APP shedding. This fits with the experiment in Fig. 3A showing that
expression of the soluble intracellular domain of APLP1, which corre-
sponds to the �-secretase-cleaved APLP1 intracellular domain, had no
effect on APP shedding. To ensure that DAPT was active, the APLP1
C-terminal fragments were immunoprecipitated from the cell lysates
(Fig. 4B). In agreement with a previous publication (10), the �-secretase
inhibitor DAPT increased the amount of APLP1 C-terminal fragments.

APLP1 Requires Its Cytoplasmic GYENPTYMotif for the Induction of
APP Shedding—To dissect further the molecular mechanism by which
the cytoplasmic domain of APLP1 stimulates APP shedding, an addi-
tional APLP1 deletion mutant was tested, which lacks the amino acid
motif GYENPTY in its cytoplasmic domain. This motif belongs to the
NPXY class of endocytic trafficking signals (7). It is conserved in the
APP homologs and is required for the endocytosis of the APP gene
family (33, 34), presumably by providing a binding site for cytoplasmic
adapter proteins that may link APP to the endocytic machinery and the
clathrin-coated pits. Additionally, this sequence binds cytoplasmic
adapter proteins, such as FE65,Dab, andX11,which have been shown to
modulate the proteolytic processing of APP (for a review, see Ref. 15).
Transient transfection into the AP-APP reporter cell line revealed that
APLP1 lacking this motif (APLP1�NPTY) has largely lost its ability to
induce APP shedding compared with full-length wild-type APLP1 (Fig.
5A). A similar result was obtained in a second assay system. In HEK293
cells expressing endogenouswild-typeAPP, APLP1�NPTY caused only
amild increase inAPP shedding comparedwith full-lengthAPLP1 (data
not shown). Together, these experiments show that theAPLP1-induced
increase in APP shedding largely depends on the presence of the
GYENPTYmotif. Similar NPXY endocytosis motifs are found in a small
number of unrelated type I membrane proteins, such asmembers of the
LDL receptor family, the insulin receptor (IR) and the EGF receptor
(EGFR). Thus, we tested whether other proteins containing an NPXY
motif also increasedAPP shedding orwhether this effect was specific for
APLP1 and the APP family members. In contrast to APLP1, transient
transfection of the IR and the EGFR or of LRP-CT had no effect on APP
shedding (Fig. 5B). Likewise, L-selectin, which lacks anNPXY signal and
was used as a negative control, did not alter APP shedding. All proteins
were expressed as analyzed by immunoblotting (Fig. 5C).
The NPXY sequence in APLP1 differs from the corresponding

sequence in the IR and EGFR in that it is two amino acids C-terminal to
a tyrosine (Tyr-682 with respect to APP695 nomenclature, Fig. 5D). A

previous study showed that in addition to the NPXY motif Tyr-682 is
required for efficient endocytosis of APP (34). Thus, we tested whether
Tyr-638 in APLP1 (corresponding to Tyr-682 in APP) is required for
inducing APP shedding. We used the sIg7-APLP1 construct and
replaced Tyr-638with the amino acid serine (sIg7-APLP1 Y/S), which is
found at the corresponding position in the sequence of the IR (Fig. 5D).
Both constructs were transiently transfected into the AP-APP cells. In
contrast to wild-type sIg7-APLP1, which strongly activated APP shed-
ding (Fig. 5E; see also Fig. 3A), the mutant sIg7-APLP1 Y/S carrying the
Y638S mutation had a much weaker effect on APP shedding (Fig. 5E),
revealing the requirement of Tyr-638 for full activation of APP
shedding.
Tyr-682 of APP, in addition to the NPTY motif, is also required for

efficient binding of APP to FE65 (35). Therefore, we tested whether the
APP shedding-inducing effect of APLP1 correlated with its binding to
FE65. Upon transient cotransfection into HEK293 cells, wild-type APP
and APLP1 coimmunoprecipitated as expected with FE65 (Fig. 6,A and
B). APLP1 lacking the GYENPTY motif (APLP1�NPTY) did not inter-
act with FE65 (Fig. 6B), revealing the importance of this motif as the
FE65 binding site of APLP1. Moreover, sIg7-APLP1 coimmunoprecipi-
tated with FE65, whereas sIg7-APLP1 Y/S showed a clear reduction of
interaction with FE65 (Fig. 6C). This shows that, similar to APP, not
only the NPXY motif, but also the first tyrosine within the GYENPTY
motif is necessary for binding to FE65. Neither the insulin receptor (Fig.
6D) nor the EGFR (35) interacted with FE65. Taken together, these
experiments demonstrate that the APLP1-induced APP shedding cor-
relates with the capability of APLP1 to bind to FE65.

APLP1 Inhibits APP Endocytosis—The requirement for the presence
of the endocytic GYENPTYmotif in APLP1 suggests the possibility that
expression of APLP1 interferes with the rate of APP endocytosis, poten-
tially by inhibiting the binding of APP to FE65 or other endocytic pro-
teins. As a result, more APPwould be available for �-secretase cleavage,
which is assumed to occur at or close to the plasma membrane (36).
To test for a possible influence of APLP1 on APP endocytosis, an

immunofluorescence-based APP antibody uptake assay was used, sim-
ilar to those described previously (31, 37). In this assay COS cells were
transiently transfected with APP. Cell surface APP was labeled by incu-
bating cells on icewith an antibody against the ectodomain ofAPP.Cells
were returned to 37 °C for different incubation times (0, 7, 20, and 35
min) and then fixed, permeabilized, and stained with a fluorescently
labeled secondary antibody against the prebound anti-APP antibody. In
this assay, using a confocal microscope, APP showed a typical cell sur-
face staining at 0 min (patchy cell surface staining and bright rim of the
cell, Fig. 7A). As expected, no costaining with the endosomal marker
EEA1 is seen at this time point (Fig. 7A). At 7 min, numerous cells
showedAPP-containing vesicles that are EEA1-positive (Fig. 7A, second
row andmagnified cell in the third row), identifying them as endosomes
and showing that APP endocytosis can be visualized in this assay. As a
control the COS cells were transiently cotransfected with APP and
either GFP as a control or C-terminally GFP-tagged dynamin1 K44A.
This dynamin1mutant is a dominant-negative inhibitor of endocytosis,
including the endocytosis of APP (38). As expected, both the GFP-
transfected control cells as well as the dynamin K44A-transfected cells

panels, Red shows localization of APP. Right panels, merge of EEA1 and APP localization. Colocalization is indicated by yellow areas. 7 min a) and b), different cells are shown from the
7 min time point with 7b) showing a magnification of the cells to visualize colocalization in vesicles. B, COS cells were transiently cotransfected with APP and either GFP as a control
(Con) or the C-terminally GFP-tagged dominant-negative dynamin mutant DynK44A. The antibody uptake assay was carried out as above. Cells were analyzed by standard
fluorescence microscopy at the indicated time points. First and third panels, fluorescence of APP. Second and fourth panels, fluorescence of GFP or APLP1-GFP. Upper panel, At time
point 0 min all cells show patchy cell surface staining. Additionally, the rim of the cells shows bright fluorescence. Lower panel, after 20 min most GFP-expressing cells show APP
endocytosis; DynK44A-GFP expressing cells still show cell surface staining of APP. Note that after 20 min APP cell surface staining is less bright because some cell surface APP has
undergone ectodomain shedding.
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FIGURE 8. APLP1 reduces the rate of APP uptake. COS cells were transiently cotransfected with APP and either GFP as a control or C-terminally GFP tagged APLP1. Cells were
incubated on ice with the primary antibody 5313 against the extracellular domain of APP. After the indicated time periods at 37 °C cells were fixed, permeabilized, and stained with
a fluorescently labeled secondary antibody against the anti-APP antibody. Control (Con) and APLP1-transfected cells were analyzed by standard fluorescence microscopy at four
different time points. A, first and third columns, fluorescence of APP. Second and fourth columns, fluorescence of GFP or APLP1-GFP. Top row, at time point 0 all cells showed patchy cell
surface staining of APP. Second to fourth rows, APLP1-GFP-expressing cells showed reduced levels of APP endocytosis compared with GFP-expressing cells at all time points analyzed.
Arrows point to cells that express APLP1. Arrowheads point to cells from the same transient transfection, which showed APP expression but no detectable APLP1 expression; these
cells showed endocytosis similar to the control cells. Note that at 20 min the cell with the arrow has just started undergoing APP endocytosis (APP-positive vesicles and additionally
remaining APP cell surface staining can be seen) and looks more like a control cell at the earlier time point of 7 min than like the control cells at 20 min. In contrast, the cell with the
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showed APP cell surface staining at time point 0 min (Fig. 7B) using a
standard fluorescence microscope. After 20 min the GFP control cells
showed the typical endosomal APP staining (Fig. 7B), indicating that
APP endocytosis had occurred. In contrast, the dynamin K44A-trans-
fected cells showed noAPP endocytosis at this time point (Fig. 7B, lower
row, arrow). In this transient transfection experiment, some cells
expressed only one of the two transfected constructs. Importantly, cells
that expressed APP but no dynamin K44A clearly showed endosomal
APP staining (Fig. 7B, lower row, arrowhead), similar to the control
transfected cells.
Having validated the APP endocytosis assay, we next tested for a

possible influence of APLP1 onAPP endocytosis. To this aim, COS cells
were transiently cotransfected with APP and either GFP as a control or
C-terminally GFP-tagged APLP1. Using standard fluorescence micros-
copy analysis the transfected cells were identified by their green fluores-
cence (GFP or APLP1-GFP) and scored as either showing endocytosis
(endocytic APP-positive vesicles, Fig. 8A) or not showing endocytosis
(patchy cell surface APP staining and no endocytic vesicles, Fig. 8A).
Because not all cells start endocytosis at the same time, around 100 cells
at every time point were analyzed and scored. Representative pictures
for every time point are shown in Fig. 8A. The statistical analysis in Fig.
8B reveals that APP endocytosis occurred in a time-dependent manner
in both the APLP1 and the control transfected cells. At time point 0min
none of the APLP1 or control transfected cells showed endocytosis (Fig.
8B), as seen with the typical cell surface staining of APP (Fig. 8A). At 7
min, about one-third of the control cells (34%) had endocytosed APP,
whereas this was the case for only 11% of the APLP1-transfected cells,
indicating that APLP1 expression lowered the rate of APP endocytosis.
Importantly, cells that expressed APP but not APLP1-GFP (Fig. 8A,
arrowhead) showednormalAPP endocytosis similar to the control cells.
At 20 min and at 35 min APP endocytosis increased in the control and
the APLP1-transfected cells. At 35 min essentially all control cells dis-
played APP endocytosis. Even most of the APLP1-transfected cells
showed endocytosis at this time point, but to a slightly and significantly
reduced extent (Fig. 8B). This reveals that, unlike dynamin K44A,
APLP1 expression does not completely inhibit APP endocytosis, but
slows down the rate of APP endocytosis, particularly at the early time
point (7 min). As in the dynamin K44A experiment, some cells
expressed only APP, but not the GFP-tagged APLP1 (Fig. 8A, indicated
with arrowheads at 7 and 20 min). Similar to the control transfected
cells, these cells showed endosomal APP staining, whereas at the same
time point the APLP1-expressing cells still showed cell surface APP
staining (at 7 min, arrows) or only started to show APP endocytosis (at
20 min, arrows).

APLP1 Induces APP Shedding in an LRP-dependent Manner—The
rate of APP endocytosis and shedding has been shown to depend on the
presence of the LRP (21, 22), which is assumed to bind to APP through
the adapter protein FE65. In the absence of LRP (knock-out cells) APP
endocytosis is impaired, and shedding by �-secretase is increased, sim-
ilar to what we observed upon expression of APLP1. Thus, we tested
whether APLP1 stimulated APP shedding in an LRP-dependent man-
ner. To this aim, CHO cells expressing endogenous wild-type LRP
(LRP�/�) or CHO cells lacking LRP expression (LRP�/�) were tran-
siently transfectedwithAPLP1, APLP1�NPTY, or empty control vector
(Fig. 9A). Compared with control transfected cells, APLP1 but not
APLP1�NPTY, increased endogenous APP shedding in the wild-type

CHO cells by 	3.5-fold (Fig. 9A), similar to the effect seen in HEK293
cells (Fig. 2). Vector transfected LRP�/� cells showed an increased
APP secretion compared with the LRP�/� wild-type cells (data not
shown), in agreement with previous publications (21, 22, 24). In these
cells, APP secretion has not yet reached its maximum because it can be
further enhanced, for example by phorbol 12-myristate 13-acetate (24).
However, APLP1 did not further increaseAPP secretion in the LRP�/�
cells significantly (Fig. 9A), indicating that in wild-type cells the APLP1-
induced increase in APP shedding might be dependent on the LRP-
mediated uptake of APP. Importantly, the APLP1-induced increase in
APP shedding could be restored in LRP�/� cells that were cotrans-
fected with LRP-CT (Fig. 9B).

DISCUSSION

Ectodomain shedding of APP, and more specifically the �-secretase
cleavage, can be activated by a variety of different proteins and extracel-
lular stimuli (for a review, see Ref. 6). However, the underlying molec-
ular pathways and mechanisms remain little understood. In this study
we identified the APP homolog APLP1 as a novel activator of APP
shedding.We show that expression of APLP1 interferes withAPP endo-
cytosis, thus making more APP available for an increased shedding at
the cell surface. This fits well with previous studies showing that a
reduction of wild-type APP endocytosis increases the amount of APP
shedding (33, 38). Further support for the involvement of endocytosis in
theAPLP1-inducedAPP shedding comes from the results of the domain
deletion analysis of APLP1. As expected for a protein that interferes
with APP endocytosis, the C-terminal fragment of APLP1 induced APP
shedding only when its cytoplasmic domain was membrane-associated
and when it was allowed to exit the endoplasmic reticulum. Another
result that agrees well with the APLP1-induced reduction of APP endo-
cytosis, is the finding that APLP1 strongly activated the �-secretase
cleavage of APP and slightly reduced�-secretase cleavage. The�-secre-
tase is assumed to be active at the cell surface (36), whereas �-cleavage
of wild-type APP occurs after endocytosis in the endosomes. For exam-
ple, APP lacking its cytoplasmic domain including its NPTY internal-
ization motif undergoes much less APP endocytosis and �-secretase
cleavage, but more �-secretase cleavage compared with full-length APP
(33, 34). Likewise, inhibition of general dynamin-dependent endocyto-
sis, including the inhibition ofAPP endocytosis, resulted inmore endog-
enous APP at the cell surface and in an increased shedding, mainly by
�-secretase and to a lower extent by �-secretase (38).

What is the mechanism underlying the APLP1-induced inhibition of
APP endocytosis? APP has been shown to bind to a variety of cytoplas-
mic adapter proteins, such as FE65, X11, Numb, Shc, mDab, JIP, Grb2,
and Abl (for an overview, see Ref. 14), which all seem to compete for the
same binding site at or around the NPTY motif in the cytoplasmic
domain of APP. Among these proteins, FE65, X11, and JIP have been
shown to alter APP trafficking and shedding in cultured cells (see for
example 22, 24, 39–44). FE65 andX11 also affectAPPprocessing in vivo
(45, 46). For the other interactors similar effects have not been reported.
Among the interacting proteins, FE65 and X11 have been studied most
intensively and seem to have opposite effects on APP shedding and
trafficking, with FE65 increasing and X11 decreasing APP shedding.
APLP1 binds to the same cytoplasmic proteins as APP (47–49) andmay
thus reduce binding of APP to FE65, X11, or one of the other cytosolic
interactors. If such a competition for APP binding partners is the basis

arrowhead looks like the control cell at the same time point of 20 min. Representative pictures of three independent experiments are shown. B, around 100 cells expressing GFP or
APLP1-GFP were analyzed at every time point and scored as showing or not showing APP endocytosis. Given are the mean � S.D. of three independent experiments. Counting of cells
was done under double blind conditions. Asterisk indicates a statistically significant difference (p 
 0.05, determined by Student’s t test) between APLP1- and GFP-transfected cells
with regard to the number of cells showing endocytosis.
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for the APLP1-induced phenotype (increase in APP shedding and
reduction of APP endocytosis), then this APLP1 phenotype should be
similar to a loss-of-function phenotype of the corresponding interactor.
Additionally, such an interactor that is bound by APLP1 should affect
APP shedding in an LRP-dependent manner because the APLP1-in-
duced APP shedding phenotype was only observed in LRP-expressing
cells. Among the interactors of APP and APLP1, FE65 is the best candi-
date to be involved in the APLP1 phenotype. The RNA interference-
mediated knock-down of FE65 in mouse embryonic fibroblasts results
in a phenotype that is essentially identical to the APLP1-induced phe-
notype: increase of APP �-shedding in an LRP-dependent manner. A
specific mechanism of how FE65 controls the endocytosis and shedding
of APP, but not of unrelated membrane proteins, has been put forward
by several groups using different experimental approaches (23–25, 50).
According to this model LRP, FE65, and APP form a complex in which
the cytosolic FE65 links the cytoplasmic domains of the type I mem-
brane proteins APP and LRP (Fig. 10A). In fact, similar to the knock-
down of FE65 a knock-out or knock-down of LRP led to increased APP
�-shedding (21, 22, 24) (Fig. 10B).

One essential aspect of the APP�FE65�LRP model has not yet been
tested experimentally. Based on the model we predict that not only a
reduction in LRP or FE65 expression should interfere with complex
formation, but also the increased expression of membrane proteins that
may functionally replace APP in terms of complex formation with FE65
and LRP. Such proteins would compete with APP for the binding to
FE65 and LRP (Fig. 10C), resulting in a pool of APP, which (a) is not
complexed to LRP, (b) is not efficiently endocytosed, and (c) undergoes
increased �-secretase cleavage. In agreement with the prediction of the
model, not only APLP1 but also APLP2 and the C-terminal C99 frag-
ment of APP increased APP shedding. Even APP itself stimulated APP
shedding, whichwas observedwhenwild-typeAPPwas transfected into
AP-APP cells, where the secretion of the AP-tagged APP (expressed at
low levels similar to the endogenous APP (32)) could be clearly sepa-
rated from the secretion of the untagged wild-type APP. Thus, interfer-
ing with APP binding to FE65 and LRP results in a phenotype similar to
that in LRP-deficient cells (Fig. 10C). This model may also explain why

APLP1 did not induce APP shedding in APP-overexpressing cells. In
such cells APP shedding is not only increased, because much more
substrate is available for the secretases, but presumably also because not
all of the transfected APP forms a complex with the limited amounts of
endogenous LRP and FE65. Thus, transfection of APLP1 may not fur-
ther compete with APP for LRP�FE65 complexes and enhance APP
shedding to an extent that can be detected by immunoblot analysis.
In further support of the model, the effect of APLP1 required the

cytoplasmicGYENPTY signal, whichwe identified to be the binding site
of FE65. Moreover, the APLP1-induced APP shedding phenotype was
not observed in LRP-deficient cells, where the complex cannot form,
and APP shedding is already elevated compared with LRP-expressing
control cells (Fig. 10B). In contrast to theAPP gene family, IR, the EGFR,
and a membrane-bound LRP-CT had no effect on APP shedding. All
three proteins contain one or two cytoplasmic NPXY motifs. However,
the IR (this study) and the EGFR (35) do not bind FE65 and thus cannot
compete with APP for complex formation. In contrast, LRP-CT, which
binds FE65 (24), is able to substitute for full-length LRP in the complex,
but not for APP, and thus explains the lack of an effect of LRP-CT on
APP shedding. Taken together, these experiments provide an additional
and essential validation for the model of APP�FE65�LRP complexes in
the control of APP shedding and trafficking.
Interestingly, a homolog of LRP, LRP1B, may form a complex with

APP similar to LRP itself. A recent study showed that LRP1B can also be
coimmunoprecipitated with APP (51), but it remains unclear whether
this interaction is also mediated by FE65. In contrast to LRP, which is
rapidly endocytosed and mediates efficient APP endocytosis, LRP1B is
very slowly endocytosed and reduces APP endocytosis. These experi-
ments reinforce the notion that LRP is an endocytic receptor for APP
and that the rate of LRP or LRP1B endocytosis determines the rate of
APP endocytosis.
As described above APP and APLP1 bind more cytoplasmic interac-

tors than just FE65/LRP. Such additional interactors could potentially
also be involved in the APLP1-induced APP shedding phenotype, but
evidence for this is currently lacking. Besides FE65 there is only one
more interactor, X11, for which detailed effects on APP shedding have

FIGURE 9. Effect of APLP1 on APP shedding depends on the presence of LRP. Wild-type CHO cells expressing LRP (LRP�/�) and LRP-deficient CHO cells (LRP�/�) were transiently
transfected with control vector (Con), with APLP1, APLP1 lacking the cytoplasmic FE65-binding motif (GYENPTY) (A) or the LRP-CT (B). Aliquots of the conditioned medium and the
cell lysates were separated by electrophoresis and blotted for soluble APP in the conditioned medium (antibody 1G75A3) and for LRP (antibody LRP1704) and APLP1 (antibody 57)
expression in the cell lysate. A, lower panel, quantification of three different experiments, each performed in duplicate. Note that APP secretion is only increased after APLP1
transfection in cells expressing LRP (LRP�/�). B, LRP�/� and LRP�/� cells were transiently transfected with control vector or with APLP1. In addition, LRP�/� cells were
cotransfected with APLP1 and LRP-CT. Experiments were performed as described in A. Transfection of LRP-CT into LRP�/� cells rescues the effect of APLP1 expression on APP
shedding.
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been investigated. Both overexpression and knock-down of X11 lead to
an inhibition but not to a stimulation of different aspects of APP proc-
essing (43, 46, 52), which is in contrast to the APLP1-induced shedding
increase, making a specific involvement of X11 unlikely. For most other
APP interactors it is not clear whether and how they influence APP
shedding.
In summary, our study reveals a novel and previously unrecognized

molecular mechanism for APP shedding, namely that proteins, which
substitute for APP in forming complexes with FE65 and LRP, can alter
APP shedding. This mechanism is highly specific to the APP gene fam-
ily. Given that all three proteins of this family can stimulate the shedding
of APP, it seems possible that they can also influence the shedding of
APLP1 and APLP2. This raises the possibility that changes in the indi-
vidual expression levels of the three proteins may influence the shed-
ding of all three family members. In fact, expression levels of APP,
APLP1, and APLP2 are regulated differentially upon physiological and
pathophysiological stimuli in tissue culture and in vivo, such as during
embryonic development, neuronal differentiation, wound repair, and
exposure to the curry spice curcumin, which is currently tested as a
treatment option for Alzheimer disease (53–55). Such conditions and
stimuli may alter endocytosis and secretion of APP and thus may allow
modulating the secretion of the neurotrophic and neuroprotective
APPs� and of the pathogenic A� peptide.
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