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Accumulation of the amyloid  peptide in the cortical and
hippocampal regions of the brain is a major pathological fea-
ture of Alzheimer disease. Amyloid 3 peptide is generated
from the sequential protease cleavage of the amyloid precursor
protein (APP). We reported previously that copper increases
the level of APP at the cell surface. Here we report that copper,
but not iron or zinc, promotes APP trafficking in cultured po-
larized epithelial cells and neuronal cells. In SH-SY5Y neuro-
nal cells and primary cortical neurons, copper promoted a re-
distribution of APP from a perinuclear localization to a wider
distribution, including neurites. Importantly, a change in APP
localization was not attributed to an up-regulation of APP pro-
tein synthesis. Using live cell imaging and endocytosis assays,
we found that copper promotes an increase in cell surface APP
by increasing its exocytosis and reducing its endocytosis, re-
spectively. This study identifies a novel mechanism by which
copper regulates the localization and presumably the function
of APP, which is of major significance for understanding the
role of APP in copper homeostasis and the role of copper in
Alzheimer disease.

The neuropathology of Alzheimer disease (AD)? includes
the accumulation of extracellular plaques containing amyloid
B peptide (A) in the cortical and hippocampal regions of the
brain, intracellular neurofibrillary tangles, and trace metal
dyshomeostasis. The trace metals copper, zinc, and iron are
significantly enriched in the amyloid plaques of AD patients
compared with age-matched subjects (1, 2). Interaction be-
tween A3 and copper or zinc promotes peptide oligomeriza-
tion and aggregation, eventually leading to further amyloid
deposition (3-7). In addition, A is able to catalyze the reduc-
tion of Cu(Il) and Fe(III), generating reactive oxygen species
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that contribute to the oxidative stress observed in the AD
brain (8 —14). Paradoxically, there is evidence of copper defi-
ciency in neighboring cells (15-18), compromising the activ-
ity of copper-dependent enzymes, such as cytochrome c-oxi-
dase and copper/zinc-superoxide dismutase (SOD1), which
are essential for cellular respiration and as antioxidant de-
fense, respectively (19—21). Restoration of copper balance
using ionophores (22), such as clioquionol and PBT-2, has
shown promising results in both animal and human trials
(23-26). A proposed mechanism of action of these drugs is to
bind to extracellular copper and restore intracellular copper
levels, hence correcting copper dyshomeostasis. Importantly,
these ionophores are capable of reducing amyloid load and
attenuate cognitive decline (23-26).

Amyloid precursor protein (APP) is differentially pro-
cessed by the -, B-, and 7y-secretases in two alternative
processing pathways, commonly referred to as the non-
amyloidogenic and amyloidogenic pathways (supplemental
Fig. S1). In the non-amyloidogenic pathway, APP is initially
cleaved by an a-secretase that is predominantly localized
to the plasma membrane (27, 28), generating an N-termi-
nal ectodomain (sAPP«) and a C-terminal fragment, C83
(CTFa). Further cleavage of C83 by y-secretase produces a
small non-toxic peptide, p3, and a cytoplasmic polypeptide
(APP intracellular domain (AICD)). Alternatively, APP un-
dergoes B-cleavage in BACE-1 (B-site APP-cleaving en-
zyme)-enriched endosomes (29), producing an N-terminal
ectodomain (sAPP) and a C-terminal fragment, C99
(CTER). Subsequent cleavage of C99 by y-secretase during
endocytic/recycling steps and the secretory pathway gener-
ates AB and the AICD (30). The a-, B-, and y- secretases
are localized to distinct cellular compartments, and there-
fore, segregation of APP into particular cellular compart-
ments determines the pathway by which it is processed.

Copper has been shown to modulate APP metabolism. An
increase in intracellular copper levels promotes the non-amy-
loidogenic pathway (31, 32). In addition, copper regulates
APP expression, whereby a decrease in intracellular copper
down-regulates APP gene expression (33). Conversely, ele-
vated cellular copper levels result in up-regulation of APP
gene expression (34). Importantly, APP is proposed to partici-
pate in copper homeostasis via a role in the copper efflux
pathway (35, 36). Overexpression of APP in cultured cell and
animal models leads to decreased cellular copper levels (35,
37, 38). We recently reported that copper promotes an in-
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crease in the level of APP at the cell surface in SH-SY5Y hu-
man neuroblastoma cells with a reduction in lipid raft-medi-
ated APP processing (39).

In the current study, we investigated the effect of copper
on APP cellular localization and the dynamics of changes
in its localization. We report that in both neuronal and
non-neuronal cell models, APP traffics from the Golgi to
intracellular compartments and to the cell surface in re-
sponse to increases in intracellular copper but not zinc or
iron. We provide evidence that this is due to an increase in
the rate of APP exocytosis with a concomitant reduction in
its rate of endocytosis.

MATERIALS AND METHODS

Antibodies and Reagents—The following antibodies were
used in this study: GM-130 (BD Transduction Laboratories),
golgin-97 (Invitrogen), CT20 (C-terminal APP antibody;
Calbiochem), B-actin (Sigma), W0-2 (40), and 22C11 (41).
The antibody CT77 was used to detect the copper trans-
porter ATP7A and was a kind gift from Prof. B. Eipper
(Neuroscience and Molecular, Microbial, and Structural
Biology Division, University of Connecticut) (42, 43). The
APP antibodies W0-2, 22C11, and CT20 all recognize full-
length APP. The WO0-2 antibody also specifically recognizes
the human A sequence and sAPPa, whereas the CT20
antibody specifically recognizes residues 751-770 and will
detect C-terminal fragments cleaved by a-, B-, and y-secre-
tases. In contrast, 22C11 recognizes an epitope site within
the N terminus of APP and detects sAPP« and sAPPS
(supplemental Fig. S7). For immunocytochemistry, second-
ary IgG antibodies conjugated to AlexaFluor® 488 or
AlexaFluor® 594 fluorophores (Invitrogen) were used at
1:400 to detect primary antibodies. The nucleus was visual-
ized using DAPI nucleic acid stain (Invitrogen) at a final
concentration of 100 ng/ml. Cycloheximide (50 ug/ml;
Sigma) was used to inhibit protein synthesis.

Cell Culture—Madin-Darby canine kidney (MDCK) cells
(American Type Culture Collection catalog no. CCL-34) were
cultured in BME medium (HyClone) supplemented with 2
mM L-glutamine, 1.2 mm NaHCO,, 20 mM HEPES, and 10%
fetal calf serum (Bovogen, Victoria, Australia). Human neuro-
blastoma SH-SY5Y cells (American Type Culture Collection
catalog no. CRL-2266) were cultured in DMEM (Invitrogen)
containing GLUTAMAX™I (Invitrogen) supplemented
with 10% fetal calf serum. Primary cortical neurons were iso-
lated from embryonic day 14 mouse embryos as described
previously (44). Primary cortical neurons were initially cul-
tured in DMEM with GLUTAMAX ™I (Invitrogen) contain-
ing 7.5% NaHCO,, 5% horse serum, and gentamycin (Invitro-
gen), which was replaced after 2 h with Neurobasal medium
(Invitrogen) containing B27 supplement (Invitrogen), genta-
mycin, and 200 mm GLUTAMAX ™. (Invitrogen) for
growth and maintenance. All cell lines were cultured at 37 °C
and in the presence of 5% CO.,.

Generation of MDCK-APP-cherry Stable Cell Line—The
pcDNA3.1-APP-cherry expression vector was generated by
first subcloning the cherry fluorescent tag (mCherry) at the
BamHI/NotlI site of the pcDNA3.1 vector (Invitrogen). The
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cherry tag was a gift from Professor Roger Tsien (University
of California). The wild type APP695 cDNA (in the
pIRESpuro2 vector), a gift from Robyn Sharples and Assistant
Professor Andrew Hill (Bio21 Institute, Melbourne, Austra-
lia), was subcloned into the pcDNA3.1-cherry vector at the
Nhel/HindlII site, N-terminal of the cherry tag. MDCK cells
cultured in 6-well plates were transfected with 2.4 ug of plas-
mid DNA (pcDNA3.1-APP-cherry) using the Lipofectamine
2000™ reagent (Invitrogen) according to manufacturer’s in-
structions. Cells stably expressing APP-cherry were selected
and maintained with Geneticin (0.5 mg/ml; Invitrogen) 48 h
following transfection. To obtain an enriched population of
APP-cherry-expressing cells, transfected MDCK cells were
selected by flow cytometry. MDCK cells express low levels of
endogenous APP, facilitating investigations using transfected
fluorescent tagged APP.

Copper Treatments—For studies on localization of APP,
cells were incubated in growth medium containing 10% fetal
calf serum in the presence of copper (25-150 um) for 3 h.
The copper chelators used were bathocuproine disulfonate
for Cu(I) and p-penicillamine for Cu(II), both of which were
used at equal concentrations (150 um, or 50 um for overnight
treatment). Primary cortical neurons were incubated with
copper in serum-free Neurobasal medium (Invitrogen), and
therefore lower copper concentrations were used (5-20 um;
3 h). The copper concentrations chosen were based on previ-
ously published data (32, 45, 46) as well as taking into consid-
eration the presence of serum in the growth medium, which
contains copper-binding proteins that reduce the amount of
bioavailable copper, necessitating the use of higher copper
concentrations than in serum-free media (32).

Immunocytochemistry—Cells were grown on 12-mm glass
coverslips or Costar Transwells (Corning Glass). For primary
cortical neurons, coverslips were precoated for at least 2 h
with poly-p-lysine (0.1 mg/ml; Sigma). MDCK cells were cul-
tured on coverslips or Transwells and cultured for ~7 days to
reach polarization prior to treatments and immunocytochem-
istry. Following copper/chelator treatment, cells were fixed
with 4% paraformaldehyde in PBS (pH 7.2; Sigma) and per-
meabilized with 0.1% Triton X-100, and nonspecific sites
were blocked with 1% bovine serum albumin (BSA; Sigma)
overnight. Antibodies used for immunocytochemistry were
used at the following dilutions: GM130 (1:200), golgin-97 (1:
200), W0-2 (1:20), CT20 (1:1,000), ATP7A (1:400). Primary
antibodies were detected using secondary IgG antibodies con-
jugated to AlexaFluor® 488 or AlexaFluor® 594 fluorophores.
Rhodamine phalloidin (Invitrogen) was used at a 1:50 dilu-
tion. Images were taken using an Olympus FV1000 scanning
confocal microscope.

Co-localization Analysis; Pearson’s Correlation Coefficient—
Pearson’s correlation coefficient was used to estimate the level
of co-localization between APP and the Golgi marker GM130.
Pearson’s correlation coefficient (r,) is a statistical analysis of
the relationship between fluorescence intensities. An r,, value
greater than 0.5 indicates a high degree of co-localization,
whereas a value of less than 0.5 indicates low levels of co-lo-
calization (reviewed in Ref. 47). Pearson’s correlation coeffi-
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cient was calculated for 10 cells/treatment (i.e. copper or cop-
per chelator), and the average was calculated.

Western Blot Analysis—Proteins in cell lysates were sepa-
rated by SDS-PAGE using a NuPAGE 4-12% BisTris gel (In-
vitrogen), using the MES running buffer (Invitrogen), fol-
lowed by protein transfer onto Amersham Biosciences™™
Hybond™-ECL 0.2-um membrane (GE Healthcare). Follow-
ing transfer, membranes were boiled in PBS for 45 s and
blocked in 5% skim milk in Tris-buffered saline (TBS). For
protein detection, membranes were incubated with appropri-
ate primary antibodies diluted in TBS containing 0.1% Tween
20 at the following concentrations: W0-2 (1:40) and B-actin
(1:500). Proteins were detected by the use of the correspond-
ing secondary IgG horseradish peroxidase-conjugated anti-
body (DAKO; 1:5,000). Membrane was developed using an
ECL™ Western blotting detection system (GE Healthcare) as
per the manufacturer’s instructions and visualized using the
LAS-3000 Imaging system (Fuji).

Analysis of APP Processing—To analyze the level of secreted
APP processing products, including sAPPq, -3, and A3, con-
ditioned medium was collected. Protein in 400 ul of condi-
tioned medium was precipitated using 5 volumes of ice-cold
10% trichloroacetic acid, as described previously (48). Protein
was pelleted by centrifugation at 10,000 X g for 30 min and
resuspended in 50 ul of sample loading buffer (Novex Tricine
SDS sample buffer, Invitrogen). The level of sAPP« in condi-
tioned medium from three independent experiments was
evaluated by densitometry whereby pixel intensities (arbitrary
units) were quantified using the Multi Gauge software (Fuji)
and normalized relative to total APP detected in the cell
lysate.

Cell Surface Biotinylation—Cell surface biotinylation to
isolate cell surface proteins was performed as described previ-
ously (45, 49). Briefly, SH-SY5Y cells were treated with either
copper (150 uMm) or copper chelators (150 um) for 3 h in the
presence of cycloheximide (50 wg/ml) to inhibit protein syn-
thesis. To label cell surface proteins, cells were incubated with
0.5 mg/ml sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithio-
propionate (Sulfo-NHS-SS-Biotin) for 30 min (Thermo Scien-
tific). Biotinylated proteins were precipitated using streptavi-
din beads (Pierce), eluted, and analyzed by Western blot using
the WO0-2 antibody to detect cell surface APP.

Live Cell Imaging—MDCK-APP-cherry cells were cultured
on 40-mm coverslips in growth medium until confluent and
polarized (approximately 7 days). On the day of the experi-
ment, growth medium was replaced with BME medium
without phenol red supplemented with 2% fetal calf serum.
Coverslips were then mounted onto a “Bioptics” live cell
imaging chamber, and cells were imaged with an Olympus
FV1000 laser-scanning confocal microscope equipped with
a 60X water immersion objective and fitted with a heated
“Bioptics” imaging chamber, perfusion pump, and objective
heater. Cells were initially imaged at 2-min intervals for
~10 min prior to the perfusion of above medium contain-
ing 150 uMm copper. After cells were immersed in copper-
supplemented medium, images were taken at 2-min inter-
vals for ~25 min.
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Densitometry Analysis—The level of APP and APP process-
ing products from three independent experiments was evalu-
ated by densitometry, whereby pixel intensities (arbitrary
units) were quantified using the Multi Gauge software (Fuji)
and normalized relative to total APP detected in the cell
lysate.

Antibody Uptake (Endocytosis) Assays—APP endocytosis
assays have been described previously (50, 51). Briefly, SH-
SY5Y cells plated on coverslips were washed in ice-cold PCM
buffer (phosphate buffered saline supplemented with 1 mm
CaCl,, 0.5 mm MgCl,) and incubated on ice with 22C11 anti-
body (20 ug/ml) in PCM for 20 min. Cells were washed twice
with PCM prior to returning them to prewarmed growth me-
dium supplemented with either copper (150 uMm) or copper
chelators (150 uMm) for either 0, 5, 15, or 30 min in a 37 °C in-
cubator. After these time points, unbound antibody was re-
moved by washing cells twice for 2 min with acidic buffer (100
mM glycine, 20 mM magnesium acetate, 50 mm KCI, pH 2.2),
followed by two washes in ice-cold PBS. Cells were then fixed
with 4% paraformaldehyde in PBS for 15 min and processed
as above for standard immunofluorescence analysis. The
22C11 antibody was detected using the mouse AlexaFluor®
488 (1:400) secondary antibody. Cells were also labeled with
rhodamine phalloidin (Invitrogen) to visualize the F-actin
cytoskeleton and the cell surface.

This experiment was repeated three times. In each experi-
ment, between 40 and 60 cells were scored for undergoing
APP endocytosis. The rate of endocytosis was represented as
the average percentage of cells undergoing endocytosis per
time point and treatment, as described previously (50, 51).
Statistical analysis was carried out using Student’s # test.

RESULTS

Copper-stimulated Relocalization of APP in Cultured Neu-
ronal and Polarized Epithelial Cells—We previously reported
that in the human neuroblastoma SH-SY5Y cell line, an in-
crease in copper concentration stimulated an increase in the
level of APP at the cell surface (39). In the present study, we
further investigated the influence of copper on APP traffick-
ing in both neuronal and polarized epithelial cell models using
confocal fluorescence imaging techniques. Experiments were
carried out in normal growth medium, and the concentration
of copper used was based on our previous studies (32, 45, 46).
Consistent with our previous finding (39), exposure of SH-
SY5Y cells to 150 um CuCl, in serum containing growth me-
dium also resulted in an increase of APP at the cell surface (as
assessed by biotinylation) compared with untreated controls
(supplemental Fig. S2). APP levels at the cell surface from
three independent cell surface biotinylation experiments were
analyzed by densitometry. Here, we report an approximately
2-fold increase in cell surface APP following copper treatment
(n = 3; p = 0.009).

To assess if the influence of copper on cellular localization
of APP was cell line-specific, in addition to SH-SY5Y cells, we
also investigated polarized epithelial cells (MDCK cells) and
mouse primary cortical neurons. We investigated APP cellu-
lar localization in MDCK cells stably expressing wild type
APP695 with a C-terminal cherry fluorescent tag. Our ration-
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ale for using MDCK cells as a representative non-neuronal
cell line was based on these cells having similar mechanisms
for polarized protein sorting to neuronal cells (52), and
MDCK cells have been widely used to study APP cellular lo-
calization and processing (53). Under copper-deficient condi-
tions, APP-cherry demonstrates a perinuclear localization

(i) (ii)

FIGURE 1. APP-cherry traffics in response to copper in polarized epithe-
lial cells. MDCK cells stably expressing APP with a C-terminal fluorescent
tag (“cherry”) were incubated with copper chelators (bathocuproine disul-
fonate and p-penicillamine (150 uwm; i) or increasing levels of copper (50,
150, or 200 um; ii—iv) for 3 h. At this time interval and at copper concentra-
tions of 150 um and above, APP-cherry redistributes from a perinuclear lo-
calization to a wider distribution throughout the cell as detected by imag-
ing using confocal microscopy. The nucleus was visualized by using DAPI
stain. Scale bar, 5 pm.
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(Fig. 1). However, exposure to 150 um copper or greater led to
a dispersed localization of APP-cherry throughout the cyto-
plasm (Fig. 1). APP-cherry also redistributed at lower copper
concentrations (25 uMm) after a longer period of incubation (12
h) (supplemental Fig. S3). This is consistent with lower rates
of copper uptake at lower extracellular copper concentrations.

In MDCK-APP-cherry cells, a proportion of APP-cherry
was observed to co-localize with EEA1-positive endosomal
compartments. This co-localization increased in the presence
of elevated copper (Fig. 2). Notably, this redistribution of APP
was specific to copper, and cells incubated in the presence of
iron or zinc did not elicit a detectable change in APP localiza-
tion (supplemental Fig. S4).

To ensure that the observed copper-responsive change in
APP-cherry localization was specific to APP, we used the
monoclonal antibody W0-2 to immunolabel APP. There was
strong co-localization of APP-cherry with W0-2 under the
differential copper conditions tested in this study (supple-
mental Fig. S5).

Copper-responsive APP Trafficking Is Not Due to Up-regula-
tion of APP Expression—Elevated cellular copper levels up-
regulate the transcription of the APP gene (32—34). To deter-
mine whether copper-responsive trafficking of APP was due
to up-regulation of copper-mediated APP expression within
the time frame of these experiments, we evaluated APP pro-
tein levels under differential copper conditions in SH-SY5Y
cells by Western blot analysis (supplemental Fig. S6A). Results
indicated that copper-induced APP trafficking was not a con-
sequence of copper-mediated up-regulation of APP protein
synthesis. Furthermore, we showed that in the presence of the
protein synthesis inhibitor, cycloheximide (50 ng/ml), cop-
per-responsive redistribution of APP was comparable with
that observed in the absence of cycloheximide (supplemental
Fig. S6B).

APP-cherry
-Cu

+Cu
(150uM)
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FIGURE 2. The co-localization of APP and early endosomal marker EEA1 increases following copper treatment. MDCK-APP-cherry were incubated
with either copper chelators (—Cu; bathocuproine disulfonate and p-penicillamine) or copper (+Cu; 150 um), followed by immunolabeling with the W0-2
and EEA1 antibodies to detect APP and early endosomes, respectively. Under copper-deficient conditions (—Cu; top), APP shows a partial co-localization
with EEAT, which increases following treatment with copper (+Cu; bottom). The nucleus was visualized by using DAPI stain. Scale bar, 5 um.
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DAPI

GM130
A

Copper Increases APP Localization to Neurites in Neuronal
Cell Models—To investigate the effect of copper on APP in-
tracellular distribution in neuronal cells, we evaluated copper-
mediated APP trafficking in two neuronal cell models, SH-
SY5Y (an established neuronal cell line) and mouse primary
cortical neuronal cells, which express relatively high levels of
endogenous APP. The APP antibodies used to detect APP
include W0-2 (40), 22C11 (41), and CT20 (54) (see supple-
mental Fig. S7 for a schematic diagram of the epitope sites).
These antibodies have different epitope sites and thus were
used to detect the various APP processing products. In SH-
SY5Y cells, under copper-deficient conditions, there was a
high degree of colocalization of APP with Golgi markers
GM130 (Fig. 34) and golgin-97 (data not shown), which was
consistent with previous published reports (55-58). Following
exposure to elevated copper (150 uM, 3 h), APP redistributed
throughout the cell, including in neurites (Fig. 3B). This was
accompanied by a decrease in the level of co-localization be-
tween APP and GM130 (Fig. 3B). The degree of APP co-local-
ization with GM130 was expressed as Pearson’s correlation
coefficient (r,) at the Golgi network. Under copper-deficient
conditions, we found an average Pearson’s correlation coeffi-
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FIGURE 3. APP exits the Golgi in response to elevated intracellular copper in SH-SY5Y cells. SH-SY5Y cells were treated with copper chelators (bathocu-
proine disulfonate and p-penicillamine; 150 um) (A) or copper (150 um) (B) for 3 h. Following fixation steps, cells were immunolabeled with antibodies
against APP (W0-2) and GM130, a cis-Golgi marker. The degree of co-localization between GM130 and APP was analyzed using Pearson’s correlation
coefficient (r,). Under copper-deficient conditions, the average Pearson’s correlation coefficient was calculated to be 0.733 (S.D. = 0.0321) in comparison
with 0.564 (S.D. = 0.111) following copper treatment. DAPI stain (left panels) was used to visualize the nucleus. The white arrows indicate the localization of
APP following chelator or copper incubation. Scale bar, 10 um.

cient of 0.733 (S.D. = 0.0321), indicative of a relatively high
degree of colocalization, which decreased to an average of
0.564 (S.D. = 0.111) following copper treatment, indicating
redistribution of APP out of the Golgi compartment. The de-
crease in r,, value following copper treatment was statistically
significant (p = 0.0001). We also found similar degrees of co-
localization between APP and the Golgi marker golgin-97
following copper and copper chelator treatment (data not
shown). It should be noted that copper did not compromise
the integrity of the Golgi network, which was evident by the
expected localization of the Golgi markers GM130 and gol-
gin-97. This strongly suggested that copper altered the local-
ization of APP rather than affecting Golgi integrity.

We previously discovered copper-responsive trafficking of
ATP7A, an essential copper-transporting P-type ATPase,
from the Golgi to the plasma membrane to mediate cellular
copper export (45, 49, 59). To determine whether copper-
responsive trafficking of APP utilizes an exocytic pathway
similar to that of ATP7A, we compared the cellular localiza-
tion of APP and ATP7A under differential copper conditions.
In the presence of copper chelators, endogenous APP and
ATP7A partially co-localized primarily to the Golgi (Fig. 44).
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ATP7A Merge

Following copper treatment, both APP and ATP7A demon-
strated a wider distribution throughout the cytoplasm (Fig.
4B). However, there was no observable co-localization be-
tween APP and ATP7A, suggesting that these proteins traffic
via different exocytic pathways.

Similar to SH-SY5Y cells, endogenous APP in primary
cortical neurons exhibited copper-responsive relocaliza-
tion. Primary cortical neurons used in these experiments
were incubated in defined neurobasal medium without se-
rum. Due to the absence of copper-binding proteins pres-
ent in serum, which reduce “available copper” for cells,
lower copper concentrations were used (46). Primary corti-
cal neurons were exposed to a range of copper concentra-
tions (5—-20 uM) for 3 h. At copper concentrations of 5 um
and greater, there was a change in the cellular localization
of APP from a predominantly perinuclear localization to a
wider distribution, specifically toward neurites (Fig. 5A4).
As expected, ATP7A also showed a copper-responsive re-
distribution (Fig. 5B).

No Detectable Processing of Endogenous APP in SH-SY5Y
Cells after Exposure to Copper—Changes in the cellular local-
ization of APP have been reported to influence APP process-
ing (reviewed in Ref. 60). Borchardt et al. (31) reported an
increase in non-amyloidogenic processing, which was evident
by an increase in sAPPa and reduced AR production fol-
lowing copper treatment. To investigate whether copper-
responsive APP trafficking was associated with changes in
APP processing, we evaluated the level of APP proteolytic
products, including sAPPa/B, CT fragments, and AS in

pCEEY S
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FIGURE 4. APP and the copper transporter, ATP7A, exhibit copper-responsive trafficking in SH-SY5Y. SH-SY5Y cells were treated with 150 um copper
chelators (A) or 150 um copper (B) as described previously. Cells were immunolabeled to detect APP and ATP7A using WO0-2 and CT77 antibodies, respec-
tively. DAPI stain (left panels) was used to visualize the nucleus. Under copper-deficient conditions, both APP and ATP7A show perinuclear localization. APP
and ATP7A redistribute following copper treatment to differential subcellular compartments. The white arrows indicate the localization of APP or ATP7A
following chelator or copper incubation. Scale bar, 10 um.

SH-SY5Y cells. Under the conditions used for trafficking
experiments (i.e. 150 um copper/copper chelators; 3 h), we
did not observe a statistically significant change in the level
of sSAPPa between treatments (n = 3, p = 0.517; Fig. 6).
Similarly, no change in SAPPf3 was detected (n = 3, p =
0.152). C-terminal products and Af levels were below de-
tection limits. This result suggests that exposure to copper
for a short period of time (3 h) promotes full-length APP
trafficking without detectable changes in the processing of
the endogenous protein.

Copper Promotes APP Exocytosis—To investigate the basis
of copper-responsive APP relocalization, we studied the dy-
namics of APP trafficking, following the addition of copper,
by live cell imaging using the MDCK cell line stably express-
ing APP-cherry in a background of low endogenous APP ex-
pression in MDCK cells, thus facilitating such analyses.
Within 10 min of copper stimulation, we observed a rapid
redistribution of APP-cherry away from the Golgi, which ex-
hibited a punctate intracellular distribution (Fig. 7 and sup-
plemental Fig. S8, movie). This result further supported our
immunofluorescence data that copper promotes the exocyto-
sis of APP from the Golgi.

The Rate of APP Endocytosis Is Reduced following Copper
Treatment—To investigate whether the copper-mediated cell
surface retention of APP was due to a reduced rate of APP
endocytosis, we studied the rate of APP endocytosis using an
antibody uptake assay in SH-SY5Y cells (50, 51). APP at the
cell surface was labeled with the 22C11 antibody (which de-
tects an epitope in the extracellular N-terminal domain of
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FIGURE 5. APP and ATP7A exhibit copper-responsive trafficking in primary cortical neurons. A, primary cortical neurons isolated from embryonic day
14 embryos were exposed to either copper chelators (i) or increasing levels of copper (5, 10, and 20 uwm; ii-iv) for 3 h in neurobasal medium (described under
“Materials and Methods"). Cells were immunolabeled for APP using the CT20 antibody. Upon the addition of 5 um copper and above, APP relocalizes from a
predominant perinuclear location to neurites, as indicated by the white arrows. B, similarly, in the presence of copper chelators (i), ATP7A demonstrates a
perinuclear localization and redistributes to neurites upon the addition of copper (ii; 10 um). Scale bar, 10 um.
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FIGURE 6. Copper does not affect the levels of sSAPP« and sAPPf3 in
conditioned medium. A, SH-SY5Y cells were incubated with either cop-
per chelators (—Cu; 150 um) or copper (+Cu; 150 um). The 22C11 anti-
body was used to detect full-length APP in cell lysates and the proteo-
lytic product sAPPa/sAPP in the growth medium. The arrows indicate
bands corresponding to sAPP«a and sAPPB in conditioned medium.
B-Actin was used as a loading control. B, the level of sSAPPa and sAPP3
following copper chelator or copper treatment was analyzed by densi-
tometry. There was no statistically significant difference between the
levels of sSAPPa/B and chelator/copper treatment (n = 3, p > 0.1). /B,
immunoblot. Error bars, S.D.
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APP) prior to exposing cells to growth medium containing
either copper (150 um) or copper chelators (150 um) for vari-
ous times. Internalized 22C11 was detected by immunolabel-
ing with Alexa-Fluor 488 mouse secondary antibody (Fig. 84).
To visualize the cell surface, cells were co-labeled with rhoda-
mine phalloidin, a fluorescent probe that labels filamentous
actin (Fig. 84, bottom panels). At t = 0, there was no detect-
able level of intracellular 22C11-labeled APP. In the absence of
copper at £ = 15 min, an average of 62% of cells had internal-
ized 22C11-labeled APP from the cell surface, compared with
an average of 28% of cells incubated with copper (Fig. 8, A and
B). Moreover, at t = 30 min, only an average of 37% of cells
exposed to copper showed APP endocytosis compared with
an average of 66% of cells incubated with copper chelators.
Our results were consistent with previous studies (not involv-
ing changes in copper levels) that reported a time-dependent
internalization of APP, with approximately one-third (34%) of
cells undergoing APP endocytosis at 7 min (61). Moreover,
our data indicated that elevated copper significantly reduced
the rate of APP endocytosis. Therefore, elevated copper leads
to an increase of APP at the cell surface by both promoting its
exocytosis from the Golgi and by reducing its rate of
endocytosis.

DISCUSSION

In this study, we discovered a novel process whereby
changes in copper concentration promote a redistribution of
APP from a perinuclear localization to a dispersed cytoplas-
mic and plasma membrane distribution in cultured neuronal
(both primary and established) and polarized epithelial cell
models. Using immunofluorescence and live cell imaging

VOLUME 286+NUMBER 10-MARCH 11, 2011
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FIGURE 7. Real-time imaging of copper-stimulated APP trafficking. MDCK-APP-cherry cells cultured on 40-mm coverslips were incubated in BME
medium without phenol red supplemented with 2% fetal calf serum (described under “Materials and Methods”) and the above medium supple-
mented with copper (150 uMm). Images were captured under basal conditions (00:00) and following the addition of copper at 2-min intervals for ~25
min using an Olympus FV1000 laser-scanning confocal microscope (see supplemental Fig. S8). Panels represent a series of images acquired at five
different time points following the addition of copper. Numbers at the top left-hand corner indicate the minutes and seconds (min:s) following the

addition of copper. Scale bar, 5 um.

methods, we found that an elevation in cellular copper levels
promotes the exit of APP from the Golgi to a wider distribu-
tion throughout the cytoplasm and to the plasma membrane.
In MDCK-APP-cherry cells, copper promotes an increase in
APP-cherry localization to EEA1-positive endosomal com-
partments. In SH-SY5Y cells, endogenous APP showed a par-
tial co-localization with the Golgi marker GM130, which
decreased following copper treatment. In addition, APP ex-
hibited an approximately 2-fold increase at the cell surface in
response to copper compared with treatment with copper
chelators, which is consistent with our previous finding (39)
(see also supplemental Fig. S2). Our data suggest that this in-
crease in cell surface APP is the result of a concomitant in-
crease in exocytosis and reduction in endocytosis. Impor-
tantly, the observed copper-responsive trafficking was
independent of copper-mediated increases in APP protein
synthesis.

Copper-induced APP exocytosis and reduced endocytosis is
reminiscent of insulin-stimulated trafficking of the glucose
transporter GLUT4. GLUT4 exhibits continuous recycling
between the PM and several intracellular compartments, with
only a small proportion (~5%) of total GLUT4 protein local-
ized to the PM in the basal state (reviewed in Ref. 62). Stimu-
lation with insulin leads to both a marked increase in GLUT4
exocytosis and a small decrease in endocytosis so that 50% of
GLUT4 protein relocalizes to the cell surface, resulting in in-
creased glucose uptake (63— 65). Similarly, under steady state
conditions, only a small proportion (~10%) of APP is present
at the PM (reviewed in Ref. 66). In this study, we show that,
similar to insulin-stimulated GLUT4 trafficking properties,
copper-responsive cell surface relocalization of APP results
from a concomitant increase in exocytosis and reduced endo-
cytosis. This relates to a potential role for APP in the copper
efflux pathway (32, 33, 38).

pCEEY S

MARCH 11,2011 +VOLUME 286+NUMBER 10

We previously reported increased copper efflux following
the copper-responsive trafficking of ATP7A from the Golgi
network to the PM (42, 67). An increase in APP at the PM
may be influencing copper efflux as occurs for the copper
transporter ATP7A when at the PM or in rapid recycling
compartments proximal to the PM (49). Copper-responsive
trafficking of APP is therefore consistent with a role for APP
in copper efflux pathways (38). Indeed, various studies have
reported an interdependent relationship between APP expres-
sion and copper levels, implicating an important role for APP
in copper homeostasis. For instance, overexpression of APP in
primary cortical neurons resulted in decreased intracellular
copper levels (38). Increases in APP at the PM may also lead
to modulation of signaling processes mediated by APP
(68-70).

It has been reported that exposure to copper decreases
ApBlevels (31, 32, 39, 71, 72). Under conditions used in this
study, we did not observe any detectable changes in APP
processing. This could be explained by different expression
levels of APP in cell models used in different studies. Previ-
ous studies used cell models of AD where WT APP or the
familial AD mutant, APPsw (APP K670N/M671L), were
overexpressed (31, 32, 39, 71, 72). Overexpression of
APPsw promotes its processing by the amyloidogenic path-
way, thus generating more AB. Consistent with our find-
ing, a previous study using parental SH-SY5Y cells also re-
ported no change in APP C-terminal fragments when cells
were exposed to copper (32). There was a 30% increase in
A levels in the case of cells overexpressing APP when de-
prived of copper (32). Overexpression of APP has been re-
ported to stimulate basal and constitutive exocytosis in
PC12 cells (73). Hence, studies utilizing cells expressing
endogenous levels of APP, as in the current study involving
neuronal cells, are likely to be more informative in investi-
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FIGURE 8. Increase in copper leads to a reduction in the rate of APP internalization from the cell surface. Antibody uptake assays were performed to
investigate the rate of APP endocytosis. A, SH-SY5Y cells were incubated with 22C11 (anti-APP ectodomain) for 20 min on ice to label APP at the cell surface.
Cells were returned to growth medium containing either copper chelators (—Cu) or copper (+Cu) for various times (5, 15, and 30 min). SH-SY5Y cells were
washed, fixed, and processed for immunofluorescence analysis, whereby internalized antibody-APP conjugate was visualized using Alexa Fluor 488 anti-
mouse secondary antibody. The bottom image in each panel corresponds to actin staining with rhodamine phalloidin used to visualize the cell membrane.
Scale bar, 10 um. White arrows indicate internalized APP. B, to quantify APP endocytosis, the percentage of cells that demonstrated APP endocytosis was
scored per treatment and time point. Values are mean = S.E. (error bars) (n = 3; 40-60 cells were analyzed per experiment/treatment). Statistical analysis
was calculated using Student’s t test.

gating factors that modulate normal APP function. Our function(s) affected by copper-responsive APP relocalization.
data show that copper promotes a redistribution of APP We recently reported that copper-responsive ATP7A trafficking
without any detectable change in processing, suggesting is regulated by kinase phosphorylation of specific serine residues
copper-responsive trafficking of full-length APP. in ATP7A, implicating a signal transduction pathway(s) (46).

In summary, we provide evidence for a novel process whereby  Similarly, copper activation of the phosphoinositol 3-kinase
copper regulates APP localization and presumably its function. pathway (71, 72, 74) can result in altered glycogen synthase ki-

Future investigations will focus on identifying the physiological nase-3-mediated phosphorylation of APP, which may then
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modulate its trafficking. Investigating the complex relationship
between copper and APP function will be of considerable impor-
tance in understanding copper dyshomeostasis underlying the
pathophysiology of Alzheimer disease.
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