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caused a decreased localization of APP to the Golgi and 
at the plasma membrane, whereas the levels in the ER and 
in endosomes were increased. Furthermore, we observed 
via live cell imaging and biochemical analyses that APP 
dimerization affects its interaction with LRP1 and SorLA, 
suggesting that APP dimerization modulates its interplay 
with sorting molecules and in turn its localization and pro-
cessing. Thus, pharmacological approaches targeting APP 
oligomerization properties might open novel strategies for 
treatment of AD.

Keywords  APP dimerization · APP processing · APP 
trafficking · APP transport · Alzheimer’s disease

Introduction

The amyloid precursor protein (APP) is a key player in Alz-
heimer’s disease (AD) since sequential cleavages by the 

Abstract  Proteolytic cleavage of the amyloid precursor 
protein (APP) by α-, β- and γ-secretases is a determining 
factor in Alzheimer’s disease (AD). Imbalances in the activ-
ity of all three enzymes can result in alterations towards 
pathogenic Aβ production. Proteolysis of APP is strongly 
linked to its subcellular localization as the secretases 
involved are distributed in different cellular compartments. 
APP has been shown to dimerize in cis-orientation, affecting 
Aβ production. This might be explained by different sub-
strate properties defined by the APP oligomerization state 
or alternatively by altered APP monomer/dimer localiza-
tion. We investigated the latter hypothesis using two differ-
ent APP dimerization systems in HeLa cells. Dimerization 
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enzymes β- and γ-secretases lead to the formation of the 
Aβ peptide, which accumulates in brains of AD patients 
[1]. APP is first cleaved by sheddases like α-secretase 
(ADAM10) [2] or β-secretase (BACE1) [3], leading to the 
release of the large ectodomain (sAPPα/sAPPβ) and the 
corresponding membrane-anchored C-terminal fragment 
(α-CTF/β-CTF) [4]. Those α- and β-CTFs can be further 
cleaved by γ-secretase [5] to release the soluble peptides 
p3 or Aβ, respectively, and the APP intracellular domain 
(AICD) [6, 7].

APP, a type I transmembrane protein [8], is co-transla-
tionally inserted into the ER and then transported through 
the secretory pathway via the trans-Golgi network (TGN) 
to the cell surface [9, 10]. APP gets internalized within min-
utes via clathrin-mediated endocytosis due to its “YENPTY” 
internalization motif presumably via the AP2 adaptor com-
plex [11]. Following endocytosis, APP is delivered to early 
endosomes and can then be sorted in three different ways: 
(I) a fraction of APP recycles back to the cell surface [12, 
13], (II) other APP molecules are transported retrogradely 
from endosomes back to the TGN in a retromer-mediated 
pathway [14], and (III), some APP molecules are trafficked 
to late endosomes which fuse to lysosomes where APP is 
degraded [15].

Processing by secretases occurs in different cellular 
compartments [9, 13]. APP is preferentially cleaved by 
α-secretase at the plasma membrane (PM) [16, 17]. In 
contrast, BACE1 cleavage of APP predominantly occurs 
in endosomes [3, 18]. After shedding by α- or β-secretase, 
γ-secretase cleavage takes place at the PM or in the endo-
somal/lysosomal system [19–21]. Thus, the subcellular 
localization of APP and the time spent in different cellu-
lar compartments directly affect its processing. Therefore, 
investigations on factors, which influence APP transport, are 
pivotal for the understanding of Aβ generation in AD.

Several studies have shown that APP can form lateral 
homo-dimers (cis-orientation), with the E1 domain of APP 
being the major dimerization interface [22, 23]. Further, 
APP cis-dimerization affects Aβ production [24–26], lead-
ing to the assumption that cis-dimerization might influence 
its transport and in turn its processing. It was shown that 
APP dimerization is initiated in the ER [27]. Using a BiFC 
(bimolecular fluorescence complementation) approach, it 
was reported that APP dimer formation occurs in differ-
ent intracellular compartments, including ER, Golgi and/
or endosomal structures [27, 28]. Furthermore, it has been 
demonstrated via a crosslinking approach that APP can form 
homo-dimers at the cell surface [22]. However, a detailed 
quantitative determination of APP localization in depend-
ence of its dimerization state has not been performed yet.

Based on our previous studies [24], documenting an 
impact of APP dimerization on its processing, we provide 
here a detailed quantitative analysis of monomeric and 

dimeric APP subcellular localization using two independ-
ent inducible dimerization approaches. These data revealed 
that APP dimerization leads to an accumulation in the ER 
and in endosomes while it causes a decrease in the cis-Golgi. 
Further, we provide evidence that those changes might be 
caused by an altered interaction of APP dimers with LRP1 
and SorLA.

Materials and methods

Plasmids

Generation of plasmids hAPP F1 pcDNA3.1+, hAPP 
F2 pcDNA3.1+, HA hAPP695 (L17C) pcDNA3.1+, 
HA hAPP695 (K28C) pcDNA3.1+ [24], HA hAPP695 
pcDNA3.1+, myc hAPP695 pcDNA3.1+ [22], hSortilin 
WT pcDNA3.1− (zeo) [29], hSorLA WT pcDNA3.1+ 
(zeo) [29], hSorLA RFP pcDNA3.1+ (zeo) [30], hSorCS1cα 
Venus pcDNA3.1+ (zeo) [31], and myc hLRP1 CT 
(Domain IV) pLBCX [32] as well as myc hAPP695 (L17C) 
pcDNA3.1+ and HA hAPP695 (K28C) pcDNA3.1+ [24] 
has been described before. The plasmid pI-mRFP-KDEL 
pEGFP-C1 was a kind gift of Dr. Bruce Snapp [33]. For the 
cell surface marker IL2 td tomato, the cytoplasmic domain 
of the IL-2 receptor was replaced by td tomato [31].

N-terminally HA-tagged hAPP F1 in vector pC4 F1 
(Clontech, Saint-Germain-en-Laye France) was generated as 
follows: HA APP695 pcDNA3.1+ was digested EcoRI–XhoI 
to obtain a 1037 bp fragment (fragment 1) including the 
N-terminal ORF of APP695. The C-terminal part of the APP 
ORF was generated via PCR with sense primer 5′ CGA​GTT​
CCT​ACA​ACA​GCA​GCC 3′ starting before the APP internal 
XhoI site and antisense primer 5′ GCG​GTG​TCT​AGA​GTT​
CTG​CAT​CTG​CTC 3′ carrying an XbaI site. The PCR frag-
ment was digested with XhoI and XbaI (fragment 2) and 
ligated together with fragment 1 in linearized Vector pC4F1 
(Clontech, Saint-Germain-en-Laye France) (EcoRI/XbaI). 
The resulting plasmid encoding N-terminally HA-tagged 
APP F1 was validated by bi-directed sequencing.

Cell lines, transfections, and cell culture

N2a cells were maintained in culture media (MEM sup-
planted with 10% fetal bovine serum, 1% l-glutamine, 1% 
non-essential amino acids, 1% sodium pyruvate and 1% 
penicillin/streptomycin). N2a cells were not further differ-
entiated with retinoic acid.

HeLa Kyoto cells were maintained in culture media 
(Dulbecco’s modified Eagle’s medium supplemented with 
10% fetal bovine serum, 1% l-glutamine, and 1% penicillin/
streptomycin).
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For immunocytochemistry, HeLa cells were plated on 
glass coverslips in 24-well plates (Greiner, Frickenhausen, 
Germany) and transfected via the CaPO4 method the follow-
ing way: the culture media was replaced with fresh media 
30 min to 1 h before transfection. 1 μg of DNA (2 × 0.5 μg 
for double transfection), 87 μl of Tris–HCl, pH 7.5, 12.4 μl 
of CaCl2 were mixed and added under aeration to 100 μl 2× 
HBS (280 mM NaCl, 1.5 mM Na2HPO4, 50 mM HEPES, 
pH 7.12–7.13). The resulting solution was pipetted to one 
well of a 24-well plate and incubated at 37 °C, 5% CO2 for 
3 h. A glycerol shock was performed for 2 min and the cells 
were subsequently washed and maintained in culture media 
overnight.

The dimerizer, AP20187 (B/B) (Clontech, Saint-Ger-
main-en-Laye France), was added 18 h post-transfection for 
1 h. For western blot analysis, HeLa cells were transfected 
with jetPRIME (Polyplus, Illkirch, France) according to the 
manufacturer’s instructions.

Primary cortical neurons were prepared using E14 
embryos from C57BL/6J mice as described before [34]. The 
neurons were resuspended in DB1 medium [DMEM with 
10% FBS, 0.79% d-glucose and 1× GlutaMAX (Thermo 
Fisher Scientific)] and subsequently plated on poly-l-lysine 
(Sigma-Aldrich)-coated fluorodishes (FD35-100, WPI Inc., 
Sarasota (USA)) at a density of 6 × 105/cm2. After 6 h, DB1 
media was changed and the neurons were cultivated in neu-
robasal medium supplemented with B27 and GlutaMAX 
(Thermo Fisher Scientific).

For live cell imaging analyses, primary cortical neurons 
were transiently transfected at DIV6 using calcium phos-
phate transfection [35].

Animals

C57BL/6J mice (E14) were used for generation of primary 
cortical neuron cultures. The sex of the species used is of 
either sex. Treatment of mice was in accordance with the 
German law for conducting animal experiments and fol-
lowed the NIH guide for the care and use of laboratory 
animals. Animal housing, breeding, and euthanasia were 
approved by the German administration. All experimental 
protocols were carried out in accordance with the Euro-
pean Communities Council Directive of 24 November 1986 
(86/609/EEC).

Antibodies

Primary mouse monoclonal antibodies included anti-HA 
antibody (000000011867431001, 3F10, Roche, Rotkreuz, 
Switzerland), anti-c-myc antibody (9E10) (Ab32, Abcam, 
Cambridge, UK), anti-GM130 antibody (610823, BD 
Biosciences, Heidelberg, Germany), anti-EEA1 (early 
endosomal antigen 1) antibody (610457, BD Biosciences, 

Heidelberg, Germany), Ab9, directed against the amino 
acids 1–16 of human Aβ [36], Syntaxin 6 (610635, BD 
Biosciences, Heidelberg, Germany), and calnexin (610523, 
BD Biosciences, Heidelberg, Germany). Further, the fol-
lowing rabbit polyclonal antibodies were used: anti-Lamp1 
(ab24170, Abcam, Cambridge, UK), sAPPβ-specific anti-
body directed against the C-terminal end of wild-type human 
sAPPβ (JP18957, Immuno-Biological Laboratories, Inc., 
Minneapolis, MN), anti-c-myc (A-14, sc-769, Santa Cruz, 
Nunningen, Switzerland), anti-human Sortilin antibody 
(Prof. Peder Madsen, Aarhus, Denmark) [37], anti-GFP anti-
body (B2, sc-9996, Santa Cruz, Nunningen, Switzerland), 
and anti-SorLA antibody [29]. Further, the rabbit monoclo-
nal antibody Y188 with the epitope in the APP C terminus 
was used to detect endogenous APP (1565-1, Epitomics, 
Burlingame, United States). Specificity of this antibody has 
been shown [34, 38].

Immunocytochemistry

HeLa cells were plated at a density of 35.000 cells per 
24-well plate (Greiner, Frickenhausen, Germany), on 14-mm 
coverslips (Marienfeld, Lauda-Königshofen Germany) and 
transfected via CaPO4 (see above). For intracellular staining, 
the cells were fixed after 18–20 h for 10 min at 37 °C in 4% 
PFA (Sigma, Deisenhofen, Germany) with 4% sucrose and 
permeabilized for 10 min with 0.1% NP40. After incuba-
tion of primary antibodies at 4 °C overnight and secondary 
antibodies for 1 h at room temperature (RT) (Alexa Flour 
488, Alexa Flour 594 (Invitrogen, Karlsruhe, Germany), 
cells were embedded in Mowiol (Sigma-Aldrich, Steinheim, 
Germany) and subjected for imaging with the software Axio-
vision 4.8 at the microscope Axio Observer Z.1 (Zeiss, Jena, 
Germany).

For cell surface stainings, HeLa cells were transfected 
with different N-terminally c-myc- or HA-tagged APP 
encoding expression plasmids. 18–20 h post-transfection, 
the cells were incubated for 1 h with 100 nM dimerizer, 
AP20187 (B/B) (Clontech, Saint-Germain-en-Laye France) 
or EtOH (control). To stop endocytosis, the 24-well plate 
was cooled down on iced water and incubated with c-myc 
or HA primary antibodies for 1 h at 4 °C. After a washing 
step, the cells were fixed with 4% PFA for 30 min. The cells 
were washed again and incubated with secondary antibodies 
(Alexa Flour 488 (Invitrogen, Karlsruhe, Germany) for 1 h 
at RT. Before the cells were permeabilized in 0.1% NP40 
in PBS for 10 min at RT, residual secondary antibody was 
removed carefully. A blocking step followed in 5% goat 
serum/PBS. For detection of intracellular APP, the cells 
were incubated with the same primary antibody as for cell 
surface APP for 1 h at 4 °C, but subsequently with a differ-
ent secondary antibody (Alexa-594, Invitrogen, Karlsruhe, 
Germany) for 1 h at RT. After further washing steps, the 
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coverslips were placed upside down in 30 μl pre-warmed 
Mowiol (Sigma-Aldrich, Steinheim, Germany) and sub-
jected to microscopic analysis.

Quantification of APP within different intracellular cell 
organelles

For quantification of co-localization of APP within different 
organelles, specifically designed pipelines for CellProfiler 
2.1.0 [39] were used. Co-localization with the ER marker 
(KDEL) was based on Pearson correlation, with values rang-
ing from −1 (perfect exclusion) to 1 (perfect co-localiza-
tion). An object-based analysis of APP localization was used 
for the Golgi apparatus, early endosomes and lysosomes. 
One medial layer of the images was chosen for the analysis. 
Then, a mask of the cell (to define the area of measurement) 
and a background rectangle (which does not include signals 
from any other cell) was drawn. Based on the background 
corrected measurements of APP signal in the respective 
organelle and in the whole cell, the fraction of APP local-
izing to the organelle was computed. Output images showing 
the cell and object segmentations were produced for visual 
control of the image analysis.

Quantification of total versus cell surface APP

Direct comparison of immunostainings of cell surface APP 
and total APP signal was used for quantification. For quan-
tification of cell surface APP, again a specifically designed 
pipeline for the CellProfiler 2.1.0 software [39] was used. 
Here, z-stack image projections for both, cell surface APP 
and intracellular APP, were analyzed. The distance between 
single optical sections in z-direction were set to 0.2 µm and 
subsequently sum-projections of our z-stack images were 
performed. Due to the weaker signal of cell surface APP 
immunoreactivity respective to the total signal, the images 
of cell surface APP were taken using a fixed ratio of the 
exposure times for cell surface and total APP immunore-
activity. Therefore, both channels had a comparable inten-
sity signal for surface and total APP, independent of indi-
vidual APP expression levels. Notably, for analysis only 
cells with moderate comparable expression levels of APP 
were chosen. With this method, background noise for the 
relatively weaker cell surface staining was avoided. Fur-
ther, microscope equipment and settings were: Zeiss micro-
scope Axio Observer. Z1, HXP120C, Software Axiovision 
Release 4.8, 63x immersion oil objective, filter settings: GFP 
(green) = set38 (BP 470/40, FT 495, BP 525/50); propid-
ium-iodide (red): set00 (BP 530-585, FT 600, LP 615).

Cell surface intensity and intracellular intensity were 
measured for each cell. As explained before, we computed a 
ratio of intracellular to cell surface signal. Those ratios were 
normalized to the ratio measured in the control samples. An 

output image as well as the necessary intensity values for 
quantification was produced.

Antibody uptake assay (endocytosis assay)

N2a cells expressing N-terminally c-myc-tagged APP were 
placed on iced water to stop endocytosis and incubated with 
primary anti-c-myc antibody for 30 min. After removal of 
the antibody, endocytosis was allowed by incubating each 
plate for 5, 10 or 15 min at 37 °C. Afterwards the cells were 
fixed with 4% PFA (Sigma, Deisenhofen, Germany). Immu-
nocytochemical stainings were performed, as described for 
cell surface APP and internalized APP. Z-stack image pro-
jections for both fluorescent signals were analyzed. Cell 
surface intensity and intracellular intensity were measured 
for each cell. The ratio of endocytosed fluorescence signal 
to cell surface APP (internalized versus cell surface protein) 
was calculated and those ratios were normalized to the ratio 
measured in the control samples at 0 min.

Live cell imaging

Live cell imaging analysis was performed as described pre-
viously [10, 31]. For analysis of dimerized APP, neurons 
were treated 10 min before starting the recording with EtOH 
(negative control) or 100 nM dimerizer (AP20187 (B/B), 
Clontech, Saint-Germain-en-Laye France). Live cell imag-
ing was carried out with the feature “Fast Image Acquisi-
tion” (software Axiovision 4.8) using fast changing LEDs 
[microscope Axio Observer Z.1 (Zeiss, Jena, Germany)]. 
The recordings were performed over a time span of 30 s 
with intervals of 200 ms and exposure times of 10–150 ms. 
Blinded live cell recordings were analyzed with ImageJ 
(Wayne Rasband, National Institute of Health, USA) using 
the multiple kymograph plugin. The resulting vesicle traces 
were marked with the “Multiple Point Tool” at both ends. 
The tracing was performed for anterograde and retrograde 
vesicles independently. The slopes of traces with a minimal 
length of 0.113 μM were taken for determination of vesicle 
velocity.

Co‑immunoprecipitation

Co-immunoprecipitations were performed, as described 
before [40]. Briefly, HeLa cells co-expressing APP695 
F1 (includes a C-terminal HA tag) and one member of the 
Vps10p domain receptor family (hSorCS1cα Venus, hSor-
tilin WT, hSorLA RFP) or myc hLRP1 CT were harvested 
and lysed in 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 5 mM 
EDTA, 1% NP40, 1:25 protease inhibitor (Complete (with 
EDTA), Roche, Rotkreuz, Switzerland) 18 h post-transfec-
tion. Equal volumes of cell lysates containing ~1000 μg pro-
tein were precleared with 10 μl of Protein A Sepharose (GE 
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Healthcare, Freiburg, Germany) for 1 h at 4 °C. Afterwards, 
the supernatant was incubated at 4 °C overnight with 20 μl 
of anti-HA antibody-coated beads (Roche, Rotkreuz, Swit-
zerland) at RT. After several washing steps with lysis buffer 
and 10 mM Tris/HCl, pH 7.5, the beads were resuspended 
in SDS sample buffer (0.125 M Tris/HCl, pH 6.8; 20% glyc-
erol; 4% SDS; 0.01% bromphenol blue; 100 mM DTT) and 
incubated for 5 min at 95 °C. The samples were loaded on 
an 8% Tris/glycine gel and subjected to western blot analysis 
using different primary antibodies.

Subcellular fractionation

An iodixanol [(Optiprep), Sigma, Deisenhofen, Germany] 
gradient fractionation of cell lysates (HeLa cells) was per-
formed. For analysis of heterologously expressed N-ter-
minally HA-tagged APP WT, K28C and L17C, two tran-
siently transfected (JetPrime) 10-cm dishes were used. To 
investigate endogenous APP monomers and dimers, five 
non-transfected 10 cm dishes of HeLa cells were pooled. 
The cells were washed one time with ice-cold 1× PBS and 
scraped for collection in 1.8 ml of PBS. After centrifugation 
for 10 min at 5000 rpm at 4 °C in a tabletop microcentri-
fuge the cell pellets were resuspended and pooled in 1 ml 
of homogenization buffer (1× Hom buffer pH 7.4), 300 mM 
sucrose, 10 mM HEPES, pH 7.4, 5 mM EDTA, pH 8.0, 
and protease inhibitor “Complete” (PI) (Roche). The cells 
were disrupted by 10 passages through a 25 G needle and 5 
passages through a 27 G needle. The homogenate was cen-
trifuged for 5 min at 1200 rpm (4 °C) and the post-nuclear 
supernatant (PNS) was collected. A 5–40% iodixanol gradi-
ent was prepared using 3× Hom buffer, pH 7.4. 0, 5, 10, 15, 
20, 30, 40% iodixanol samples were layered underneath in a 
thin-wall ultracentrifugation tube and a continuous gradient 
was obtained using a gradient mixer (Biocomp, Gradient 
Master, Nycomed Pharma). The PNS was layered on top 
of the gradient and the samples were centrifuged for 2 h at 
150,000×g in an SW41Ti rotor with deceleration. 15 frac-
tions were taken from each gradient and equal volumes of 
each fraction were analyzed on an 8% Tris/glycine gel.

Cell surface biotinylation

5 × 105 HEK293T cells were seeded on a six-well plate. 
The following day the cells were transiently transfected 
with JetPrime with HA APP WT pcDNA3.1+, HA K28C 
pcDNA3.1+ or HA L17C pcDNA3.1+. Non-transfected 
cells served as a negative control. In a different set of experi-
ment, myc-APP F1 pcDNA3.1+ was transiently transfected 
in HEK293 cells. Non-transfected cells served again as a 
negative control. The next day, HEK293 cells heterologously 
expressing APP F1 were incubated with 200 nM, 500 nM 
AP20187/dimerizer or EtOH as vehicle control for 1 h 

before analysis. The cells were rinsed twice with ice-cold 
1× PBS and incubated for 30 min at 4 °C with 1 ml of EZ-
Link Sulfo-NHS-LC-Biotin (Pierce) (2 mg/ml) in ice-cold 
PBS to biotinylate surface proteins. To quench unconjugated 
biotin, the cells were washed three times with 1× PBS sup-
plemented with 100 mM glycine. Cells were lysed in 1× 
RIPA buffer [20 mM Tris/HCl, pH 8.0; 150 mM NaCl; 1% 
NP-40 (w/v); 0.5% deoxycholate; 5 mM EDTA, pH 8.0; 
0.1% SDS, 1:25 protease inhibitor (Complete (with EDTA), 
Roche)] and 20 µg of lysate was used for the direct load. 
Equal protein amounts were incubated with NeutrAvidin 
Agarose Resin (Pierce) overnight at 4 °C. The following 
day the beads were washed with RIPA buffer and boiled at 
95 °C for 5 min in 2× sample buffer with DTT to recover the 
biotinylated proteins. Direct load and surface proteins were 
separated on an 8% Tris/glycine gel [34].

Western blot

Western blot was performed using standard methods as 
described [24]. Briefly, cells were lysed for 15 min at 4 °C 
in lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 
5 mM EDTA, and 1% Nonidet P40) supplemented with 
protease inhibitors (Complete™ protease inhibitor mixture, 
Roche Applied Science). The supernatants were collected 
and the protein concentration was determined with a BCA 
assay (Sigma). Equal amounts of protein samples were sepa-
rated on 8% Tris/glycine SDS-PAGE and then transferred 
to nitrocellulose membranes. Subsequently the membranes 
were incubated with primary antibodies and HRP-coupled 
secondary antibodies. Chemiluminescence was measured 
using an imager and the software Fusion.

Results

Extending our previous study on APP dimerization affecting 
APP processing [24], we tested if dimerization of APP might 
alter its subcellular localization. As in our previous study, 
we used again two different assay systems: (1) mutant APP 
carrying an additional cysteine residue forming constitutive 
dimers and (2) APP mutants fused to FK506-binding protein 
(FKBP), allowing to induce dimerization by addition of a 
rapamycin analogue (Fig. 1).

Induced controlled dimerization with the FKBP system

The inducible dimerization system is based on the 12-kDa 
human FKBP 506-binding protein (FKBP12, also called 
FKBP) and a small ligand. FKBP is a monomeric and highly 
abundant cytosolic protein which serves as a primary recep-
tor for the immunosuppressive ligands FK506 and rapamy-
cin [41]. The regulated dimerization of two FKBP molecules 
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can be induced by addition of a small membrane perme-
able rapamycin analogue, AP20187 [41]. AP20187 binds 
simultaneously to two FKBP molecules thereby inducing 
dimerization. To eliminate the ability of rapamycin to bind 
endogenous FKBP, the affinity and specificity of this mole-
cule was improved by a single amino acid substitution within 
the FKBP tag. The rapamycin analogue AP20187 can bind 
with subnanomolar, 1000-fold higher affinity to the mutated 
FKBP tag compared to endogenous wild-type FKBP [41].

In the present study a chimeric APP construct was 
used, encoding human APP695, which was C-terminally 
fused to the FKBP (F1) domain (APP F1) or two FKBP 
(F2) domains (APP F2) followed by an HA epitope tag 
(Fig. 1a, b) [24]. Comparable heterologous expression of 
both APP F1 and APP F2 fusion proteins was evaluated 
by western blot analysis. Signals for monomeric APP F1 
and APP F2 were observed at ~135 and ~150 kDa, respec-
tively. Due to the additional one or two FKBP tags the 

Fig. 1   FKBP-based and cysteine-induced dimerization. a Schematic 
representation of APP F1 and APP F2 dimerization systems. APP was 
fused to either one FKBP (APP F1) or two FKBP (APP F2) domains 
followed by an HA-tag. The AP20187 ligand (dimerizer) binds two 
FKBP molecules thereby inducing dimerization of APP (modified 
from [24]). b APP WT, APP F1, and APP F2 (all C-terminally HA 
tagged) were heterologously expressed in HeLa cells and equal pro-
tein amounts of cell lysates (with DTT) were analyzed via western 
blot detection with α-HA antibody. c Schematic representation of the 
APP cysteine mutants (L17C and K28C), engineered to form consti-

tutive APP dimers via disulfide bonds. d HeLa cells were transiently 
transfected with N-terminally HA-tagged APP L17C/K28C constructs 
and compared with N-terminally HA-tagged APP695 WT (APP WT). 
Non-transfected (NT) cells were used as a negative control. Equal 
amounts of protein were denatured in sample buffer with and with-
out DTT and analyzed via western blot detection with α-HA (3F10) 
antibody. The immature (i) and mature (m) forms of APP monomers 
and APP dimers are indicated. e Quantification of densitometric meas-
urements of western blots of APP dimers compared to APP total for 
mutants HA L17C and HA K28C ± SEM (n = 3)
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apparent molecular weight is slightly increased compared 
to APP WT (~120 kDa) (Fig. 1b).

It has already been shown via western blot after blue 
native PAGE under semi-denaturing conditions in sam-
ples without SDS that dimer formation of APP F1 and 
APP F2 indeed occurs by non-covalent interactions [24]. 
APP F1 is dimerized up to 70% and APP F2 up to 90% 
when 100 nM dimerizer AP20187 was added, while in 
control samples under non-induced conditions, APP is 
dimerized only to about 5% [24].

Constitutive dimerization via cysteine mutants

For the second dimerization system, two different consti-
tutive dimerization constructs were engineered to form 
stable dimers by introducing cysteine substitutions into 
the juxtamembrane region of APP695 at positions L17 
and K28, termed APP L17C and APP K28C, respectively 
[24, 25, 42]. An HA-tag was introduced at the N termi-
nus of both mutants (Fig. 1c). The cysteine mutants were 
evaluated after heterologous expression in HeLa cells by 
western blot analysis (Fig. 1d). N-terminally HA-tagged 
APP695 WT (APP WT) was compared to APP L17C and 
APP K28C in samples prepared with and without DTT. 
Both, immature (N′-glycosylated) and mature (N′ and O′-
glycosylated) forms of monomeric APP were detected for 
all constructs (Fig. 1d). The mutants L17C and K28C 
show two clear signals at the predicted apparent molecu-
lar mass of APP dimers (~240 kDa), representing pre-
sumably also immature and mature dimeric forms of 
APP, with the strongest effect for L17C. The presence of 
immature APP dimers is consistent with the assumed APP 
dimer formation in the ER. Also for the APP WT control, 
a very weak signal of dimer formation was observed. As 
expected, no intermolecular disulfide bonds were formed 
under reducing conditions (+DTT) (Fig. 1d). This shows 
that both mutants (APP L17C and APP K28C) exist pre-
dominantly in the form of covalently bound stable APP 
dimers (72.35 ± 4.53 and 51.1 ± 7.59%, respectively) 
(Fig. 1e).

Together with our previous published data [24], these 
results show that heterologously expressed APP is only 
dimerized to about 5% in HeLa cells while the APP 
cysteine mutants form constitutive dimers up to 51.1% 
(K28C) and 72.35% (L17C). The addition of dimerizer 
to APP F1 or APP F2 caused dimer formation up to 70% 
(APP F1) or 90% (APP F2) as well. Thus, both systems 
are suitable to analyze the influence of dimeric APP com-
pared to monomeric APP in regard to its transport and 
localization in HeLa cells.

Comparative analysis of APP monomers/dimers 
by subcellular fractionation and flourescence 
microscopy

We sought to determine the subcellular localization of 
APP monomers and dimers. For this purpose, we decided 
to examine their distribution by subcellular fractionation 
(Fig. 2) and via fluorescence microscopy (Figs. 3, 4, 5). 
For subcellular fractionation experiments, we used non-
transfected HeLa cells expressing endogenous APP or 
cells expressing recombinant wild-type APP, APP L17C 
and APP K28C. The different HeLa cell extracts were kept 
in reducing (Fig. 2a) or non-reducing (Fig. 2b) conditions, 
allowing detection of monomeric APP and stable cysteine-
bond APP dimers. Homogenates were separated on a 0–40% 
iodixanol OptiPrep gradient to isolate fractions enriched in 
different subcellular membranes. Calnexin was used as a 
marker for the ER, GM130 as cis-Golgi marker, Syntaxin 6 
as TGN marker and EEA1 as a marker for early endosomes. 
Western blot analyses of the gradient-derived fractions are 
presented in Fig. 2. Cysteine-bond dimers from recom-
binant wild-type APP were detected similar to its mono-
meric form in most of the different subcellular fractions, 
whereby only small amounts were present in the endoso-
mal fractions. Similarly, endogenous monomeric APP was 
visualized mostly in the Golgi and ER containing fractions. 
Increased levels of certain mature and immature APP spe-
cies were also evident, likely reflecting post-translationally 
modified APP751 or APP770. Surprisingly, low levels of 
endogenous DTT-sensitive cysteine-bond APP dimers were 
only detected in the endosomal fraction. This suggests that 
stable APP dimers accumulate in endosomes. In line with 
this, we found that cysteine-bond dimers of APP L17C 
and APP K28C were also enriched in endosomal fractions 
(Fig. 2).

To validate our results from the subcellular fractiona-
tion experiments and to allow a better determination of 
the subcellular localization of APP dimers, we performed 
immunocytochemical studies of HA-tagged wild-type APP, 
APP  L17C, and APP  K28C. The immunofluorescence 
images of wild-type APP show a characteristic distribution 
with a clear accumulation in the perinuclear region (presum-
ably Golgi apparatus) and a vesicular pattern throughout 
the cell periphery (Fig. 3). The subcellular distribution of 
APP L17C and APP K28C, exhibiting increased levels of 
stable APP dimers, showed a slightly altered subcellular 
localization compared to APP wild type (Fig. 3; Fig. S1). 
The accumulation in the perinuclear region appeared dimin-
ished and instead a wider distribution of punctate staining 
all over the cytoplasm was observed. Using different mark-
ers for the endoplasmic reticulum (ER) (KDEL-mRFP), 
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cis-Golgi (anti-GM130 antibody), early endosomes (anti-
early endosomal antigen 1 (EEA1) antibody), we analyzed 
the localization of APP wild type, APP L17C, and APP 
K28C within different intracellular compartments. For 
quantification, a Pearson correlation coefficient was used 
to measure the linear correlation between the intensity of 
the APP (monomer or dimer) signal and its signal intensity 
in the ER (Fig. S1). The quantification shows an increase 
for stable cysteine-bond APP dimers only in endosomes 
(Fig. 3).

Further, we analyzed the alteration in subcellular dis-
tribution after induced dimer formation of APP F1 and 
APP F2 forming non-covalent bound APP dimers (Fig. 4). 
For monomeric APP F1 and APP F2 (EtOH treated) the 
immunofluorescence images (Fig. 4a, c, e) show a typical 
accumulation of the protein in the perinuclear region (pre-
sumably Golgi apparatus) as observed for HA-tagged APP 
WT (Fig. 3). Similarly, as described for the APP cysteine 
mutants, we determined the changes in subcellular locali-
zation of inducible dimerized APP. For quantification of 

Fig. 2   Subcellular fractionation of cysteine-bond dimers: HeLa cells 
expressing N-terminally HA-tagged APP WT and APP K28C and 
L17C or non-transfected cells were fractionated via a continuous 
0–40% iodixanol (Optiprep) gradient. Equal volumes of the samples 
were analyzed in samples without DTT (a) or samples with DTT (b) 
to obtain monomeric APP only. Western blot detection of heterolo-
gously expressed HA APP, HA APP K28C, and HA APP L17C fol-

lowed with α-HA antibody 3F10 and endogenous APP with the APP-
specific antibody Y188. Anti-calnexin antibody was used to detect the 
ER, α-GM130 antibody to detect the cis-Golgi apparatus, α-synatxin 
6 the trans-Golgi apparatus and α-EEA1 to reveal early endosomes. 
The blue star indicates a monomeric, possibly post-translationally 
modified form of APP
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APP dimers in the ER (Fig. 4a), Pearson correlation coef-
ficient was used to measure the linear correlation between 
the intensity of the APP (monomer or dimer) signal 
and its signal intensity co-localized with the ER marker 
(KDEL-mRFP). The quantification shows an increase 
for dimerized APP in the ER (Fig. 4b). Quantification of 
immunofluorescence images of non-treated control cells 
(EtOH, APP F1 and APP F2) shows that monomeric APP 
is highly co-localized with the cis-Golgi marker GM130 
(Fig. 4c). This co-localization is strongly reduced when 
dimerization of APP F1 and APP F2 was induced (APP F1, 
p = 0.004; APP F2, p = 0.022) (Fig. 4c, d). In contrast, 
analysis of monomeric versus dimeric APP localization in 
early endosomes revealed that induced dimerization leads 
to an accumulation of APP in this compartment (Fig. 4e). 
Again, significance levels were only reached for APP F2 
(unpaired Student’s t test, p = 0.013) (Fig. 4f). Although 
both, APP F1 and APP F2 signals were clearly altered, sig-
nificance levels were reached in case of ER and endosomes 
only for APP F2 (unpaired Student’s t test, p = 0.037), 
likely, because the extent of APP F2 dimerization is more 
pronounced. Quantitative analysis of monomeric (EtOH 
treated control) and dimeric APP co-localized with lys-
osomes (marker: LAMP1) revealed no significant differ-
ences (Fig. S2).

Taken together, APP dimerization leads to an accumula-
tion of APP in the ER, a strong reduction in the cis-Golgi 
compartment and to an accumulation in early endosomes 
while lysosomal levels were essentially unchanged.

APP levels are decreased at the cell surface 
after induced dimerization

It has been shown that APP forms homo-dimers at the 
cell surface [22]. To test, if dimerization might affect the 
amount of APP at the plasma membrane, we labeled cell 
surface APP F1 in its monomeric and dimeric state in 
non-permeabilized cells (Fig. 5a). Cell surface staining 
of APP was confirmed with the cell surface marker IL2 
td tomato (Fig. S3) [31]. Quantification of these stainings 
revealed a significant decrease of APP F1 dimers at the 
cell surface, when compared to control APP F1 (EtOH) 
of about twofold (Fig. 5b; 50 ± 4%, unpaired Student’s t 
test, p < 0.001).

Also, quantitative analysis of cell surface stainings of 
constitutive APP dimers (cysteine mutants) in compari-
son to APP WT showed a significant reduction for both 
APP cysteine mutants L17C (27.0  ±  6.9%) and K28C 
(24.1 ± 5.0%) in the percentage of cell surface constituent 
APP dimers (Fig. 5d). The data obtained with immunostain-
ings were confirmed via cell surface biotinylation (Fig. S4).

Together these data indicate that elevated APP dimeriza-
tion causes a decrease of APP levels at the cell surface.

Internalization rate of APP is not affected 
by dimerization

Our data demonstrate an increase of dimerized APP in 
endosomes and a decrease of cell surface APP dimers. To 
analyze if this might be a consequence of a higher endocy-
tosis rate of dimerized APP, an antibody uptake assay was 
performed. To allow direct comparison of the different APP 
mutants, we used N-terminally c-myc-tagged constructs 
and tested for anti-c-myc antibody uptake. For constitutive 
dimerization of APP (cysteine mutants), here only myc-APP 
L17C was used. In addition, an endocytosis-impaired myc-
APP construct lacking the NPTY motif (APPΔNPTY) was 
included as a negative control [43].

Cells expressing N-terminally c-myc-tagged APP WT, 
APPΔNPTY, APP L17C, and APP F1 in the monomeric 
(EtOH) and dimerized state were incubated at 4 °C and cell 
surface APP was loaded with anti-c-myc antibodies. After 
1 h, unbound anti-c-myc antibody was removed and endocy-
tosis was allowed by incubating the cells at 37 °C. Then the 
cells were fixed after 5, 10, and 15 min. Residual surface-
exposed APP was visualized by staining of non-permeabi-
lized cells with fluorescence-labeled secondary antibodies. 
Afterwards, cells were permeabilized and stained with a 
different secondary antibody to visualize endocytosed APP. 
The assay was quantified by analysis of the signal intensity 
of endocytosed APP versus cell surface APP. Representa-
tive images of APP after the different incubation time points 
at 37 °C are shown in Fig. 6a. Quantification of the data 
revealed only at one time point, 10 min after induced endo-
cytosis, a slight but significant increase for dimerized APP 
F1 compared to the APP F1 control (13.5 ± 2.5%, unpaired 
Student’s t test, p < 0.001) (Fig. 6b). Similarly, APP L17C 
also showed a significant increase in the internalization rate 
after 10 min compared to APP WT (5 ± 1.6%, one-way 
ANOVA with Tukey’s HSD post hoc test, p < 0.05). In con-
trast, endocytosis of APPΔNPTY was reduced at the 10 and 
15 min time points about 30%, as observed before [34].

Taken together, we conclude that the observed change in 
the antibody uptake assay at only one time point does not 
point towards a robust change in the endocytosis rate upon 
dimerization.

Induced APP dimerization leads to decreased sAPPα 
and sAPPβ levels

In our previous study we showed that APP L17C and APP 
K28C are not suitable for analysis of APP processing, as 
mutations at these sites affect APP cleavage independent 
of its dimerization status. However, using the controlled 
homodimerization of APP–FKBP assay, we observed a 
50% reduction in total Aβ levels in N2a cells, which were 
mainly due to γ-secretase inhibition [24]. Interestingly, we 
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also observed a decrease in sAPP levels, which has not been 
analyzed in detail in this previous study. To address the ques-
tion, if controlled induced dimerization leads to changes in 

sAPP production, we now analyzed sAPPα and sAPPβ levels 
after induced dimerization of APP F1 with two different 
concentrations of dimerizer (50 and 100 nM) in transiently 
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transfected cells overnight. Equal amounts of cell lysates 
and conditioned cell media were separated via SDS-PAGE 
and analyzed via Western Blot. Quantification of secreted 
fragments versus full-length APP revealed a significant 
reduction of proteolytic conversion of dimerized APP F1 
by α- and β-secretases (Fig. 7a, b).

APP shows reduced binding to LRP1 after induced 
dimerization

We assumed that alterations of APP dimer localization 
might be explained by changes in its interaction with dif-
ferent sorting molecules. To address this point, we analyzed 
the APP monomer/dimer interaction with different known 
APP sorting molecules. As previously reported, one of these 
proteins is the type I transmembrane protein SorLA (sorting 
protein-related receptor with A-type repeats), also known 
as LR11/SORL1 [44], which is assumed to prevent APP 
dimer formation [45]. We tested two further members of 
the Vps10p (vacuolar protein sorting 10 protein) domain 
receptor family, SorCS1cα and Sortilin, which were both 
shown to interact with APP and to influence APP transport 
[31, 46–48] as well as LRP1 which is known to interact with 
APP via Fe65 [14, 49, 50].

Co-immunoprecipitation studies were performed with 
HeLa cells expressing non-dimerized or dimerized HA-
tagged APP F1 together with either SorLA, RFP-tagged 
Sortilin or Venus-tagged SorCS1cα by pull down of APP 
via anti-HA-coupled beads. No differences in the signal 
intensity of SorLA (Fig. 8d), SorCS1cα (Fig. 8e), or Sor-
tilin (Fig. 8f) were observed between control cells (EtOH)-
expressing monomeric APP F1 and those cells where dimer-
ization of APP F1 was induced (AP20187). In contrast, the 
levels of co-immunoprecipitated LRP1 were significantly 
lower after induced dimerization of APP (Fig. 8g), which 
was confirmed by densitometric measurements and statisti-
cal analysis of signal intensities (Fig. 8c).

Together these data show a significantly decreased 
APP–LRP1 interaction after increasing APP dimerization, 
while binding to three members of the Vps10p domain 
receptor family, SorLA, SorCS1cα and Sortilin, was 
unaffected.

APP dimerization lowers the rate of APP and SorLA 
co‑transport in retrogradely transported membrane 
organelles

APP and SorLA showed a high degree of co-localization in 
endosomes and the Golgi apparatus (Fig. S5), two compart-
ments, where we observed the most pronounced alterations 
in APP localization after dimerization. Therefore, we ana-
lyzed the influence of APP dimerization on SorLA co-local-
ization in more detail. Using time-lapse imaging we evalu-
ated transport characteristics of APP GFP, APP F1 GFP, and 
SorLA RFP in primary cortical mouse neurons (DIV6). We 
observed that the velocity profile of anterograde- and retro-
grade-transported monomeric and dimeric APP GFP vesi-
cles was mostly unaffected after co-expression with SorLA 
(Fig. 9a–d). Only retrograde APP dimer transport was signif-
icantly increased for vesicles with a velocity between 1.5 and 
2 μm/s, but the mean velocity remained unchanged (Fig. S6). 
Notably, monomeric and dimeric APP showed neither a dif-
ference in their mean velocities nor in the relative amount of 
anterograde, retrograde, and stationary vesicles (Fig. 9f; Fig. 
S6). However, co-expression of SorLA led to a significant 
decrease of stationary vesicles and a clear increase in retro-
grade APP transport, more pronounced for dimerized APP 
(Fig. 9e–h). Similarly, APP co-expression caused a decrease 
of SorLA bearing stationary vesicles (Fig. 9g). Notably, the 
percentage of vesicles, co-transporting APP and SorLA is 
only about 10% (Fig. 9h). Analysis of the relative amount 
of SorLA co-transported in APP vesicles per μm did not 
reveal any changes in anterograde transport. However, for 
retrograde transport, APP dimerization caused a significant 
reduction of APP/SorLA co-transport (Fig. 9h).

Together, these data show that SorLA induces mobiliza-
tion of APP retrograde transport and that APP dimeriza-
tion reduces its co-transport rate with SorLA. Therefore, we 
conclude that reduced co-transport of SorLA with dimerized 
APP might indeed be responsible for the increased levels of 
dimerized APP in endosomes.

Discussion

APP can form homomeric complexes, as demonstrated by 
different groups with a variety of different methods [22–25, 
27, 42, 51]. Several studies suggested that APP dimers exist 
in different subcellular compartments, including ER, Golgi, 
and the plasma membrane [22, 27, 28]. Now we show in 
more detail that forced APP dimerization alters its subcel-
lular localization (Fig. 10), likely by altering the interac-
tion with different sorting molecules, including SorLA and 
LRP1.

APP dimers were reported to be formed as early as in 
the endoplasmic reticulum (ER) [25, 27, 28]. We observed 

Fig. 3   Localization of APP K28C and L17C after constitutive dimer-
ization in the cis-Golgi and in endosomes. a HeLa cells expressing 
N-terminally HA-tagged APP WT and APP K28C and L17C were 
double-immunostained with α-HA (green) and α-GM130 (red, cis-
Golgi marker) antibodies or c α-HA (green) and α-EEA1 (red, early 
endosomal marker) antibodies. b Quantification of APP WT, K28C, 
and L17C in the cis-Golgi apparatus. d Quantification of APP WT, 
K28C, and L17C in early endosomes. Bars represent mean val-
ues ± SEM; APP WT (n = 38/N = 4), APP K28C (n = 50/N = 4), 
APP L17C (n  =  53/N  =  4) unpaired Student’s t test, *p  <  0.05, 
**p < 0.01, ***p < 0.001. Scale bar 10 μm

◂
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APP dimers in this compartment as well and our quantita-
tive comparable analysis revealed that APP dimerization 
causes an accumulation of APP in the ER (Fig. 4). This 

suggests that APP monomers are preferentially transported 
from the ER to the Golgi.

Predominant localization of APP monomers in the Golgi 
apparatus has been demonstrated in earlier studies and is in 
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line with our results [52–54] (Fig. 4). Further, it had been 
qualitatively shown that APP dimers co-localize to a lower 
extent with the trans-Golgi network marker TGN46 [28]. 
This finding was now validated by our data, indicating a 
significant reduction in the signal of APP F1 and APP F2 
dimers (55.3 and 36.2%, respectively) in the cis-Golgi appa-
ratus (Fig. 4). This might be explained by retention of APP 
dimers in the ER. However, as assumed by others before, 
APP dimerization might also promote APP anterograde 
transport towards the plasma membrane or to endosomal 
compartments [28]. Latter assumption is further supported 
by our data, showing that APP dimerization was accom-
panied with an increased localization to early endosomes 
(Figs. 3, 4). Consistently, it has been reported that copper, 
favoring APP dimerization [40, 55], promotes redistribu-
tion of APP from a perinuclear location to a more periph-
eral distribution in the cell, including localization to early 
endosomes [56].

It has been reported before that a small amount of APP 
homo-dimers is localized at the cell surface [22]. We also 
observed dimerized APP at the cell surface but interest-
ingly we found that APP dimerization causes a decrease of 
APP at the plasma membrane (Fig. 5). We speculated that 
APP dimerization might promote APP endocytosis as pub-
lished for other cell surface receptors like EGF (epidermal 
growth factor) receptor, PDGF (platelet-derived growth fac-
tor) receptor, NGF (nerve growth factor) receptor or HGF 
(hepatocyte growth factor) receptor [57–59]. Indeed, after 
induction of dimerization we observed an increase in early 

steps of APP endocytosis (Fig. 6). As the difference in 
internalization was not very pronounced, we assumed that 
decreased APP dimer localization at the plasma membrane 
is not only explained by an increased endocytosis rate, but 
likely also results from reduced anterograde trafficking of 
dimeric APP to the cell surface.

Finally, we found an accumulation of APP dimers in 
endosomes (Figs. 3, 4). We suppose that this is either a con-
sequence of its direct exit from the Golgi apparatus and/
or is caused by its increased internalization by the plasma 
membrane. Moreover, it has been reported that APP dimers 
do not co-localize with the established recycling endosomal 
marker TfR (transferrin receptor) [28]. Thus, reduced traf-
ficking of APP dimers to recycling endosomes might also 
contribute to APP dimer accumulation in endosomes. Nota-
bly, impaired entering of APP dimers in the recycling path-
way might also add on to the observed decrease of surface 
APP after dimerization. Theoretically, the increase of dimer-
ized APP in endosomes could also result from decreased 
transport to late endosomes and lysosomes. However, we did 
not observe any accumulation of APP dimers in LAMP1-
positive vesicles, arguing against this possibility.

Why does APP dimerization cause a change in APP 
localization? We assumed that APP dimerization affects 
binding to sorting receptors. To test this hypothesis we ana-
lyzed three members of the Vps10p domain receptor family, 
SorLA, SorCS1cα, and Sortilin, all known to interact with 
APP mainly via the ectodomain [31, 44, 48] and to influence 
APP transport at different angles of the secretory pathway. 
SorLA is known to be involved in retrograde transport of 
APP from endosomes to the TGN [14]. Sortilin is located 
predominantly in the TGN and cycles between endosomes 
and TGN similarly as SorLA, but seems to shuttle APP 
mainly in anterograde direction to early endosomes and 
then to the cell surface [48, 60]. Sortilin is also known as 
an endocytic receptor, which internalizes various ligands 
by receptor-mediated endocytosis and delivers them to lys-
osomes [37]. SorCS1cα, an endocytic receptor, was shown 
to reduce the anterograde transport rate of APP [31]. After 
induced dimerization of APP followed by Co-IP, neither 
SorLA, SorCS1cα, nor Sortilin levels were changed (Fig. 8). 
This suggests that the status of APP dimers does not affect 
interaction with these sorting receptors. However, as binding 
of APP to these proteins might only be transient, changes 
between these interacting molecules can be easily overseen 
in co-immunoprecipitation experiments. Moreover, as we 
were using an inducible dimerization system, we cannot 
exclude that thereby indirect influences of SorLA on APP 

Fig. 4   Localization of APP F1 and APP F2 after induced dimeri-
zation in the ER, cis-Golgi, and endosomes. HeLa cells expressing 
C-terminally HA-tagged APP F1 or APP F2 were treated for 1  h 
with 100 nM AP20187 to induce dimerization. As a control the same 
volume of the vehicle EtOH was added. For analysis of subcellular 
localization, APP F1 (a, c, e) and APP F2 (not shown) were immuno-
labelled with an α-HA antibody (green). a APP F1 localization in the 
ER was determined by co-localization with exogenously expressed 
KDEL-mRFP (red). c, e APP F1 localization in the cis-Golgi and in 
endosomes was determined by co-immunolabelling with α-GM130 
(red) and α-EEA1 (red) antibodies, respectively. Co-localization is 
indicated in yellow (overlay). b, d, f Quantification of non-dimerized 
and dimerized APP F1 and APP F2 intensities within the ER, cis-
Golgi and endosomes were determined using CellProfiler 2.1.0. For 
b ER the Pearson correlation coefficient and for d, f cis-Golgi and 
endosomes an object-based analysis was used (APP F1: increase in 
the ER: 56.9  ±  21.6%, decrease in Golgi 55.3  ±  7.8%, increase in 
endosomes 30.5  ±  3.4%; APP F2: increase 89.7  ±  33.7%, decrease 
in Golgi 36.2 ± 2.8%, increase in endosomes 33.3 ± 1.7%). Bars rep-
resent mean values ± SEM; (n > 12/N = 3); unpaired Student’s t test, 
*p < 0.05, **p < 0.01, ***p < 0.001. Scale bar 10 μm

◂
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Fig. 5   Analysis of cell surface and intracellular APP monomers/
dimers. a, b HeLa cells expressing N-terminally HA-tagged APP F1 
were incubated for 1  h with 100  nM AP20187 to induce dimeriza-
tion. As a control, the treatment was carried out with the same vol-
ume of the solvent EtOH. a The cells were subsequently subjected 
for intracellular (permeabilized cells) and cell surface (non-permea-
bilized cells) stainings using α-HA antibody combined with different 
secondary antibodies (surface: Alexa Fluor-488, green; intracellular: 
Alexa Fluor-594, red). The overlay shows relative intensities of total 
(red) and cell surface (green) APP. b Quantification of the percentage 
(%) of cell surface APP after induced dimerization using CellProfiler 

2.1.0. Note the significant decrease (49.8 ± 3.9%) of dimerized sur-
face APP. c, d HeLa cells expressing N-terminally HA-tagged APP 
WT, APP L17C or APP K28C were subjected to total and cell sur-
face stainings using α-HA antibody combined with different second-
ary antibodies as described above. d Quantification of the percentage 
(%) of cell surface APP WT and APP cysteine mutants using Cell-
Profiler 2.1.0. For both cysteine mutants a significant decrease (L17C, 
27.0  ±  6.9%; K28C, 24.1  ±  5.0%) of surface APP was observed. 
Bars mean values ± SEM; (n > 13/N = 3); unpaired Student’s t test, 
*p < 0.05, **p < 0.01, ***p < 0.001. Scale bar 10 μm
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Fig. 6   Analysis of endocytosed 
APP F1 and APP cysteine 
mutants. a Immunofluores-
cence images of N2a cells 
transiently transfected with 
N-terminally c-myc-tagged 
APP WT, APP F1, APP L17C, 
and APP ΔNPTY. For the APP 
F1 construct, dimerization was 
induced for 1 h with 100 nM 
AP20187 and as a control, the 
same volume of the solvent 
EtOH was added. An antibody 
uptake assay was performed, 
following antibody endocytosis 
at four different time points (0, 
5, 10, and 15 min). Immu-
nolabelling was carried out 
with α-c-myc antibody for cell 
surface APP at 4 °C. Then cells 
were allowed to endocytose 
antibody-labeled APP for 5, 10, 
and 15 min at 37 °C. After fixa-
tion, non-permeabilized cells 
were stained with a secondary 
antibody (Alexa Fluor-488) to 
visualize surface APP. After-
wards cells were permeabilized 
and the endocytosed APP 
antibody complex was labeled 
with a secondary antibody 
(Alexa Fluor-594). Here, only 
the signal of Alexa Fluor-594 is 
shown, representing endo-
cytosed APP and to a minor 
extent also cell surface APP 
not blocked by binding of the 
Alexa Fluor-488 antibody. Scale 
bar 10 μm. b Internal/total 
intensity ratio of densitometric 
measurements for all target 
proteins used at the different 
endocytosis time points. F1 dim 
APP F1 treated with dimerizer, 
F1 ctrl APP F1 treated with 
ethanol, WT APP wild type, 
L17C APP carrying an L17C 
mutation, ΔNPTY APP lacking 
the NPTY motif. Bars mean 
values ± SEM; (n > 15/N = 3); 
one-way ANOVA with Tukey’s 
HSD post hoc test *p < 0.05, 
**p < 0.01, ***p < 0.001
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dimers are not exerted. Therefore, we investigated the traf-
ficking of monomeric and dimeric APP in interplay with 
sorting proteins in more detail.

Since it was shown that SorLA affects APP trafficking 
from endosomes to the TGN [14] and the fact that we found 
a decrease of APP dimers in the Golgi and an increase in 
early endosomes, we concentrated our study on this recep-
tor. Indeed, our time-lapse imaging data indicated that 
dimerization of APP led to reduced co-transport of APP 
with SorLA in retrograde, but not in anterograde transport 
vesicles (Fig. 9). Thus, the reduction of dimerized APP in 
the Golgi and the increase in endosomes might result from 
altered sorting of APP in its monomeric or dimeric state by 
SorLA. In line with those results, a report from Willnow and 
colleagues showed a strong increase of APP dimers in brains 
of SorLA KO mice, underlining an interplay of SorLA and 
APP dimerization [45].

Besides the above-discussed members of the Vps10p 
domain receptor family, APP trafficking is also affected 
by a family member of the related LDL-related receptors, 
LRP1 [49, 61]. Interestingly, we found decreased LRP1 
binding to dimerized APP in the Co-IP assay (Fig. 8). Thus, 
APP dimerization might impair the interaction with LRP1 
and in turn affect its trafficking. Based on current knowl-
edge, reduced binding of APP dimers to LRP1 is expected 
to increase its anterograde transport to the plasma mem-
brane [14, 50]. Thus, it appears reasonable that the decrease 
of dimerized APP in the Golgi apparatus is explained by 
reduced binding of APP dimers to LRP1. However, addi-
tional factors, including different APP C-terminal interaction 
partners, such as Calsyntenin1, X11 or Fe65 which affect 
APP localization might also contribute [62–66]. For exam-
ple, Fe65 binds to both the C terminus of APP and the C 
terminus of LRP1 and functions as a link between these 

Fig. 7   Analysis of sAPPα 
and sAPPβ after controlled 
dimerization of APP. N2a 
cells expressing APP F1 were 
treated overnight with dimer-
izer (50 and 100 nM or the 
solvent ethanol as a control). 
a Western blot analysis of cell 
lysates was carried out using 
α-HA antibody to detect full-
length APP and of conditioned 
medium using Ab-9 directed 
against sAPPα and anti-sAPPβ, 
the different secreted fragments. 
Quantification of densitometric 
measurements of sAPPα/full-
length APP (b) and sAPPβ/
full-length APP (c). Bars mean 
values ± SEM; n = 3, one-
way ANOVA with Tukey’s 
HSD post hoc test *p < 0.05, 
**p < 0.01, ***p < 0.001
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Fig. 8   Co-immunoprecipitation of APP and SorLA, SorCS1cα, 
Sortilin, and LRP1 after controlled dimerization of APP. HeLa cells 
were transiently co-transfected with C-terminally HA-tagged APP 
F1 constructs and SorLA RFP (a) or SorCS1cα Venus (b), Sortilin 
(c) or myc LRP1 CT (d). HeLa cells transfected with SorLA RFP 
(a), SorCS1cα Venus (b), Sortilin (c), and myc LRP1 (d) constructs 
and empty vector served as negative controls. Equal amounts of cell 
lysates were loaded directly on an SDS gel and analyzed via west-
ern blot with primary α-HA antibody. Further, equal amounts of 
cell lysates were used for immunoprecipitation with α-HA antibody-

coated agarose beads. The samples were separated on an SDS gel 
and subjected for western blot detection with the primary antibod-
ies α-SorLA (SorLA), α-GFP (SorCS1cα Venus), α-Sortilin (Sorti-
lin), and α-c-myc (myc LRP1). The same membrane was incubated 
afterwards with anti-HA antibody to detect total amounts of immu-
noprecipitated APP (n = 4 for Co-IP with LRP1 and SorLA, n = 2 for 
Co-IP with SorCS1cα and Sortilin). e Quantification of data shown 
in D (APP F1–myc LRP1 interaction). Bars represent mean val-
ues ± SEM; n = 4, unpaired Student’s t test *p < 0.05, **p < 0.01, 
***p < 0.001
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two receptors [67]. In line with this, a recent study using a 
split-luciferase system reported that APP dimerization was 
increased when they used a construct lacking the APP C 
terminus (APP ΔCT), implicating the APP C terminus in 
regulating APP dimerization [51].

We observed an accumulation of APP in its dimeric 
state in endosomes (Figs. 2, 3, 4). Due to increased activity 

of BACE in endosomes [3], an elevated Aβ production 
and increased sAPPβ generation is expected. However, we 
have shown previously using the FKBP-based dimerization 
system that induced APP dimerization causes a decrease 
in Aβ generation [24] and show in this manuscript reduced 
sAPPβ production after induced dimerization (Fig. 6). It 
is clear that the amyloidogenic secretases (β and γ) are 
able to process APP in its monomeric and dimeric form 
[26, 68, 69], but monomeric/dimeric APP might differ in 
substrate preferences for α- and/or β-secretase. In line with 
this, inhibition of γ-secretase cleavage by APP dimeriza-
tion was also suggested by other studies [70–72]. A similar 
mechanism might also hold true for BACE1. Accordingly, 
studies of SorLA knockdown cells, assumed to express 
elevated APP dimers, reported altered substrate affinities 
for APP monomers and dimers [45]. Moreover, BACE1 
itself can dimerize in its active state [73, 74]. However, 
alternatively in our experiments, the decreased genera-
tion of sAPP might be explained by reduced APP surface 
levels. In this context it is also interesting to note that dif-
ferent γ-secretase complexes, including PS1 or PS2, were 
reported to be active at the plasma membrane, TGN, and 
endosomes [75, 76]. Thus, future experiments addressing 
the affinities of those complexes to APP in its monomeric 
or dimeric form could help to solve some of the contradic-
tory data addressing Aβ generation.

Taken together, our data suggest that forced APP dimeri-
zation affects its subcellular localization, likely by altering 
the trafficking by SorLA and/or LRP1. This in turn influ-
ences sAPPα, sAPPβ, and Aβ generation, underlining the 
importance of the regulation of the APP dimerization state. 
Thus, future experiments, elucidating factors, such as cop-
per or heparin, modulating APP dimerization might open 
novel avenues for development of pharmacological strategies 
preventing development of AD.

Fig. 9   Live cell recordings of APP and SorLA after controlled 
dimerization of APP. Primary cortical mouse neurons were trans-
fected at DIV5 via calcium phosphate to analyze transport of APP 
GFP, APP F1 GFP, and SorLA RFP after 18–20 h at DIV6. Exam-
ples of transiently co-transfected neurons are depicted in a. Analy-
sis of b anterograde and c retrograde transport of APP GFP only 
and after co-expression with SorLA RFP. Histogram showing quan-
tification of the number of recorded vesicles moving at velocities 
between 0.05 and 4 μm/s. Bars mean values ± SEM (n = 19/N = 3 
for APP GFP, n = 14/N = 3 for APP GFP + SorLA RFP). Analysis 
of d anterograde and e retrograde transport of dimerized APP F1 GFP 
only and after co-transfection with SorLA RFP. Histogram showing 
quantification of the number of recorded vesicles moving at veloci-
ties between 0.05 and 4  μm/s. Bars represent mean values  ±  SEM; 
(n = 20/N = 3 for APP F1 GFP dimerized, n = 15/N = 3 for APP F1 
GFP dimerized + SorLA RFP). f, g Relative number of vesicles per 
μm showing the percentage of anterograde, retrograde, and stationary 
vesicles for APP GFP only and after co-transfection with SorLA RFP 
(n = 19/N = 3 for APP GFP) (n = 14/N = 3 for APP GFP + SorLA 
RFP). APP F1 GFP (vehicle EtOH/dimerized) only and APP F1 
GFP dimerized after co-transfection with SorLA. Bars mean val-
ues ± SEM; (n = 16/N = 3 for APP F1 GFP EtOH, n = 20/N = 3 
for APP F1 GFP dimerized, n = 15/N = 3 for APP F1 GFP + SorLA 
RFP). h Relative number of vesicles per μm showing the percent-
age of anterograde, retrograde, and stationary vesicles for SorLA 
RFP only and after co-transfection with APP GFP (n  =  19/N  =  3 
SorLA RFP, n = 14/N = 3 for APP GFP + SorLA RFP). i Relative 
amount of SorLA co-transported in APP vesicles per μm (%). Bars 
mean values  ±  SEM; (n  =  14/N  =  3 for APP GFP  +  SorLA RFP, 
n  =  15/N  =  3 for APP F1 GFP  +  SorLA RFP), two-way ANOVA 
*p < 0.05, **p < 0.01, ***p < 0.001. Representative kymographs of 
cells expressing (i) APP GFP (j) APP F1 GFP (EtOH) (j) APP F1 
GFP (dimerizer) (k) SorLA RFP. Anterograde transport is defined as 
an angle of <90° (red line), retrograde transport as an angle of >90° 
(orange line), and stationary vesicles are visible parallel to the time 
axis (blue line)
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