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Alzheimer’s disease (AD) is characterized by the deposition of aggregated species of
amyloid beta (Aβ) in the brain, which leads to progressive cognitive deficits and dementia.
Aβ is generated by the successive cleavage of the amyloid precursor protein (APP), first by
β-site APP cleaving enzyme 1 (BACE1) and subsequently by the γ-secretase complex.
Those conditions which enhace or reduce its clearance predispose to Aβ aggregation and
the development of AD. In vitro studies have demonstrated that Aβ assemblies spark a
feed-forward loop heightening Aβ production. However, the underlying mechanism
remains unknown. Here, we show that oligomers and fibrils of Aβ enhance
colocalization and physical interaction of APP and BACE1 in recycling endosomes of
human neurons derived from induced pluripotent stem cells and other cell types, which
leads to exacerbated amyloidogenic processing of APP and intracellular accumulation of
Aβ42. In cells that are overexpressing the mutant forms of APPwhich are unable to bind Aβ
or to activate Go protein, we have found that treatment with aggregated Aβ fails to increase
colocalization of APP with BACE1 indicating that Aβ-APP/Go signaling is involved in this
process. Moreover, inhibition of Gβγ subunit signaling with βARKct or gallein prevents Aβ-
dependent interaction of APP and BACE1 in endosomes, β-processing of APP, and
intracellular accumulation of Aβ42. Collectively, our findings uncover a signaling
mechanism leading to a feed-forward loop of amyloidogenesis that might contribute to
Aβ pathology in the early stages of AD and suggest that gallein could have therapeutic
potential.
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INTRODUCTION

Cerebral deposition of amyloid beta (Aβ) is the pathologic
hallmark of Alzheimer’s disease (AD), the most prevalent
neurodegenerative pathology in older people (Selkoe and
Hardy, 2016). Aβ is a 40–42 amino acid peptide, with a
natural propensity to aggregate giving rise to pathogenic
species, including oligomers and fibrils. An imbalance favoring
Aβ production over its clearance leads to the accumulation of
toxic Aβ assemblies in the brain and the development of AD
(Selkoe and Hardy, 2016). Therefore, identifying molecular
mechanisms that enhance Aβ production is a key for unveiling
the pathophysiology of AD and adequate targets for rational
therapies.

Aβ production begins by shedding the large extracellular
portion of amyloid precursor protein (APP) by β-site APP
cleaving enzyme 1 (BACE1), the rate-limiting enzyme for Aβ
biosynthesis (Vassar et al., 1999). This cleavage generates a
membrane-tethered APP C-terminal fragment (β-CFT) and
releases a large APP N-terminal soluble fragment (sAPP-β).
The intramembrane cleavage of β-CFT by γ-secretase
generates Aβ, liberating the remaining APP intracellular
domain (AICD) in the cytosol (Thinakaran and Koo, 2008).
Thus, the necessary first step for amyloidogenesis is the
convergence of APP and BACE1 in subcellular compartments
with the appropriate milieu for BACE1 activity.

In different cell types, amyloidogenic processing of APPmight
occur in diverse subcellular compartments, including the Golgi/
secretory pathway and endosomes (Rajendran et al., 2006;
Sannerud et al., 2011; Haass et al., 2012). Previous studies
revealed that, in neurons, BACE1 processing of APP occurs
preferentially in recycling endosomes (RE) in the endocytic
pathway (Das et al., 2013; Das et al., 2016). However, the
signaling process and mechanism that regulate APP and
BACE1 convergence and its consequent β-processing remain
poorly understood. Interestingly, application of exogenous
Aβ1–42 leads to intracellular accumulation of newly
synthesized Aβ in the insoluble fraction of cell lysates (Yang
et al., 1999). In addition, the exogenous application of Aβ
assemblies to human leptomeningeal smooth muscle cells or
rat neurons in culture enhances amyloidogenic processing of
APP and Aβ secretion into the media (Davis-Salinas et al., 1995;
Marsden et al., 2011). In line with these findings, the local
application of pathologic Aβ assemblies can accelerate the
spreading of Aβ deposition in the brains of APP transgenic
mice (Langer et al., 2011; Walker and Jucker, 2015). These
observations suggest that extracellular Aβ assemblies can
activate cell surface-signaling mechanisms leading to a feed-
forward process, thereby enhancing Aβ production and
amyloid spreading. Consequently, elucidating the signaling
mechanisms underlying this feed-forward process is crucial for
understanding the progression of Aβ pathology, particularly
during the early stages of AD.

Heterotrimeric guanine nucleotide-binding proteins (G
proteins) are evolutionarily conserved membrane-associated
proteins widely used as signal-transduction systems for a
myriad of cellular events (Marinissen and Gutkind, 2001). G

proteins are composed of Gα and Gβγ subunits that directly
interact with cell surface G protein-coupled receptors(GPCRs)
through the Gα subunit. Upon binding to its ligand, the GPCR
activates G protein by exchanging GDP for GTP on Gα subunits,
which causes dissociation of Gα from the GPCR and Gβγ
subunits. Afterward, both Gα-GTP and Gβγ subunits can
independently activate downstream signaling cascades
(Marinissen and Gutkind, 2001). Conventional GPCRs are
seven transmembrane domain proteins, while unconventional
GPCRs are single pass membrane proteins (Marinissen and
Gutkind, 2001). APP is an unconventional GPCR that can
activate Go heterotrimeric protein (Nishimoto et al., 1993;
Bignante et al., 2013; Copenhaver and Kogel, 2017).
Significantly, toxic Aβ assemblies require APP to cause
neuronal dysfunctions (Kirouac et al., 2017; Puzzo et al., 2017;
Wang et al., 2017). Two different portions of the APP ectodomain
can interact with Aβ species, the N-terminal portion and the Aβ-
juxtamembrane domain (Van Nostrand et al., 2002; Shaked et al.,
2006; Kedikian et al., 2010; Libeu et al., 2011), both of which can
trigger Go activation upon binding to Aβ (Sola Vigo et al., 2009;
Fogel et al., 2014). Surprisingly, no studies have analyzed the
implication of Aβ–APP interaction and Go protein signaling for
the amyloidogenic processing of APP.

In the present work, we analyzed the effect of Aβ assemblies on
the convergence and interaction of APP and BACE1 in
subcellular compartments of different cell types including
human neurons derived from induced pluripotent stem cells
(iPSCs), by using fluorescent biosensors and advanced
microscopy techniques. We assessed the role of Aβ-APP-Go
signaling pathway in the amyloidogenic processing of APP by
analyzing the effects of mutant variants of APP, which are
inefficient at binding Aβ or to activating Go protein. Finally,
for dissecting the role of Go protein Gβγ subunits in the feed-
forward mechanism of amyloidogenesis triggered by Aβ, we
expressed βARKct, a universal sequester of Gβγ subunits or
used gallein, a specific pharmacological inhibitor of Gβγ
(Lehmann et al., 2008; Seneviratne et al., 2011). Our findings
describe a signaling pathway leading to a feed-forward
amyloidogenic process with high therapeutic relevance for AD.

MATERIAL AND METHODS

List of Antibodies and Reagents
Antibodies used were as follows: rabbit anti-APP C-terminal
clone Y188 (1:250; Abcam, Cambridge, United Kingdom),
mouse anti-neuron-specific class III β tubulin clone #TuJ1 (1:
2000; Abcam, Cambridge, United Kingdom), mouse anti-MAP2
clone AP-20 (1:500; Merck Millipore; Burlington, MA, Unites
States), rabbit anti-Rab11 (1:50; Thermo Fisher, Waltham, MA,
United States), mouse anti-GM130 clone 35/GM130 (1:500; BD
Bioscience, Franklin Lakes, NJ, United States), mouse anti-Aβ17-
24 clone 4G8 (1:1,000; BioLegend, San Diego, CA, United States),
mouse anti-Aβ oligomeric clones NU1 and NU4 (1:1,000; a
generous gift from Dr Charles G. Glabe, University of
California, Irvine, CA, United States), mouse anti-Gαo clone
A2 (1:500; Santa Cruz Biotechnology, Dallas, TX,
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United States), mouse anti-GFP clone 3E6 (1:1,000; Molecular
Probes, Eugene, OR, United States), mouse α-tubulin clone B-5-
1-2 (1:1,000; Sigma-Aldrich, San Luis, MO, United States), and
mouse anti-Aβ42 clone 12F4 (1:50; BioLegend, San Diego, CA,
Unites States). Immunofluorescence primary antibodies were
labeled with Alexa-conjugated secondary antibodies Alexa 488,
546, 598 or 633 (1:500; Invitrogen, Carlsbad, CA, US), and for
western blotting primary antibodies were conjugated with
secondary antibodies IR800CW and IR680RD (1:5,000, LI-
COR, Lincoln, Nebraska, US) and analyzed in IR Oddissey
System.

The following reagents were used: polyethyleneimine 87 K
(PEI, produced by Juan M Lázaro-Martinez, Universidad
Nacional de Buenos Aires, Argentina), Lipofectamine 2000
(Thermo Fisher, Waltham, MA, United States) was used
according to manufacturer’s instructions, gallein (Santa Cruz
Biotechnology, Dallas, TX, United States) and DAPT (Santa
Cruz Biotechnology, Dallas, TX, United States) were dissolved
in DMSO and applied directly to the cultures at the indicated
concentrations.

Preparation of Aβ Assemblies
Synthetic Aβ1-42, Aβ1-40, and Aβ25-35 were obtained from
Biopeptide Inc. (San Diego, CA, United States). Lyophilized
Aβ1-40 and Aβ1-42 peptides were dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, Sigma-Aldrich, San Luis, MO,
United States) to 1 mM and incubated at room temperature
(RT) for 30 min. Thereafter, peptide solutions were aliquoted,
and HFIP was evaporated at RT to allow film formation. Peptide
films were stored at −20°C until use. To prepare fibrillar Aβ1-40
or Aβ1-42, peptide films were resuspended in sterile double-
distilled water to a concentration of 1 mM and incubated at 37°C
for 72 h. Thereafter, peptide solution was further diluted to
500 µM in 2x phosphate-buffered saline (PBS), incubated at
37°C for 24 h and was used for treatments. To prepare fibrillar
Aβ25-35, lyophilized peptide was dissolved in sterile double-
distilled water to a concentration of 1 mM and further diluted in
PBS to 500 µM and incubated for 1 day at 37°C. Oligomeric Aβ1-
42 was prepared as described by Stine et al. (2003). Briefly, Aβ1-
42 films were resuspended in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, San Luis, MO, United States) to 5 mM, vortexed, and
sonicated for 10 min. Afterward, cold phenol-free F-12 culture
media was added to a final concentration of 100 μM Aβ and
incubated for 24 h at 4°C. Thereafter, Aβ solution was centrifuged
at 4°C for 10 min at 14,000 × g, and the supernatant was used for
treatments. Monomeric Aβ was prepared by resuspending the
Aβ1-42 film in sterile water reaching a final concentration of
100 μM Aβ. The conformation of Aβ monomers and oligomers
was confirmed by dot blot analysis, with antibodies NU1 and
NU4 that specifically recognize Aβ oligomers and antibody 4G8
that recognizes Aβ independently of its conformation.

DNA Constructs
The plasmid used for cell transfection were as follows: pcDNA3.1
(Life Technologies) (empty vector e.v.) as control or encoding
full-length wild-type human APP695 (APP) generated in our
laboratory, encoding β-adrenergic receptor kinase C-terminal

peptide (βARKct) provided by Alfredo Cáceres, Instituto de
Investigación Médica Mercedes y Martín Ferreyra, INIMEC-
CONICET-UNC, Córdoba, Argentina, encoding wild-type
human BACE1 (BACE1) provided by Wim Annaert, Catholic
University of Leuven, Leuven, Belgium, encoding BACE1 fused to
cherry fluorescent protein (BACE1:CH), APP:VN and BACE1:
VC provided by Subhojit Roy, University of California, San
Diego, La Jolla, CA, United States, encoding Rab11 fuse to red
fluorescent protein (Rab11:RFP) provided by Cecilia Conde,
Instituto de Investigación Médica Mercedes y Martín Ferreyra,
INIMEC-CONICET-UNC, Córdoba, Argentina. Full-length
human APP695 wild-type and mutant forms (APP:YFP,
APPΔβ:YFP, and APPGP:YFP) were inserted into pEYFP-N3
encoding the yellow fluorescent protein (YFP, Clontech,
Mountain View, CA, United States). APPΔβ was generated by
deletion of the juxtamembrane domain (aa 597-624) of human
APP695 and was previously characterized (Sola Vigo et al., 2009).
APPGP contains a double substitution of H657 and H658 by G
and P, respectively. The mutations were introduced into human
APP695 by using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene, San Diego, CA, United States) and confirmed by
sequencing. This double-mutation prevents APP-dependent
activation of Go protein (Nishimoto et al., 1993; Brouillet
et al., 1999).

Culture of Cell Lines
Mice neuroblastona cells N2a and human epithelial cervical
carcinoma HeLa cells (American Type Culture Collection
(ATCC)) were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) (Gibco, Thermo Fisher, Waltham,
MA, United States) and GlutaMAX (Gibco, Thermo Fisher,
Waltham, MA, United States). Cell cultures were maintained
at 37°C in a 5% CO2 humidified atmosphere.

Culture of Human-InducedPluripotent Stem
Cells
hiPSc were cultured on a feeder layer of irradiated mouse
embryonic fibroblasts (iMEFs) in iPSc media DMEM/F12
(Gibco, Thermo Fisher, Waltham, MA, United States)
supplemented with NEAA (Gibco, Thermo Fisher, Waltham,
MA, United States), GlutaMAX (Gibco, Thermo Fisher,
Waltham, MA, United States), 10% KSR (Gibco, Thermo
Fisher, Waltham, MA, United States), 100 µM 2-
mercaptoethanol (0.25 mg/ml, Sigma-Aldrich), 10 mM HEPES
(0.25 mg/ml, Sigma-Aldrich), 20 ng/ml bFGF (PeproTech,
Cranbury, NJ. United States), and Pen/Strep (Gibco, Thermo
Fisher, Waltham, MA, United States) and maintained at 37°C in a
5% CO2 atmosphere. Media was replaced every 2 days, and the
cells were split every 5–6 days based on colony growth.
Differentiating colonies were removed from the plate prior to
splitting. For passaging, cells were dissociated with collagenase.

Neuronal Differentiation From hiPSc
For the induction of neurons from hiPSc, we followed an
embryoid body-based protocol described by Zeng et al. (2010).
Briefly, hiPSc colonies were dissociated and cultured as aggregates
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in suspension in iPSc media with 10 µM Y27632 (Tocris, Bristol,
United Kingdom) and 4 ng/ml bFGF (PeproTech, Cranbury,
NJ. United States). After 3 days, aggregates were switched to
neural induction media (NIM) (DMEM/F12 (Gibco, Thermo
Fisher, Waltham, MA, US), supplemented with NEAA (Gibco,
Thermo Fisher, Waltham, MA, United States), GlutaMAX
(Gibco, Thermo Fisher, Waltham, MA, United States), N2
(Gibco, Thermo Fisher, Waltham, MA, United States), 1 mg/
ml heparin (Sigma-Aldrich, San Luis, MO, United States), 4 ng/
ml bFGF, and Pen/Strep (Gibco, Thermo Fisher, Waltham, MA,
United States). After 7–10 days, cell aggregates were plated on
Geltrex-coated dishes (ThermoFisher, Waltham, MA,
United States) in NIM media with 20 ng/ml bFGF (Peprotech,
Cranbury, NJ, United States). Primitive neuroepithelial (NE)
structures form over 7–10 days and more than 17 days neural
rosettes were present. Neural rosettes were selected manually for
further expansion on Geltrex-coated dishes and grown in neural
differentiation media (NDM). Neurobasal supplemented with
NEAA, GlutaMAX, N2, B27, 1 µM cAMP, 10 ng/ml BDNF
(PeproTech, Cranbury, NJ, United States), 10 ng/ml GDNF
(PeproTech, Cranbury, NJ, United States), 10 ng/ml IGF-1
(PeproTech, Cranbury, NJ, United States), 200 ng/ml ascorbic
acid, and Pen–Strep were used in the study. Media was replaced
every other day. For final neuronal differentiation, dissociated
rossettes were cultured in Geltrex-coated coverslips in
Neurobasal supplemented with NEAA, GlutaMAX, N2, B27,
and Pen–Strep and were maintained in this media until
experimental use. This protocol yields a culture mainly
composed of human neurons and astrocytes (Supplementary
Figure S3).

Cell Transfection
N2a and HeLa cells grown at 70–80% confluence in 35 mm dishes
were transfected by directly adding a mixture of 0.5 μg of
indicated DNA and 0.05 mM PEI dissolved in NaCl 0.15 mM
to the culture media, and after 24–48 h, the cultures were
analyzed.

Transfection of human neurons for APP/BACE1, bimolecular
fluorescent complementation (BiFC) assay was carried out in 10
DIV cultures of human neurons derived from hiPSCs growing in
35 mm dishes. The conditioned media was replaced by a
transfection mixture composed of 4 µg plasmid encoding APP:
VN, 4 µg plasmid encoding BACE1:VC, and 10 µl of
Lipofectamine 2000 (Thermo Fisher) in 1.0 ml of Opti-MEM
(Gibco, Thermo Fisher, Waltham, MA, United States). After 2 h,
the transfection mixture was removed, the original-conditioned
media was restituted, and cultures were analyzed after 48 h.

Immunofluorescence
Immunolabeling was performed as described previously
(Bignante et al., 2018). Briefly, cultures grown in coverslips
were fixed with 4% paraformaldehyde, 0.12 M sucrose in PBS
for 20 min at 37°C, permeabilized for 5 min with 0.2% Triton X-
100 in PBS, blocked for 1 h in 5% horse serum (HS), and
incubated overnight at 4°C with primary antibody. Afterward,
the coverslips were incubated with Alexa-conjugated secondary
antibodies for 1 h at room temperature and with 2.5 µMDAPI for

5 min for nuclei stain. Finally, coverslips were mounted on slides
with Fluorsave Reagent (Calbiochem). For intracellular Aβ1-42
immunodetection, cells were permeabilized with 0.1% saponin
for 1 h and blocked in PBS containing 10% HS at room
temperature for 1.5 h. Then, incubation with primary (clone
12F4) and secondary anti-mouse Alexa 488 antibodies, DAPI
staining and mounting were performed using the standard
procedure described earlier (adapted from Almeida et al.,
2006; Almeida et al., 2006).

Analysis of Fluorescence and
Colocalization Quantitation
All fluorescent images, including those for colocalization and/or
BiFC experiments, were captured in either, an Olympus FV1000
spectral or an LSM 800 Zeiss confocal microscope, equipped with
a PLAPON ×60 oil objective. Z-stack images were acquired with
the optical cuts of 0.12 µm. The images were deconvolved and
projected on the Z-axis for intensity measurement. Fluorescent
intensity was determined by using Fiji software (NIH). For
colocalization analysis, images of each pair of proteins to be
analyzed were open in separate channels and submitted to a
background subtraction. An ROI was traced in channel one, and
Manders correlation index M1 (Bolte and Cordelieres, 2006) was
obtained by running the plugin “Coloc 2” from Fiji software.
Thereafter, Manders coefficients were used to calculate the
percentage of APP, APPΔβ, APPGP, and BACE1 in different
organelles and BiFC in RE. Identical settings for image capture
and analysis were conserved across all samples of the same
experiment. For human neurons derived from iPSc, images
were obtained from the soma and neurites with a 4× optical
zoom, which were identified by MAP2 or βIII-tubulin staining.

Assessment of Cell Viability of N2aCells and
Human iPSC-Derived Neurons
The cell viability of N2a and human neurons was assessed by
counting viable and pyknotic nuclei after staining with
fluorescent DAPI. Pyknotic nuclei, characteristic of apoptotic
cells, presented a smaller, condensed, and more brilliant aspect
with respect to viable nuclei. Images were obtained at ×40 in a
confocal fluorescent microscope LSM 800 (F-Fluar oil ×40
objective). Three random fields were analyzed per coverslip,
and nine coverslips were scored per condition from three
different experiments. Values were expressed as percentage of
viable cells (total minus apoptotic cells) respect to total cells. To
avoid bias during quantitative analysis, all samples were coded,
and determinations were performed under a treatment-blind
condition.

Analysis of Protein Expression by Western
Blot
Cultures of N2a cells were transfected with empty vector (control)
or APP:VN and BACE1:VC constructs, and after 1 h, the cultures
were treated with the γ-secretase inhibitor DAPT (10 µM), gallein
(5 µM), o-Aβ (1 µM), or the corresponding vehicles. After 48 h,
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cultures were lysed in RIPA buffer supplemented with a protease
inhibitor cocktail (SIGMAFAST, Sigma) at 4°C. Cell lysates were
diluted in Laemmli sample buffer, incubated at 95°C for 5 min,
resolved in 12% gel by SDS-PAGE, and electrotransferred onto a
nitrocellulose membrane. Thereafter, the membrane was boiled

for 5 min in PBS and incubated with agitation overnight at 4°C
with anti-APP C-terminal antibody (clone Y188) or anti-α-
tubulin (clone B-5-1-2) followed by the corresponding
IR800CW/IR680DR secondary antibodies. Thereafter,
membranes were scanned and visualized using the Odyssey

FIGURE 1 | Fibrillar Aβ increases colocalization of APP:YFP and BACE1:CH in recycling endosomes through Go/Gβγ-dependent signaling in HeLa and N2a cells.
(A). Schematic illustration of variants of APP695 fused to YFP and BACE1 fused to CH. Aβ and Go protein-interacting domains are indicated as red and blue boxes,
respectively. Amino acid numbering for APP and BACE1 are indicated. TM, transmembrane domain. (B). Experimental diagram for C. (C). Confocal images of HeLa cells
co-expressing the indicated proteins. (D). Experimental diagram for E and F. (E). Confocal images of HeLa cells co-expressing the indicated proteins. (F). Manders
coefficients of colocalization of APP:YFP, APPΔβ:YFP, or APPGP:YFP and BACE1:CH expressed as percent (n = 56 between 8 and 11 cells for each condition) *: p ≤
0.001 vs. VEH by ANOVA followed by LSD post-hoc test. (G). Experimental diagram for H-J. (H). Confocal images of HeLa cells co-transfected with the indicated
proteins and immunolabeled with antibody against Rab11 followed by Alexa Fluor 633-conjugated antirabbit antibody. Upper panel shows pseudocolor images for APP:
YFP (magenta) and Rab11(green), and lower panel for BACE1:CH (red) and Rab11 (green). (I). Manders coefficients of colocalization of APP:YFP and Rab11 expressed
as percent (n = 62 between 8 and11 cells for each condition) *: p ≤ 0.005 vs. VEH by ANOVA followed by LSD post-hoc test. (J). Manders coefficients of colocalization of
BACE1:CH and Rab11 expressed as percent (n = 62; between 8 and11 cells for each condition) *p = 0.001 vs. VEH by ANOVA followed by LSD post-hoc test. (K).
Experimental diagram for L-N. (L). Confocal images of N2a cells co-expressing the indicated proteins. (M). Manders coefficients of colocalization of APP:YFP and
BACE1:CH expressed as percent (n = 29; between 7 and 8 cells for each condition) *: p = 0.004 vs. GAL + f-Aβ and p = 0.031 vs. VEH by ANOVA followed by LSD post-
hoc test. (N). Quantitative analysis of viable cells expressed as percent of control (n = 27, between 6 and 7 cells for each condition). In all cases, data represent mean ±
SEM. Scale bar is 10 μm. VEH: vehicle (control); f-Aβ: fibrillar Aβ1-42; Gal: gallein. Inserts are ×2.5 enlargement of the corresponding image.
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Systems. Quantitative densitometric analysis of the bands was
performed using Fiji software. CTFs levels were normalized
against α-tubulin.

Characterization of Aβ Assemblies by Dot
Blot
To characterize the conformation of Aβ preparations, we used dot
blot analysis with antibodies NU1 and NU4 that specifically
recognize oligomeric conformations of Aβ42 or antibody 4G8
that recognizes Aβ independently of its conformation. Aβ
monomers of 1 µg (m-Aβ), Aβ fibrils (f-Aβ), or Aβ oligomers
(o-Aβ) were seeded onto a nitrocellulose membrane. After 5 min,
the membrane was blocked with 5% horse serum in PBS for 1 h
and incubated overnight at 4°C shaking with 4G8, NU1, or NU4
antibodies. Afterward, membranes were incubated with the
IR800CW secondary antibody for 1 h at room temperature
and visualized by the IR Odyssey Systems.

Statistical Analysis
Each experiment was independently replicated two−four times.
Experimental data were statistically analyzed using t-test or
ANOVA followed by LSD Fisher post-hoc test, and p ≤ 0.05
was considered as statistically significant. For non-parametric
data, Mann–Whitney U test or Kruskal–Wallis test was run
followed by Dunn post-hoc test. The results are presented as
mean ± SEM.

RESULTS

Aβ Enhances APP and BACE1 Convergence
in Recycling Endosomes by a Signaling
Pathway Mediated by Go Protein Gβγ
Subunit in Cell Lines
We have previously characterized in detail that binding of Aβ
fibrils (f-Aβ) to cell surface APP specifically activates Go protein
(Kedikian et al., 2010; Sola Vigo et al., 2009). To examine the role
of APP–Go protein signaling in amyloidogenic processing, we
analyzed subcellular localization of fluorescently tagged wild-type
or mutant forms of APP and BACE1 in culture cells by confocal
laser scanning microscopy and performed quantitative
colocalization analysis. Cherry fluorescent protein was fused to
human BACE1 (BACE1:CH), while yellow fluorescent protein
was fused to wild-type or mutant human APP (APP:YFP)
(Figure 1A). One APP mutant version lacks the extracellular
Aβ domain (APPΔβ:YFP), which prevents the binding of APP to
f-Aβ (Shaked et al., 2006; Sola Vigo et al., 2009). The other APP
mutant version contains the substitution of histidines at positions
657 and 658 by glycine and proline (APPGP:YFP), respectively,
which impairs APP’s ability to activate Go protein signaling
(Nishimoto et al., 1993; Brouillet et al., 1999).

HeLa cells are commonly used for cell biology studies due to
their big size and flat morphology, which facilitate protein
colocalization analysis. In addition, HeLa cells have been
extensively used for studying APP processing. We

co-transfected HeLa cells with BACE1:CH and APP:YFP,
APPΔβ:YFP, or APPGP:YFP and evaluated the subcellular
localization of APP and BACE1 by confocal microscopy
(Figures 1B,C). Consistent with previous reports, wild-type
and mutant forms of APP:YFP showed a cytoplasmic
expression with a high condensation in the perinuclear area in
a compartment whose structure is similar compared to the Golgi
apparatus, while BACE1:CH depicted a punctate expression
throughout the cytoplasm (Sannerud et al., 2011; Haass et al.,
2012; Chia et al., 2013; Jiang et al., 2014) (Figure 1C;
Supplementary Figure S1A).

In the AD brain, f-Aβ accumulates at high levels within
amyloid plaques, which are loci of degenerating tissue. To
evaluate how this pathological condition might alter APP and
BACE1 colocalization, we transfected HeLa cells with BACE1:CH
and wild-type or mutant forms of APP:YFP and treated the
cultures with vehicle (control) or 10 µM f-Aβ, to model the
environmental milieu in the proximities of amyloid plaques.
After 24 h, cultures were fixed, and colocalization of APP:YFP
and BACE1:CH was analyzed (Figures 1D,E). We found that
f-Aβ significantly increased colocalization of BACE1:CH and
APP:YFP, but not between BACE1:CH and APPΔβ:YFP or
APPGP:YFP (F (5,51) = 4.77, p = 0.001; Figures 1E,F).
Therefore, in HeLa cells f-Aβ enhances colocalization of wild-
type APP and BACE1, an effect that requires the Aβ
juxtamembrane sequence of APP and the histidine doublet
required for activating Go protein signaling.

Although interaction of APP with BACE1 and amyloidogenic
processing may occur in different subcellular compartments, we
focused on RE and the Golgi/secretory pathway. Neuronal
activity induces β-processing of wild-type APP preferentially
in RE (Das et al., 2013), while pathogenic Swedish APP
mutation (APPSWE) dramatically enhances amyloidogenic
processing in the Golgi apparatus/secretory pathway (Haass
et al., 1995; Thinakaran et al., 1996). To test whether f-Aβ
enhances APP and BACE1 colocalization in RE and/or in the
Golgi-secretory pathway, we co-transfected HeLa cells with
BACE1:CH and wild-type or mutant APP:YFP. Afterward, we
treated the cultures with vehicle or 10 µM f-Aβ, and 24 h later, we
fixed the cultures and performed immunolabeling for Rab11 or
GM130, which are resident proteins of the RE and Golgi
apparatus, respectively (Ullrich et al., 1996; Nakamura et al.,
1995). In control conditions we observed similar colocalization of
wild-type and mutant forms of APP:YFP with Rab11 (Figures
1G–I and Supplementary Figures S1B–D). Colocalization of
APP:YFP or APPΔβ:YFP with GM130 was also similar under
control conditions (Supplementary Figures S1E,F). These
observations confirmed that these APP mutations did not
grossly affect the subcellular distribution of the protein in
non-polarized HeLa cells. On the other hand, BACE1:CH
depicted a punctate expression throughout the cytoplasm,
which is consistent with its enrichment in the endosomal
compartment (Chia et al., 2013). In control condition, BACE1:
CH distribution was similar regardless of whether it was co-
expressed with wild-type or mutant variants of APP (Figures
1C,H,J; Supplementary Figures S1A–D). Interestingly, we
observed that f-Aβ treatment significantly enhanced
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simultaneous colocalization of APP:YFP with Rab11 (F (5,57) =
2.907, p = 0.021; Figures 1H,I) and BACE1:CH with Rab11 (F (5;
57) = 7.795; p = 0.001; Figures 1H,J). We also found that f-Aβ
treatment enhanced colocalization of APP:YFP with GM130 (F
(3,37) = 9.303; p = 0.001; Supplementary Figures S1E,F).
However, it was not accompanied by an incremented
colocalization of BACE1:CH in this compartment (F (3,37) =
1,800; p = 0.164; Supplementary Figures S1E,G). Notably, in
cells co-transfected with BACE1:CH and APPΔβ:YFP or APPGP:
YFP, we observed that f-Aβ treatment did not alter colocalization
of either APP or BACE1 with Rab11 (Figures 1I,J and
Supplementary Figures S1C,D). Moreover, in cells transfected
with APPΔβ:YFP and BACE1:CH colocalization with GM130
was not altered either (Supplementary Figures S1E,G). Thus, in
HeLa cells f-Aβ selectively enhances colocalization of APP and
BACE1 in Rab11-positive RE, which requires an APP-
juxtamembrane Aβ domain for binding to f-Aβ and the
integrity of the APP sequence for activating Go protein signaling.

We have recently found that Gβγ subunits signaling, rather
than Gαo subunit, mediates APP-dependent toxicity of f-Aβ in
primary neurons (Bignante et al., 2018). Thus, to determine in
a neuronal cell line whether f-Aβ enhances colocalization of
APP and BACE1 by activating an APP-dependent signaling
through Go protein and Gβγ subunits, we used gallein, a small
molecule that specifically binds to Gβγ subunits preventing its
interaction with downstream signaling effectors (Lehmann
et al., 2008; Seneviratne et al., 2011). We co-transfected
neuroblastoma N2a cells with APP:YFP and BACE1:CH. We
pre-incubated the cultures with vehicle (control) or 5 µM
gallein for 30 min and subsequently with vehicle or 10 µM
f-Aβ. After 24 h we fixed the cultures and assessed APP and
BACE1 colocalization by confocal microscopy. We found that
gallein completely abrogated the enhanced colocalization of
APP:YFP and BACE1:CH in cultures treated with f-Aβ (F
(3,26) = 4.479; p = 0.012; Figures 1K–M). To evaluate whether
altered distribution of APP and BACE1 might be associated
with enhanced cell death due to f-Aβ or gallein treatments, we
analyzed cell viability by scoring the proportion of normal vs.
fragmented and/or condensed nuclei stained with DAPI, which
are well-established characteristics of apoptotic cells. We
found that the viability of N2a cells treated with 10 µM f-Aβ
and/or 5 µM gallein was not significantly different from
vehicle-treated cultures (F (1,24) = 1.882; p = 0.183,
Figure 1N). Altogether, these experiments indicate that
f-Aβ enhances colocalization of APP and BACE1 in RE of
HeLa and N2a cells. In these neuronal cell lines, this effect was
associated with Go protein Gβγ subunits signaling and not
with cell death.

Pathologic Aβ Assemblies Increase
Physical Interaction of APP and BACE1
Through Gβγ Signaling
Amyloidogenic processing requires the physical interaction of
APP with BACE1. To determine whether APP and BACE1
colocalization induced by f-Aβ is effectively associated with
increased physical interaction between the proteins, we used

fluorescence bimolecular complementation (BiFC). BiFC is a
validated technique for detecting interaction between a protein
pair, in which one protein of the pair is fused to the N-terminal
fragment of the Venus fluorescent protein (VN), and the other
protein is fused to the complementary C-terminus (VC). VN
or VC is not fluorescent; however, when the protein pair
physically interacts, Venus is reconstituted and becomes
fluorescent (Kerppola, 2006). An additional advantage of
this technique is that complementation of Venus is
irreversible and therefore transient protein–protein
interactions are stabilized, allowing its visualization. Here,
we used expression vectors for BiFC which are designed
and characterized for studying APP and BACE1 interactions
in living neurons (Das et al., 2016). Briefly, one vector drives
the expression of wild-type APP tagged with VN (APP:VN),
while the other induces the expression of BACE1 tagged with
VC (BACE1:VC) (Figure 2A). To determine the effect of f-Aβ
and the role of Gβγ subunits signaling on the physical
interaction between APP and BACE1, we co-transfected
N2a cells with APP:VN and BACE1:VC vectors. After
incubation with vehicle (control) or 5 µM gallein for
30 min, we added vehicle, 1 or 10 µM f-Aβ and fixed the
cultures 48 h later (Figure 2B). In control cultures, we noticed
that BiFC became evident as fluorescent dots throughout the
cytoplasm. Treatment with both doses of f-Aβ significantly
enhanced BiFC fluorescence, while gallein completely
normalized BiFC intensity to control levels (Figure 2C).
Quantitative assessment confirmed a significant
enhancement of APP–BACE1 BiFC intensity in f-Aβ-treated
cultures and its blockage by gallein (F (2,46) = 5.058; p = 0.001;
Figure 2D).

Conversion of physiologic non-aggregated Aβ to pathologic
Aβ assemblies, including Aβ oligomers and fibrils, plays a key role
in neuronal dysfunction in AD. Therefore, it is important to
determine whether the enhanced convergence of APP and
BACE1 induced by f-Aβ might also be promoted by other Aβ
species. We generated non-aggregated soluble Aβ (m-Aβ) and
aggregated soluble oligomers (o-Aβ) (Stine et al., 2003) and
characterized these Aβ species by dot blot with 4G8, NU1,
and NU4 antibodies (Lambert et al., 2007). This analysis
confirmed that our o-Aβ preparation contains misfolded
species that are recognized by the conformational-dependent
antibodies, NU1 and NU4 (Supplementary Figure S2). Then,
we transfected N2a cells with APP:VN and BACE1:VC and
treated them with vehicle or 5 µM gallein, and 30 min later we
applied vehicle or 500 nM or 1 µM o-Aβ or 1 μMm-Aβ. After
24 h we fixed the cultures and analyzed BiFC intensity. We found
that o-Aβ, but not m-Aβ, induced a dose-dependent increase in
BiFC that reached significance at 1 µM. Moreover, gallein
efficiently abrogated the enhancement in BiFC induced by
o-Aβ (F (3,106) = 3.663; p = 0.016; Figure 2E). Thus,
pathologic assemblies of Aβ, including oligomers and fibrils,
enhance the physical interaction of APP and BACE1 by a
mechanism dependent on Gβγ signaling.

Next, we employed βARKct to confirm that the increase in
APP and BACE1 interaction is triggered by Gβγ subunits.
βARKct contains the Gβγ-binding domain of β-adrenergic
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receptor kinase 1 and, when expressed in intact cells, it inhibits
Gβγ-dependent signaling by binding to and sequestering Gβγ
subunits (Koch et al., 1994). We performed multiple
transfections of N2a cells with plasmids encoding for APP:
VN, BACE1:VC, and Rab11 fused to the red fluorescent
protein (Rab11:RFP) together with the vector encoding
βARKct or the corresponding empty vector (E.V.).

Afterward, we applied vehicle (control) or 10 µM f-Aβ, and
24 h later we fixed the cultures and performed analysis of BiFC
and Rab11-RFP fluorescence (Figures 2F,G). In agreement
with our previous results, we found that BiFC was significantly
enhanced by f-Aβ. We also noticed that the expression of
βARKct completely abrogated this effect, an observation that
was confirmed by quantitative analysis (H (3) = 31,472;

FIGURE 2 | Fibrillar and oligomeric Aβ enhance the physical interaction of APP and BACE1 through Gβγ-dependent signaling in N2a cells. (A). Scheme of
bimolecular fluorescent complementation (BiFC) system for detecting APP-BACE1 interaction. Interaction of APP and BACE1 fused to complementary fragments (VN
and VC) of Venus fluorescent protein reconstitutes fluorescence. (B). Experimental diagram for C-E. (C). Representative fluorescent images of BiFC in N2a cultures co-
transfected with plasmid encoding to APP:VN and BACE1:VC and treated under the indicated conditions. (D). BiFC intensity expressed as ratio of control (n = 65;
8–19 cells for each condition) *: p < 0.001 vs. all other conditions by ANOVA followed by Fisher LSD post-hoc test. (E). BiFC intensity expressed as ratio of control (n =
108; 12–18 cells for each condition) *: p < 0.01 vs. VEH and vs. o-Aβ 1uM +GAL by ANOVA followed by Fisher LSD post-hoc test. (F). Experimental diagram for G-I. (G).
Representative confocal fluorescent images of BiFC and Rab11:RFP in N2A cells co-transfected with βARK or empty vector; and treated with the indicated conditions.
(H). BiFC intensity expressed as ratio of control (n = 46; 10–13 cells for each condition) *: p < 0.05 vs. all other conditions by Kruskal–Wallis followed by Dunn post-hoc
test. (I). Manders coefficients of colocalization of BiFC and Rab11:RFP, expressed as percent (n = 44; 10–13 cells for each condition). *: p < 0.01 vs. all other conditions
by ANOVA followed Fisher LSD post-hoc test. In all cases data represent mean ± SEM. Scale bar is 10 μm.
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p = 0.001; Figure 2H). Moreover, we performed colocalization
analysis of BiFC and Rab11-RFP and found that it was
significantly enhanced by treatment with f-Aβ and
abolished by the expression of βARKct (F (3,41) = 12.537,
p = 0.001; Figure 2I). These experiments strongly support the
conclusion that pathologic assemblies of Aβ enhance the
physical interaction of APP and BACE1 in RE by a Gβγ
subunit-dependent signaling mechanism.

Pathologic Aβ Assemblies Trigger
Amyloidogenic Processing of APP and
Intracellular Accumulation of Aβ42 by a
Gβγ-Signaling-Dependent Mechanism
To find out whether APP-BACE1 interaction genuinely correlates
with β-processing of APP, we expressed APP:VN and BACE1:VC
and analyzed a BACE1-cleaved C-terminal fragment of APP

FIGURE 3 | Fibrillar and oligomeric Aβ enhance amyloidogenic processing of APP and promote intracellular accumulation of Aβ42 through a Gβγ-dependent
signaling in N2a cells. (A). Experimental diagram for B-E. (B). Cell lysates of N2a cells co-transfected with APP:VN and BACE1:VC and treated under the indicated
conditions were analyzed byWestern blot with antibody Y188 that recognize the C-terminal domain of APP. Bands corresponding to CTF:VN and AICD:VN are indicated
by brackets. Molecular weight markers are indicated in kDa. Low and high exposures of the same blot are shown below to allow a better visualization of bands
corresponding to APP: VN (low exposure) and β-CTF:VN (high exposure), which enabled their better identification for quantification. Arrow in the low-exposure panel
points to full-length APP:VN. Arrowheads point to β-CTF:VN. Loading control α-tubulin is shown in the bottom. (C). Quantitative densitometry analysis of β-CTF:VN
bands after normalization of their levels to those of corresponding loading control band (n = 4) *: p < 0.05 vs. all other conditions by ANOVA followed Fisher LSD post-hoc
test. In all cases values denote mean ± SEM. (D). Confocal images of N2a cells co-transfected with wild-type APP and BACE1 plasmids, inmunolabeled with antibody to
Aβ42 and treated under the indicated conditions. (E). Aβ42 fluorescence intensity expressed as ratio of control (n = 55; 10–12 cells for each condition) *: p ≤ 0.05. In all
cases, data represent mean ± SEM. Scale bar is 10 μm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8527389

Antonino et al. Go/Gβγ Signaling Promotes Amyloidogenesis

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


(β-CTF) by Western blot. If BACE1:VC effectively cleaves the
APP:VN protein, a β-CTF linked to the 17–19 kDa VN protein
(β-CTF:VN) should be generated. In addition, cleavage of β-CTF:
VN by γ-secretase should generate APP:VN intracellular domain
fragments (AICD:VN). Hence, if γ-secretase activity is blocked by
the inhibitor DAPT (10 µM), β-CTF:VN should accumulate. We
transfected N2a cultures with APP:VN and BACE1:VC and
treated them with corresponding vehicles, 10 µM DAPT, 5 µM
gallein, and/or 1 µM o-Aβ. After 48 h we harvested the cells and
analyzed the lysates by Western blot with an antibody against the
APP C-terminal domain (Figure 3A). We observed that under
control condition, expression of APP:VN alone produced two
groups of bands (Figure 3B, lane 7). The lower group was
abolished by DAPT (Figure 3B, lane 8), indicating that it
corresponds to AICD:VN. On the contrary, the upper group
was enhanced by DAPT treatment indicating that it corresponds
to CTF:VN. In these experimental conditions, β-processing is due
to endogenous BACE1. Co-expression of BACE1:VC with APP:
VN (Figure 3B, lane 2), increased the intensity of both groups of
bands, consistent with an enhanced β-processing of APP:VN by
BACE1:VC. Again, DAPT completely abrogated γ-secretase
processing, preventing the generation of AICD:VN and
leading to enhanced accumulation of CTF:VN (Figure 3B,
lane 3). These bands are undoubtedly BACE1:VC-dependent
and therefore correspond to β-CTF:VN (Figure 3B,
arrowhead). Importantly, treatment with o-Aβ dramatically
increased β-CTF:VN (Figure 3B, lane 4) which was abolished
by gallein (Figure 3B, lane 6) (F (1,14) = 5.501, p = 0.015;
Figure 3C). Gallein per se also appears to reduce the basal
generation of CTF:VN, but this effect lacks statistical
significance (Figure 3B, lane 5 vs. lane 3). These findings
demonstrate that pathological assemblies of Aβ enhance
amyloidogenic processing of APP, which requires Gβγ
subunits signaling.

To confirm that enhanced β-processing of APP by pathological
Aβ assemblies effectively leads to an increase in Aβ generation by a
mechanism that requires Gβγ subunits signaling. We transfected
N2a cells with vectors encoding for human APP and BACE1 and
applied corresponding vehicle (control) and/or 5 µM gallein and/or
10 µM f-Aβ (Figure 3A). After 48 h of treatment, we fixed the
cultures and used antibody 12F4 to specifically immunolabel Aβ42
(Almeida et al., 2006; Burrinha et al., 2021) (Supplementary Figures
S2C,D). To avoid interference of exogenously added f-Aβ with
immunolabeling of endogenously generated Aβ42, in this
experiment we used fibrils prepared with Aβ25-35 peptide, which
is not recognized by antibody 12F4 (Supplementary Figure S2D). In
control cells, we observed that antibody 12F4 depicted a faint
punctate pattern throughout the cytoplasm, which was notably
enhanced in cultures treated with f-Aβ25-35, while gallein
reversed this effect (Figure 3D). This observation was confirmed
by quantitative analysis of 12F4 fluorescence intensity (F (4,51) =
15.094, p = 0.001, Figure 3E). In addition, we observed a significant
reduction of 12F4 fluorescence in cultures treatedwith 10 µMDAPT
(Figures 3D,E), indicating that inhibition of γ-secretase activity
precluded the generation of Aβ peptide, leading to the accumulation
of CTFs which are not recognized by antibody 12F4. These
experiments indicate that in N2a cells overexpressing APP and

BACE1, exogenous application of f-Aβ stimulates Gβγ subunits-
dependent amyloidogenic processing of APP enhancing intracellular
accumulation of Aβ42 peptide.

Pathologic Aβ Assemblies Promote an
Increase in APP:VN and BACE1:VC
Interaction in RE, and Intracellular
Accumulation of Aβ42 in Human
iPSc-Derived Neurons Through Gβγ
Signaling
For further appraising, the pathophysiological significance of our
observations and the clinical potential of modulating Gβγ signaling
for AD, we analyzed the effect of o-Aβ and gallein on APP/BACE1
interaction in human neurons. Neuronal cultures derived from
human iPSc were generated (Supplementary Figure S3) and
transfected at 10 DIV with expression vectors for APP:VN and
BACE1:VC. Next, we incubated the cultures with vehicle, 5 µM
gallein and/or 1 µM o-Aβ. After 48 h of treatment, cultures were
fixed and immunostained against MAP2 and Rab11 proteins
(Figures 4A,B). Quantitative assessment of BiFC intensity in
MAP2-positive neurons showed that o-Aβ significantly increased
APP:VN and BACE1:VC interaction as evidenced by enhanced
BiFC intensity in both, the cell soma (F (1,23) = 4.429; p = 0.046) and
dendrites (F (1,48) = 5.213; p = 0.027), an effect that was abrogated
by gallein (Figures 4B–E). Notably, o-Aβ treatment significantly
increased BiFC colocalization with Rab11, effect that was abolished
by gallein (F (1,23) = 4.63; p = 0.042; Figures 4F,G). Therefore, in
human neurons o-Aβ enhances the physical interaction of APP and
BACE1 in RE by a mechanism that involves Gβγ signaling.

To determine whether deposition of Aβ assemblies enhances
intracellular accumulation of Aβ42 in human neurons expressing
endogenous protein and to address the involvement of Gβγ subunits
signaling in this process, we treated 10 DIV neuronal cultures
derived from human iPSC with vehicle or 5 µM gallein and/or
10 µM f-Aβ prepared with Aβ25-35 peptide. After 48 h, we fixed and
immunolabeled the cultures with 12F4 and βIII tubulin antibodies
(Figures 4H,I). We performed quantitative analysis of 12F4
fluorescence and found that f-Aβ significantly enhanced
fluorescence intensity in both soma (H (4) = 331.54; p = 0.001)
and neurites (F (4,151) = 6.83; p = 0.001), which was abolished by
gallein (Figures 4J–L). In addition, we observed that DAPT
treatment significantly reduced the labeling of 12F4 antibody,
which confirms the specificity of the immunolabeling (Almeida
et al., 2006). It is important to note that the viability of human
neurons was not significantly affected after Aβ treatments
(Supplementary Figure S4) discarding the possibility that the
effects described were related to neuronal death.

Finally, since our protocol for differentiating human iPSc
allows the generation of neurons and astrocytes (see
Supplementary Figure S3), we explored whether Aβ
assemblies might also affect the amyloidogenic processing of
APP in astrocytes. In control cultures, we observed that 12F4
fluorescence intensity was significantly lower in astrocytes
compared to neurons (t = −3.043; p = 0.004), which is
consistent with previous reports, indicating that neurons are
the main producers of Aβ peptide (Zhao et al., 2011). In
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FIGURE 4 | Aβ assemblies promote APP:VN/BACE1:VC interaction and intracellular Aβ42 accumulation in human iPSC-derived neurons through Gβγ-dependent
signaling. (A). Experimental diagram for B-G. (B). Confocal image of 12 DIV human neurons immunolabeled with antibodies to MAP2 and Rab11 depicting BiFC of APP:
VN and BACE1:VC. BiFC in cell body and dendrites is indicated with arrows and arrowheads, respectively. Nuclei were stained with DAPI. (C). Representative images of
magnified (×3) areas of somas and dendrites of human neurons treated under the indicated conditions showing BiFC of APP:VN and BACE1:VC. (D). Intensity of
BiFC in somas expressed as ratio of control (n = 27; 6–9 cells for each condition) *: p < 0.001 vs. all other conditions by ANOVA followed Fisher LSD post-hoc test. (E).
Intensity of BiFC of APP:VN and BACE1:VC in dendrites expressed as ratio of control (n = 52; 11–14 cell for each condition) *: p < 0.05 vs. all other conditions by ANOVA
followed Fisher LSD post-hoc test. (F). Representative images of the magnified area (×5) of somas of human neurons treated under the indicated conditions and
depicting BiFC (green) and endogenous Rab11 (magenta). White pixels indicate colocalization. (G). Manders coefficient of colocalization of BiFC and Rab11 expressed

(Continued )
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addition, we found a significant increase in 12F4 fluorescence
intensity in astrocytes treated with f-Aβ and the abrogation by
gallein (F (4,120) = 13.787; p = 0.001; Figure 4M). Collectively,
these findings uncover the signaling mechanism through which
pathological Aβ assemblies trigger a feed-forward process of
amyloidogenesis and intracellular accumulation of Aβ42
peptide that might contribute to an imbalance between Aβ
production and clearance in AD pathology.

DISCUSSION

This work elucidates the cellular and molecular mechanisms
through which pathological Aβ assemblies stimulate the first
and most critical step for Aβ production: the encounter and
processing of APP by BACE1 in endosomal compartments for the
generation of βCFTs, which lead to intracellular accumulation of
Aβ42. We demonstrate that, in diverse cellular types including
human iPSc-derived neurons, pathological Aβ assemblies drive
increased APP/BACE1 interaction and amyloidogenic processing
by activating an APP-dependent signaling pathway engaging Gβγ
subunits of Go protein. Gallein, a specific Gβγ inhibitor, greatly
attenuates the exacerbated β-processing of APP and prevents
intracellular accumulation of Aβ42 triggered by Aβ assemblies.
Our work provides evidence for the potential value of targeting
Gβγ signaling for AD therapeutics.

A growing body of evidence indicates that physiological and
pathological effects triggered by Aβ require APP(Lorenzo et al.,
2000; Van Nostrand et al., 2002; Shaked et al., 2006; Sola Vigo
et al., 2009; Kedikian et al., 2010; Libeu et al., 2011; Bignante et al.,
2013; Fogel et al., 2014; Kirouac et al., 2017; Puzzo et al., 2017;
Wang et al., 2017). In this work, we add further evidence to these
observations by showing that Aβ oligomers and fibrils stimulate
β-processing of APP and promote intracellular accumulation of
Aβ42 through a process that requires the integrity of APP and
Gβγ subunits signaling. In fact, we show that APPΔβ:YFP, which
lacks the juxtamembrane Aβ sequence for Aβ binding (Shaked
et al., 2006; Sola Vigo et al., 2009; Kedikian et al., 2010), was
ineffective in promoting convergence of APP and BACE1 in the
presence of Aβ assemblies. Similarly, APPGP:YFP, an APP
mutant ineffective at activating Go protein (Nishimoto et al.,
1993; Brouillet et al., 1999), completely abrogated APP and
BACE1 convergence induced by Aβ. The most straightforward
interpretation of these data is that APP acts as an unconventional
GPCR that responds to Aβ through Go protein activation. The
fact that these APP mutants prevent not only their own

subcellular redistribution in response to Aβ but also that of
BACE1 reinforces this interpretation. Moreover, inhibition of
Gβγ subunits with βARKct or gallein precluded the enhanced
APP and BACE1 interaction induced by pathological forms of
Aβ, adding further support to previous reports indicates that
APP–Go signaling depends on Gβγ subunits (Bignante et al.,
2018). Significantly, we also found that gallein prevented
intracellular accumulation of Aβ42 in cultures treated with
f-Aβ, including human neurons and astrocytes-expressing
endogenous levels of proteins; which strengthens the
physiopathological importance of our observations.

Intracellular distribution and traffic of APP and secretase have
a pivotal role in amyloidogenic processing and pathogenesis of
AD. It was postulated that healthy neurons maintain a fine
regulation of intracellular traffic to limit APP and BACE1
proximity and Aβ production (Das et al., 2013). In neurons,
APP and BACE1 colocalize in several intracellular compartments
of the secretory pathway including the Golgi apparatus. However,
β-cleavage of wild-type APP might not preferentially occur in the
secretory pathway due to the abundance of other substrates with
much higher affinity for BACE1 (Ben Halima et al., 2016).
Consistent with this, studies conducted in neurons have found
that BACE1 processing of APP occurs mainly in endocytic
compartments and that neuronal activity promotes the
convergence of APP and BACE1 in RE, thereby, increasing β-
cleavage of APP (Das et al., 2013; Das et al., 2016). In line with
these observations, it was reported that neuronal activity
enhances Aβ secretion in vivo (Kamenetz et al., 2003; Cirrito
et al., 2005; Brody et al., 2008), suggesting a physiological role for
Aβ in synaptic transmission. In fact, physiologically secreted Aβ
binds to APP modulating neurotransmitter release in excitatory
synapses by a Go protein Gβγ subunits-signaling process (Fogel
et al., 2014). Remarkably, enhanced encounter of APP and
BACE1 in RE was also reported in neurons of the AD brain,
suggesting that pathological conditions in AD favor abnormal
amyloidogenic processing of APP (Das et al., 2013). Our
immuno-colocalization and BiFC experiments provide a
mechanistic explanation for the later observation by showing
that pathological Aβ oligomers and fibrils increase the interaction
of APP and BACE1 in Rab11-positive compartments by
activating an APP-dependent Go protein Gβγ subunits-
signaling pathway.

Our findings do not exclude the possibility that Aβmight also
promote the physical interaction of APP and BACE1 in other
subcellular compartments. In fact, we also found that in HeLa
cells f-Aβ enhance the levels of APP:YFP, but not BACE1:CH, in

FIGURE 4 | as percentage. Data represent means ± SEM. (n = 27; 6–9 cells for each condition). *: p < 0.01 by ANOVA followed by Fisher LSD post-hoc test. (H).
Experimental diagram for I-M. (I). Representative confocal images of 12 DIV human neurons treated with f-Aβ25-35 10 µM and immunolabeled with antibodies to Aβ42
(clone 12F4) and βIII-tubulin. (J). Representative images of the magnified area (×3) of somas and dendrites of human neurons treated with the indicated conditions
showing Aβ42 immunostaining. (K). Quantitative analysis of Aβ42 fluorescence intensity in somas expressed as ratio of control (n = 641, 104–175 cells for each
condition) *: p < 0.05 vs. all other conditions by Kruskal–Wallis followed by Dunn post-hoc test **: p < 0.05 DAPT vs. VEH, GAL and f-Aβ. (L). Quantitative analysis of Aβ42
fluorescence intensity in processes expressed as ratio of control (n = 155, 27–36 cells for each condition) *: p < 0.05 vs. all other conditions by ANOVA followed by Fisher
LSD post-hoc test. (M). Quantitative analysis of Aβ42 fluorescence intensity in astrocytes expressed as ratio of control (n = 124; 22–28 cells for each condition) *: p <
0.001 vs. all other conditions by ANOVA followed by Fisher LSD post-hoc test. **: p < 0.05 DAPT vs. CON, GAL and f-Aβ. In all cases, data represent mean ± SEM. Scale
bar is 10 μm.
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the Golgi apparatus. We cannot discard that increasing the
availability of APP might suffice for boosting its β-processing
in the Golgi/secretory pathway. For example, β-processing of
pathologic Swedish APP mutation, which has higher affinity for
BACE1 than that of wild-type APP and causes early onset AD
(Kinoshita et al., 2003), was reported in the Golgi apparatus and
secretory pathway (Haass et al., 1995; Thinakaran et al., 1996).
Thus, in addition to RE it is possible that Aβ assemblies could also
favor amyloidogenic processing of APP in other subcellular
compartments. Incremented colocalization of APP and BACE1
in endosomes suggests that Aβ assemblies alter their intracellular
trafficking; however, other cellular processes cannot be excluded
(Heredia et al., 2004; Faghihi et al., 2008; Marsden et al., 2011;
Sadleir and Vassar, 2012; Mamada et al., 2015). Regardless of the
cellular mechanism implicated, our experiments show that gallein
effectively prevents Aβ-induced amyloidogenic processing of
APP and intracellular accumulation of Aβ42. This observation
indicates that Gβγ subunits signaling plays a critical role in
orchestrating the pathological loop by which Aβ assemblies
enhance production and intracellular accumulation of Aβ42.

Many groups have reported intracellular accumulation of Aβ
in neurons of transgenic mice models of AD and in the brains of
patients with mild cognitive impairment and AD (Takahashi
et al., 2017). By immuno-EM intracellular Aβ42 was localized in
multivesicular bodies associated with endosomal organelles
(Takahashi et al., 2002), observations that are consistent with
the generation of this intracellular pool of Aβ in the endocytic
pathway. Moreover, intracellular Aβ was observed not only in
neurons but also in astrocytes, particularly in the proximity of Aβ
plaques (Kurt et al., 1999; Thal et al., 1999), suggesting a potential
relation between extracellular and intracellular Aβ. In some APP
overexpressing transgenic mice, a rise in intraneuronal Aβ42
levels in dystrophic neurites preceded plaque formation (Oddo
et al., 2003), which led to the suggestion that plaques might
originate as remnants of degenerating neurites. In this work, we
provide new evidence showing that Aβ oligomers and fibrils when
deposited extracellularly can trigger intracellular production and
accumulation of Aβ42 in cultured human neurons-expressing
endogenous protein. Hence, both intracellular and extracellular
Aβ can influence each other to uphold the spreading of Aβ
pathology in the AD brain. The fact that our data show that
interfering with Gβγ subunits signaling can ameliorate Aβ42
accumulation in cultured cells opens a new avenue of research
for testing the therapeutic potential of this signaling cascade in
transgenic models of AD.

AD pathology develops with a lengthy and silent preclinical
phase, in which Aβ deposition disseminates throughout the brain
in a systematic and stereotyped fashion (Thal et al., 2002;
Bateman et al., 2012), which presumably involves transynaptic
dissemination of Aβ pathology (Lazarov et al., 2002; Harris et al.,
2010). In this work, we uncover a signaling mechanism
underlying a feed-forward process that exacerbates the
amyloidogenic processing of APP and intracellular
accumulation of Aβ42. We postulate that pathological Aβ
assemblies, which are resistant to degradation, cause a
sustained activation of APP–Go–Gβγ subunits signaling
cascade boosting intracellular accumulation of Aβ42. Over

time, this feed-forward process foster deposition and
dissemination of Aβ pathology in the AD brain. Therefore,
this process might be relevant for both early- and late-onset
AD (EOAD and LOAD, respectively). Hence, targeting the APP/
Go/Gβγ-signaling pathway may have therapeutic potential for
halting Aβ pathology in both forms of the disease. Moreover,
based on the evidence that targeting GPCR or their downstream-
signaling cascade is the most successful pharmacological strategy
for dealing with most of the human pathologies (Hauser et al.,
2017); we propose that the intervention of this pathway at
different levels could have therapeutic relevance. Effectiveness
of gallein in modulating this process in vitro is the first proof of
principle that targeting this signaling cascade could be a new
therapeutic approach for AD treatment.
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Supplementary Figure S1 | Fibrillar Aβ did not alter the localization of mutant
variants of APP in recycling endosomes and Golgi apparatus in HeLa cells. (A). Low
magnification images of N2a cells transfected with the indicated plasmids. (B).
Experimental diagram for C-F. Transfected HeLa cells were immunolabeled with
antibodies against Rab11 or GM130 followed by Alexa Fluor 633-conjugated
antibody (Invitrogen) and imaged by confocal microscopy. (C and D). Images of
HeLa cells co-expressing the indicated proteins and immunolabeled against Rab11.
Upper panels show pseudocolor images for Rab11 (green) and APPΔβ:YFP
(magenta in C) or APPGP:YFP (magenta in D). Lower panels show pseudocolor
images for BACE1:CH (red) and Rab11 (green). Quantitative analysis is shown in
Figure 1(I and J). (E). Images of HeLa cells co-expressing the indicated proteins
and immunolabeled against GM130. Upper panel shows pseudocolor images for
APP:YFP (magenta) and GM130 (green). Lower panel shows pseudocolor images
for BACE1:CH (red) and GM130 (green). (F). Manders coefficient of colocalization of
APP:YFP and GM130 is expressed as percentage. (n = 41; 8-12 cells for each
condition) *: p < 0.001 vs. all other conditions by ANOVA followed by Fisher LSD
post-hoc test. (G). Manders coefficient of colocalization of BACE1:CH and GM130
is expressed as percentage. (n = 41; 8-12 cells for each condition) No significant

difference among conditions was found by ANOVA. Inserts are x2.5 enlargement of
the corresponding image. Scale bar is 10 μm.

Supplementary Figure S2 | Characterization of Aβ species and 12F4 antibody
specificity by dot blot. Expression of APP:VN and BACE1:VC plasmids in N2a
cells.(A). Dot blot analysis of Aβ species used in this work. Soluble non-aggregated
Aβ1-42 (m Aβ), Aβ1-42 oligomers (o-Aβ), and Aβ1-42 fibrils (f-Aβ). Upper panel was
revealed with the conformation-independent monoclonal antibody 4G8 that
recognizes all Aβ species. Middle and lower panels were stained with
conformation-dependent antibodies NU1 and NU4, which selectively label
oligomeric species. Note that NU1 strongly labeled o-Aβ, while weakly
recognized f-Aβ. NU4 antibody only labeled o-Aβ. (B). Transfected N2a cells
with APP:VN and BACE:VC plasmids and treated as indicated. Cultures were
fixed and immunostained with antibody against GFP (Molecular Probes) followed
by Alexa Fluor 598-conjugated antibody (Invitrogen) and imaged by confocal
microscopy. Left panel depicts GFP stain, and right panel depicts BiFC. Note
that for similar level of expression of fluorescent protein (anti-GFP stain), level of BiFC
intensity varies according to treatment. Also, gallein and Aβ treatments did not affect
the expression of fluorescent protein. Scale bar is 10 µm. (C). Equal amounts of
monomers of Aβ42 were analyzed by dot blot using 12F4 antibody at specified
concentrations. (D). Indicated peptides (1 µg) were analyzed by dot blot using 12F4
antibody. Note that 12F4 antibody specifically labeled Aβ42.

Supplementary Figure S3 | Establishment and characterization of human neuronal
cultures. (A). Schematic protocol for differentiating human-induced pluripotent stem
cells (iPScs) to neurons. Phase contrast images of an iPSC colony, embryonic
bodies (EB) in suspension, neural epithelium (NE) and neural rosettes, and
differentiated neurons are shown. Scale bar is 50 µm. (B). Confocal images of
human neuronal cultures at 21 DIV immunolabed for the indicated proteins. Scale
bar is 10 µm.

Supplementary Figure S4 | Effect of f-Aβ on viability of iPSc-derived human
neurons. (A). Phase contrast images of cultures of human neurons derived from
iPSc treated with vehicle or 10 mM f-Aβ25-35 are shown. Upper panel 20x lower
panel ×40. (B). Viability was assessed by scoring viable and apoptotic nuclei stained
with DAPI (ANOVA F(1,4) = 0.27607, P = 0.627). Scale bar is 50 µm.
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