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Abstract
The generation of the amyloid-β (Aβ) peptides from the amyloid precursor protein (APP) through
sequential proteolysis by β- and γ-secretases is a key pathological event in the initiation and
propagation of Alzheimer’s disease. Aβ and the transcriptionally active APP intracellular domain
(AICD) are generated preferentially from the APP695 isoform compared to the longer APP751
isoform. As the Aβ and AICD produced from cleavage of APP695 and APP751 are identical we
hypothesised that the two isoforms have differences within their interactomes which mediate the
differential processing of the two isoforms. To investigate this, we applied a proteomics-based
approach to identify differences in the interactomes of the APP695 and APP751 isoforms. Using
stable isotope labelling of amino acids in cell culture (SILAC) and quantitative proteomics, we
compared the interactomes of APP695 and APP751 expressed in human SH-SY5Y cells. Through this
approach, we identified enrichment of proteins involved in mitochondrial function, the nuclear pore
and nuclear transport specifically in the APP695 interactome. Further interrogation of the APP
interactome and subsequent experimental validation (co-immunoprecipitation and siRNA
knockdown) revealed GAP43 as a specific modulator of APP751 proteolysis, altering Aβ generation.
Our data indicate that interrogation of the APP interactome can be exploited to identify proteins which
influence APP proteolysis and Aβ production in an isoform dependent-manner.

Introduction
Alzheimer’s disease (AD) is characterised by the deposition in the brain of plaques containing
the peptide amyloid-β (Aβ) (Masters et al. 1985). Aβ is postulated to be the neurotoxic moiety which
triggers the complex series of events leading to the neurodegeneration in AD (De Strooper & Karran
2016). Aβ is derived from the amyloid precursor protein (APP) following its sequential proteolysis by
the β- and γ-secretases (Andrew et al. 2016). In this amyloidogenic pathway, proteolytic cleavage by
the β-secretase (β-site APP cleaving enzyme 1; BACE1) releases soluble APPβ (sAPPβ) and
subsequent cleavage of the membrane bound C-terminal fragment (CTF) by γ-secretase liberates Aβ
and the APP intracellular domain (AICD). Alternatively, non-amyloidogenic proteolysis by αsecretases such as ADAM10 releases sAPPα, and subsequent proteolysis of the remaining CTF by γsecretase liberates the soluble fragment p3 and AICD (Andrew et al. 2016).
Alternative splicing of APP mRNA produces isoforms of various lengths. Due to their expression
within the brain, the main isoforms of interest to AD are APP695, APP751 and APP770, comprising
695, 751 and 770 amino acids, respectively. Exon 7 of the APP gene codes for a 56 amino acid
Kunitz-type protease inhibitor (KPI) domain with 50% sequence homology with the Kunitz family of

serine protease inhibitors that is present in both APP751 and APP770 (Sandbrink et al. 1996). An
additional 19 amino acid domain with sequence homology to the OX-2 antigen of thymus derived
lymphoid cells is coded for by exon 8 of the APP gene and is only present in the APP770 isoform
(Sandbrink et al. 1996). Reports have previously identified alterations in the expression levels of
different APP isoforms in AD (Golde et al. 1990; Matsui et al. 2007; Moir et al. 1998), though the
cause and consequence of these alterations have yet to be established. The different APP isoforms
have been shown to undergo differential proteolysis, with Aβ being produced preferentially, and
transcriptionally active AICD produced specifically, from the APP695 isoform (Belyaev et al. 2010;
Grimm et al. 2015; Pardossi-Piquard et al. 2005).
APP has been postulated to have a wide range of roles (Reinhard et al. 2005), including in cellcell adhesion (Soba et al. 2005), synaptogenesis (Wang et al. 2009) and as a cell surface receptor
(Rice et al. 2013). APP is dynamically trafficked within neurons, and its subcellular location has been
reported to influence its spatial proximity to the secretases responsible for its proteolysis (Haass et al.
2012). A wide range of proteins have been reported to directly interact with APP, some of which
influence its proteolysis and thus, the generation of Aβ (Perreau et al. 2010; Andrew et al. 2016). APP
interactomic studies have been carried out in both AD post-mortem brain tissue (Cottrell et al. 2005)
and transgenic mouse models of AD (Bai et al. 2008; Kohli et al. 2012) highlighting potential
functions and trafficking mechanisms involving APP, as well as elucidating novel interactions which
influence APP proteolysis. Interactome studies also have the capacity to elucidate both functional
networks and subcellular locations through ‘guilt by association’ allowing inference of a specific
function for the candidate protein (Perreau et al. 2010). Interactome analysis has previously been used
to identify interactors of the γ-secretase complex (Wakabayashi et al. 2009) and BACE1 (He et al.
2004) which influence their ability to proteolytically cleave APP.
Here we have undertaken an unbiased mass spectrometry-based approach, using stable isotope
labelling of amino acids in cell culture (SILAC) followed by APP immunoprecipitation and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to identify the interaction networks of the
two APP isoforms, APP695 and APP751, in human SH-SY5Y neuroblastoma cells. Through this
approach, for the first time in a neuronal cell model, we identified enrichment of proteins implicated
in nuclear import and mitochondrial function specifically in the APP695 interactome. In addition, we
identified that GAP43 selectively interacts with the APP751 isoform and that its knockdown in SHSY5Y cells specifically reduced proteolysis of the APP751 isoform.

Materials and methods
The study was not pre-registered and institutional approval was not required to conduct this
work.
Cell culture and SILAC
SH-SY5Y cells (RRID:CVCL_0019, Authenticated, 1st July 2015, 100% identical to SH-SY5Y
cell line ATCC:CRL-2266a and not listed a commonly misidentified cell line by the International Cell
Line Authentication Committee were a kind gift from Dr Peter Vaughn, University of Leeds) were
transfected with the cDNA encoding a C-terminally FLAG-tagged version of either wild type human
APP695 or APP751 within the vector pIREShyg (Accession #U89672, Clontech, #6061-1) or mock
transfected with empty pIREShyg vector by electroporation. Colonies expressing the desired
constructs were selected by treatment with 75 μg/ml hygromycin (Invitrogen, #10687010) for 10
days. Use of the pIREShyg vector circumvents the requirement for continued treatment of cells with a
selection antibiotic following the initial selection period. Cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Lonza, #BE12-604F) supplemented with 10% foetal bovine
serum (FBS) (Gibco, #F9665) at 37°C with 5% CO2. For SILAC labelling, cells were cultured in
DMEM containing isotope labelled versions of the amino acids arginine (R) and lysine (K) and 10%
dialysed FBS (Dundee Cell Products, #D-FBS). Mock transfected cells, APP695-FLAG expressing
cells and APP751-FLAG expressing cells were cultured in heavy-labelled (R10, K8) DMEM (Dundee
Cell Products, #LM015), medium-labelled (R6, K4) DMEM (Dundee Cell Products, LM-016) or light
(R0, K0) DMEM (Dundee Cell Products, #LM-019), respectively, for a 3-week period. Over this
period 6-8 passages were required indicating over 5 cell divisions which should ensure >95%
labelling of the proteins (Munday et al. 2012).

Immunofluorescence microscopy
Cells were seeded into 24-well plates containing coverslips at 30,000 cells per well and cultured
for 48 h. Cells were briefly washed in PBS then fixed and permeabilised with a 1:1 ratio of ice cold
methanol and acetone for 10 min at room temperature. The cells were then washed in PBS and
blocked in PBS containing 5% (v/v) fish skin gelatin (FSG) (Sigma, #G7765) for 1 h at room
temperature. Coverslips were incubated with anti-FLAG (RRID:AB_259529, 1:500 mouse IgG,
Sigma, #F3165) and anti-TGN-46 (1: 750, rabbit IgG, a kind gift from Dr Sreenivasan Ponambalam,
University of Leeds) primary antibody overnight at 4oC PBS containing 5% (w/v) FSG. Coverslips
were washed three times in PBS containing 0.2% (v/v) Tween-20 (PBST) and incubated with antimouse Alexa Fluor 488 secondary antibody (RRID:AB_141607, 1:500 donkey IgG, Invitrogen, #A21202) in PBS containing 5% FSG for 1 h at room temperature. Coverslips were washed once in PBS
and incubated with DAPI (Cell Signalling Technology, #4083S) at 1:1000 in PBS for 2 min at room
temperature. The coverslips were then washed twice in PBST and once with PBS before being
mounted using Fluoromount G (Cambridge Biosciences, #0100-01). Images were acquired on

a DeltaVision [RT] (Applied Precision) restoration microscope and analysed using Image J
software (National Institutes of Health).

Cell lysis
Cells were washed in ice cold phosphate buffered saline (PBS) (Lonza, #BE17-513F), harvested
and pelleted by centrifugation at 500 x g for 5 min. Cells were subsequently lysed on ice for 30 min
in lysis buffer (10 mM Tris-HCl pH7.5, 150 mM NaCl, 0.5% (v/v) Nonidet P-40, 1x EDTA-free
protease inhibitor cocktail). The cell lysates were clarified by centrifugation at 12,460 x g for 10 min
and the protein concentration was determined by bicinchoninic acid (BCA) assay.

Anti-FLAG affinity gel co-immunoprecipitation
Anti-FLAG affinity gel (Sigma, #A2220) was washed twice in PBS and subsequently
equilibrated in lysis buffer for 30 min. Immunoprecipitation was then carried out on 1mg of total cell
lysate from each cell line in a total volume of 1 ml. Lysates were diluted, added to the affinity resin
and incubated at 4°C for 2 h on a rotary mixer. The gel was pelleted by centrifugation at 500 x g for 1
min and the supernatant was removed as the unbound fraction. The gel was subsequently washed
three times in PBS and then re-suspended in 2x dissociation buffer (200 mM Tris-HCl, 4% (w/v)
sodium dodecyl sulphate, 20% (v/v) glycerol, 200 mM dithiothreitol, 0.04% bromophenol blue pH
6.8) and boiled for 5 min to elute the immunoprecipitated proteins.

Co-immunoprecipitations
Cells were lysed and the protein concentration was determined as described above. Anti-FLAG
affinity gel or Protein G Dynabeads (Life Technologies, #10004D) with anti-FLAG or anti-GAP43
(RRID:AB_1310252, Abcam, #ab75810) were used for immunoprecipitations. Dynabeads (1.5 μg)
were incubated with 2.5 μg of antibody diluted in 200 μl of PBS containing 0.02% Tween-20 for 1 h.
The supernatant was removed and the Dynabeads washed twice in 500 μl of PBS containing 0.02%
Tween. Cell lysates were diluted to 1 mg/ml and 1 mg of total cell lysate was incubated with the antiFLAG affinity gel or Dynabeads at 4°C for 2 h. The supernatants were removed and saved as
unbound fractions and the anti-FLAG affinity gel and Dynabeads washed 3 times in 500 μl of PBS
containing 0.02% Tween-20. The pellet was then re-suspended in 50 μl of 1x dissociation buffer (100
mM Tris-HCl, 2% (w/v) sodium dodecyl sulphate, 10% (v/v) glycerol, 100 mM dithiothreitol,
(0.02%) (w/v) bromophenol blue, pH 6.8) and boiled for 5 min to elute the immunoprecipitated
proteins.

Sample digestion and quantitative mass spectrometry
Proteins samples were separated by SDS-PAGE. The gel lane was cut into 3 slices and each slice
subjected to in-gel tryptic digestion using a DigestPro automated digestion unit (Intavis Ltd.). The
resulting peptides were fractionated using an Ultimate 3000 nanoHPLC system in line with an LTQOrbitrap Velos mass spectrometer (Thermo Scientific). Peptides in 1% (v/v) formic acid were injected
onto an Acclaim PepMap C18 nano-trap column (Thermo Scientific). After washing with 0.5% (v/v)
acetonitrile, 0.1% (v/v) formic acid, peptides were resolved on a 250 mm × 75 μm Acclaim PepMap
C18 reverse phase analytical column (Thermo Scientific) over a 150 min organic gradient, using 7
gradient segments (1-6% solvent B over 1 min, 6-15% solvent B over 58 min, 15-32% solvent B over
58 min, 32-40% solvent B over 5 min, 40-90% solvent B over 1 min, held at 90% solvent B for 6 min
and then reduced to 1% solvent B over 1 min) with a flow rate of 300 nl min−1. Solvent A was 0.1%
formic acid and solvent B was aqueous 80% acetonitrile in 0.1% formic acid. Peptides were ionized
by nano-electrospray ionization at 2.1 kV using a stainless steel emitter with an internal diameter of
30 μm (Thermo Scientific) and a capillary temperature of 250°C. Tandem mass spectra were acquired
using an LTQ-Orbitrap Velos mass spectrometer controlled by Xcalibur 2.1 software (Thermo
Scientific) and operated in data-dependent acquisition mode. The Orbitrap was set to analyse the
survey scans at 60,000 resolution (at m/z 400) in the mass range m/z 300 to 2000 and the top ten
multiply charged ions in each duty cycle selected for MS/MS in the LTQ linear ion trap. Charge state
filtering, where unassigned precursor ions were not selected for fragmentation, and dynamic exclusion
(repeat count, 1; repeat duration, 30s; exclusion list size, 500) were used. Fragmentation conditions in
the LTQ were as follows: normalized collision energy, 40%; activation q, 0.25; activation time 10 ms;
and minimum ion selection intensity, 500 counts.
The raw data files were processed and quantified using Proteome Discoverer software v1.2
(Thermo Scientific) and searched against the UniProt Human database plus appropriate APP
sequences using the SEQUEST algorithm. Peptide precursor mass tolerance was set at 10ppm, and
MS/MS tolerance was set at 0.8 Da. Search criteria included carbamidomethylation of cysteine
(+57.0214) as a fixed modification and oxidation of methionine (+15.9949) and appropriate SILAC
els (2H4-Lys,

13

C6-Arg for Medium and

13

C615N2-Lys and

13

C615N4-Arg for Heavy) as variable

modifications. Searches were performed with full tryptic digestion and a maximum of 1 missed
cleavage was allowed. The reverse database search option was enabled and all peptide data were
filtered to satisfy false discovery rate of 5%. Protein ratios presented in Table 1 are averaged from
two experimental repeats.

Bioinformatic analysis
Gene ontology analysis was performed with DAVID Bioinformatics Resources version 6.7
(available at http://david.abcc.ncifcrf.gov/ (Huang da et al. 2009a; Huang da et al. 2009b)) using

UniProt accession numbers as identifiers. Manual curation was performed on the entire dataset to
ensure recognition of UniProt identifiers by DAVID software.

RNA interference
Specific siRNAs for human GAP43 (Dharmacon, #L-011663-00-000 and Ambion, #4392420 ID
s5569) and a non-targeting control siRNA (Dharmacon, #D-001810-10-05) were obtained. SH-SY5Y
cells either untransfected or expressing APP695-FLAG or APP751-FLAG were seeded into 6-well
plates at 500,000 cells per well and cultured overnight. Cells were washed with PBS and siRNA was
delivered as a complex with DharmaFECT 1 (Dharmacon, #T-2001-04) at a final concentration of 50
nM. Cells were cultured for 48 h as described previously, before being washed once with PBS and
cultured for a further 6 h, for APP-expressing cells, or for 24 h, for untransfected cells, in serum free
Opti-MEM (Life Technologies, 11058021).

SDS-PAGE and western blot
Protein samples were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) on 7-17% acrylamide gradient gels. Proteins were then transferred to polyvinylidene
difluoride membranes (Biorad, #1620177) and blocked for 1 h in PBS containing 0.1% Tween-20
(PBS-T) and 5% (w/v) skimmed milk powder. Membranes were incubated in primary antibody
overnight at 4°C in PBS-T containing 2% (w/v) bovine serum albumin (BSA) (Sigma, #A2153)
22C11 (RRID: 11205566, 1:2000 mouse IgG, a kind gift from Dr James Duce, University of Leeds),
anti-FLAG (1:1000 mouse IgG), anti-ataxin-10 (RRID:AB_2061167, 1:1000 rabbit IgG, Proteintech,
#15693-1-AP), anti-GRP78 (RRID:AB_2119855, 1:1000 mouse IgG, Proteintech, #11587-1-AP),
anti-14-3-3ζ/δ (1:1000, a kind gift from Prof. Stuart Pickering-Brown, University of Manchester),
anti-Fe65 (RRID:AB_10562819, 1:1000 rabbit IgG, Abcam, #ab91650) and 1:10000 for anti-GAP43
(RRID:AB_1310252, 1:10000 rabbit IgG, Abcam, #ab75810) and anti-actin (RRID:AB_476744,
1:10000 mouse IgG, Sigma, #A5441). Membranes were subsequently washed three times in PBS-T
then incubated in horseradish peroxidase-linked secondary antibodies in PBS-T containing 2% BSA
for 1 h at room temperature. Membranes were then washed twice in PBS-T and finally in PBS.
Membranes were incubated for 1 min in enhanced chemiluminescence western blotting substrate
(Pierce, #10005943) and visualised using a Syngene Gbox XT4 (Syngene). Densitometric analysis
was performed using Genetools software from Syngene. Molecular weight markers are indicated in
kDa on the left-hand side of each blot.

Aβ and sAPP quantification
Aβ40 and Aβ42 were measured using the V-PLEX Aβ peptide panel 1 (6E10) assay (Meso Scale
Discovery (MSD), #K15200E). sAPPα and sAPPβ were measured using the sAPPα/sAPPβ multiplex
assay kit (MSD , #K15120E) according to the manufacturer’s instructions. Assay plates were blocked
and conditioned cell medium samples and standards buffered with 500 mM HEPES, pH 7.4 to a final
concentration of 50 mM were loaded in duplicate. Following washing, and secondary antibody
incubation, assays were read using the MESO QUICKPLEX SQ 120 and analysed using Meso Scale
Discovery Workbench 4.0 software (MSD). The protein concentration of the conditioned medium
was determined by BCA assay and sAPPα, sAPPβ and Aβ levels corrected for total protein
concentration.

Data and Statistical analysis
Data were analysed as stated in the text and figure legends, and n numbers are specified. No
randomisation and no blinding were performed for the analysis of this data. For statistical analysis,
data were analysed using IBM SPSS Statistics 20 software. Levene’s test was first applied to all data
to determine equality of variance between groups for comparison. For comparison between two data
sets, an independent t-test was applied and the appropriate statistic determined depending on the
equality of variance. For multiple comparison data were analysed using a one-way analysis of
variance (ANOVA) with a Tukey post-hoc correction for multiple comparisons. For all analyses,
statistical significance was taken at p<0.05.

Results
Identification of the cellular interactome of APP isoforms
In order to identify the interactomes of the APP695 and APP751 isoforms, a C-terminal FLAGtag was added to the proteins using standard gene cloning techniques. SH-SY5Y cells which
endogenously express both the KPI and non-KPI APP isoforms were transfected with the cDNA
encoding APP695-FLAG or APP751-FLAG, or with the vector only as a mock transfected control.
The expression of APP was determined by immunoblot analysis with an anti-APP antibody,
demonstrating the over-expression of the respective APP-tagged isoforms compared to the mock
transfected cells, (Fig. 1A). Comparable expression of the two APP isoforms was achieved when
corrected for endogenous APP in the mock transfected cell line (data not shown).
Immunofluorescence microscopy of cells immunostained with anti-FLAG antibody indicated >75%
of cells expressed the APP-FLAG constructs (Fig. 1B). Staining was largely perinuclear, overlapping
with the marker TGN46, with some punctate staining also observed, consistent with APP being
present mainly in the trans Golgi network and endocytic vesicles (Thinakaran & Koo 2008).
Conditioned cell medium was subjected to a multiplex ELISA (Mesoscale Discovery V-PLEX Aβ

peptide panel 1 or sAPPα/sAPPβ multiplex assay kit) to determine the amounts of sAPPα, sAPPβ and
Aβ. Analysis showed significantly more sAPPα (p=0.0002) and sAPPβ (p=0.0017) in the conditioned
cell medium from APP695-FLAG expressing cells compared to APP751-FLAG expressing cells (Fig.
1C). Concomitantly, significantly more Aβ40 (p=0.0003) and Aβ42 (p=0.0002) were present in the
conditioned cell medium from APP695-FLAG expressing cells compared to the APP751-FLAG
expressing cells (Fig. 1D). The ratio of Aβ42:Aβ40 was not significantly different when comparing
APP695 and APP751 expressing cells (not shown). These data are in agreement with those previously
reported with untagged forms of the APP isoforms (Belyaev et al. 2010).
To compare the cellular interactomes of APP695 and APP751 we employed a strategy where coimmunoprecipitation of APP was followed by quantitative proteomics (Fig. 2A). Cells stably
expressing APP695-FLAG or APP751-FLAG, or the mock transfected cells, were SILAC labelled
over a period of three weeks requiring >6 passages, ensuring sufficient amino acid labelling to allow
discrimination between proteins immunoprecipitated specifically with APP from each sample.
Following SILAC labelling and immunoprecipitation using anti-FLAG affinity gel, confirmation of
the immunoprecipitation of APP and co-immunoprecipitation with Fe65, a well-known APP
interactor (Ando et al. 2001), in the APP expressing cell lines was determined by immunoblot
analysis (Fig. 2B). Reduced association of Fe65 was consistently observed in the bound fraction of
the APP751 immunoprecipitations compared to the APP695 immunoprecipitations in multiple
experimental repeats. Equal volumes of the bound fractions from the mock, APP695-FLAG and
APP751-FLAG immunoprecipitations were then combined and proteins were identified and
quantified using LC-MS/MS. 410 proteins were identified in both of two separate labelling, coimmunoprecipitation and mass spectrometry analyses.
This approach not only allows the identification of proteins specifically interacting with either of
the APP isoforms, but also produces a quantitative interaction ratio giving insight into the extent to
which each isoform interacts with a particular protein. Several parameters were set for the inclusion of
an interactor in the final data set. The LC-MS/MS identification was carried out on two separate
SILAC labelled immunoprecipitations and only proteins with peptide ratios calculated on the basis of
at least 4 peptides over the two experiments were included in the analysis. Following removal of
proteins which did not meet this criterion, the interaction ratios for each protein in the APP-expressing
cell lines was compared to the mock expressing cell line for the remaining 297 proteins. The
interaction ratios were Log2 converted and all of the proteins identified were plotted as a scatter plot
(Fig. 3A). To determine whether proteins were specifically enriched in the immunoprecipitation
samples from each APP cell line, all proteins whose interaction ratio did not exceed the average
interaction ratio of the whole data set were removed, a method previously employed to determine the
in vivo mouse brain interactome of APP (Kohli et al. 2012). Once Log2 converted this cut-off value
for the APP695 interactome was 2.33 and for the APP751 interactome was 1.38 and represents a more
conservative cut-off than the 2-fold (or 1 when Log2 converted) cut-off used in similar SILAC based

interactome studies (Wu et al. 2012; Hosp et al. 2015). Enriched proteins, those considered to be
significantly higher in abundance in the APP lines compared to the mock, were re-plotted (Fig. 3B),
and are displayed in Table 1 along with peptide score (higher score represents higher quality data),
peptide count (number of individual peptides used for quantification), sequence coverage for the two
separate experiments, and binding ratios averaged from the two experiments. In validation of this
method, immunoprecipitation of APP-FLAG and immunoblotting for proteins within the dataset
(highlighted in Fig. 3B) showed that proteins in the interactome such as Fe65 were identifiable as
enriched in immunoblots, while those excluded by the cut-offs were not (Fig. 3C). Indeed, while
proteins such as 14-3-3ζ/δ were identified by mass spectrometry, they were not detectable by
immunoblot as APP interactors and were removed by the cut-offs employed (Fig. 3C). Similarly,
analysis of several other proteins which were removed by the cut offs employed, including NAP1L1,
HSP27, HSP90, Karyopherin-β and Karyopherin-α were not detectable as enriched in the APP
immunoprecipitations compared to control (data not shown). Final analysis revealed 36 proteins
enriched in both the APP695 and APP751 interactome (Fig. 3D). In addition, 12 proteins were
specifically enriched in the APP695 dataset and 22 were specifically enriched in the APP751 dataset
(Fig. 3D).

Bioinformatics analysis
Gene ontology analysis of the APP interactome datasets showed enrichment of proteins involved
in the nuclear pore and in nuclear transport in the APP695 interactome but not in the APP751
interactome (Table 2). Indeed, when just proteins interacting >2-fold more with APP695 than APP751
were subjected to gene ontology analysis, proteins involved in nuclear import remained significantly
enriched (Table 3). Bioinformatic analysis also indicated enrichment of mitochondrial proteins in the
APP695 interactome compared to that of APP751 (Table 2). As with nuclear proteins, enrichment of
mitochondrial proteins was also seen when proteins interacting >2-fold higher with APP695 than with
APP751 were analysed (Table 3).

Validation of interaction partners
To confirm the interaction of APP with some of the proteins identified in the mass spectrometry
dataset, immunoprecipitations were carried out on APP695-FLAG, APP751-FLAG and mock
transfected cell lines and the resulting bound fractions subjected to immunoblot analysis for GRP78,
ITM2C, ataxin-10 and GAP43 that had been identified in the interactomes (Fig. 3E). Coimmunoprecipitation with both APP695 and APP751 was confirmed for GRP78. Ataxin-10 and
ITM2C were preferentially co-immunoprecipitated with APP695, while GAP43 was preferentially coimmunoprecipitated with APP751, confirming the differential interactions identified in the mass
spectrometry analysis. In some cases, residual protein remained in the bound fraction from the mock-

transfected cell line, but consistently higher levels of the target protein were observed in the bound
fractions for the APP isoform which the unbiased LC-MS/MS identified as an interactor.

GAP43 modulates APP751 proteolysis
Initially,

to

confirm

the

interaction

between

APP751

and

GAP43,

the

reverse

immunoprecipitation was carried out in APP751-FLAG transfected cells with the anti-GAP43
antibody and immunoblotting with the anti-APP antibody 22C11 (Fig. 4A).

To rule out the

interaction being a result of overexpression of APP751, we confirmed the co-immunoprecipitation of
GAP43 with APP751 in untransfected SH-SY5Ycells which endogenously express both proteins (Fig.
4B). Finally, we investigated whether modulation of GAP43 altered APP processing firstly by using
siRNA knockdown of GAP43 in SH-SY5Y cells expressing either APP695-FLAG or APP751-FLAG.
GAP43 was knocked down by approximately 40% following siRNA treatment (Fig. 4C and 4D). In
SH-SY5Y cells expressing APP695-FLAG there was no change in Aβ40 or Aβ42 but in SH-SY5Y
cells expressing APP751-FLAG, Aβ42 was significantly reduced upon knockdown of GAP43, by
26.2% (p=0.0077) (Fig. 4E). Aβ40 was also decreased, by 22.4%, but this was not significant (Fig.
4E). To investigate the effect of GAP43 on APP proteolysis in untransfected SH-SY5Y cells we used
siRNA knockdown of GAP43. Knockdown of GAP43 (by 67.6%, p=0.0052) was confirmed by
immunoblot (Fig. 5A). Knockdown of GAP43 resulted in a significant reduction in sAPPα and
sAPPβ, by 10.3% and 11.5% (p=0.0247 and p=0.0217), respectively (Fig. 5B) and in Aβ40 and Aβ42,
by 18.1% and 23.4% (p=0.0112 and p=0.0402), respectively (Fig. 5C) compared to non-targeting
control.

Discussion
The study of APP proteolysis within human cells has provided invaluable insights into the
mechanisms involved in the production of Aβ. However, the cellular interactome of APP has not been
widely studied and could increase understanding of the cellular interactions which influence its
proteolysis. To this end we sought to elucidate the interactomes in a human neuronal cell line of the
two most abundant APP isoforms in the human brain, namely APP695 and APP751, which are
differentially processed by the β-secretase BACE1 to produce Aβ and the transcriptionally active
AICD.
We used an unbiased mass spectrometry screening approach to identify proteins that interact with
APP in cell culture. We identified 70 proteins which meet the criteria we have used to determine
whether proteins are true interactors or not. These parameters are of course arbitrary, but we believe
represent a stringent enough cut-off to identify only proteins which are direct interactors. Through the
use of C-terminally FLAG-tagged APP constructs we have avoided the use of any anti-APP
antibodies for the immunoprecipitation, the immunoreactivity of which may be blocked by interacting
partners. Furthermore, we have shown that the addition of this 8 amino acid tag sequence does

not affect the differential proteolysis of the APP isoforms previously described (Belyaev et al. 2010).
Our experimental design, using C-terminally tagged APP constructs means that identified proteins
may interact with full length APP, CTFs produced by α- or β-secretase proteolysis (C83 and C99,
respectively), AICD or any other C-terminal containing fragment.
We used the well-studied interaction between APP and Fe65 to confirm the successful coimmunoprecipitation of a known APP interactor in the lysis conditions employed prior to the mass
spectrometry analyses. This demonstrated the interaction of Fe65 with both APP isoforms to different
extents, with a reduced association of Fe65 with the APP751 isoform compared to the APP695
isoform. The differential association of Fe65 with the different APP isoforms was later confirmed in
the mass spectrometry analyses and is consistent with the differences in subsequent roles for these
isoforms in transcriptional regulation that have been previously reported (Belyaev et al. 2010). Our
dataset identified several proteins previously identified as APP interactors in mass spectrometry based
studies in other model systems including Calnexin and HSPA5 (Bai et al. 2008), VDAC3 (Kohli et al.
2012; Hosp et al. 2015), ATP1A1 and SLC25A3 (Kohli et al. 2012). In addition, we were able to
repeat the interactions identified in the mass spectrometry data using immunoprecipitation and
western blot for five different interactors within the dataset. While high consensus in interactomic
studies is often difficult to achieve (Perreau et al. 2010), different protein expression patterns in
different cell types and in vivo make direct comparison inherently difficult.
Despite their well-studied roles in the proteolysis of APP, neither β- nor α-secretase was
identified in the dataset, nor were any of the components of the γ-secretase complex. Another SILAC
LC-MS/MS based analysis of APP interactors also failed to show co-immunoprecipitation of the
secretases, suggesting that the transient nature of their interaction may prevent their identification
(Hosp et al. 2015). A comprehensive comparison of our dataset with the dataset of Hosp et al. 2015
recently published showed only one protein in that study met the cut off we set here for interaction
(VDAC3). However, a further 16 were identified but did not make our final data set due to the
stringent cut off criteria we employed. The differences in the interactions identified in our study and
that of Hosp et al. may be due to the different cell lines (SH-SY5Y compared to HEK) and different
positioning of the tag (C-terminus compared to N-terminus). The nuclear signalling capabilities of
AICD appear to be specific to neuronal cells lines (Belyaev et al. 2010) suggesting specific
interactions and trafficking pathways for APP and its metabolites may be restricted to neuronal cells.
Interestingly, our dataset showed enrichment of proteins involved in nuclear transport, while that of
Hosp et al. did not, supporting data suggesting trafficking of APP or fragments thereof to the nucleus
is neuronal cell type specific (Belyaev et al. 2010).
The ontology analysis for our dataset showed enrichment of various mitochondrial proteins
within the APP695 interactome. APP has previously been implicated in mitochondrial function and
gene expression (Chua et al. 2013) and has been shown to accumulate in mitochondrial import
channels in AD (Devi et al. 2006), while disruption of mitochondrial function has been

widely reported in AD (Ankarcrona et al. 2010). The APP amino acid sequence contains a
cryptic mitochondrial signal sequence suggesting that its presence in mitochondria is not solely
due to aberrant localisation induced by over-expression (Anandatheerthavarada et al. 2003). Despite
the fact that APP is orientated within the mitochondrial membrane with its N-terminus in the
mitochondrial matrix and C-terminus in the cytosol, AICD has been shown to be present within
the mitochondrial matrix (Pavlov et al. 2011). Given the postulated roles for AICD as a
transcriptional regulator, it would be interesting to investigate whether this proteolytic APP fragment
has a role in the regulation of mitochondrial genes. Indeed, this may explain the increased presence
of mitochondrial proteins in this, and other, interactomic analyses of APP (Hosp et al. 2015).
Hosp et al. investigated the interaction of APP with the protein LRPPRC, a key protein in
mitochondrial gene regulation, which did appear in our data set when the arbitrary 2-fold cut off was
employed, as was used in their study. While we also identified two proteins identified by Bai et al. in
their in vivo interactome study, we did not observe interaction with Lingo-1, which the authors later
showed modulated APP proteolysis (Bai et al. 2008). While our methodology allowed for
interactions specific to a human cell type, they do not account for potential inter-cell interactions
or interactions which may occur specifically in the highly-organised tissue of the brain. Additional
proteins identified in our analysis may be present due to the use of a tagged APP construct,
circumventing the requirement for the use of an anti-APP antibody, as used previously (Bai et
al. 2008), the immunoreactivity of which could have been blocked by covalently linked
interacting proteins in the C-terminal region of APP recognised by the antibody. Both our study and
that of Bai et al. indicate that interrogation of the APP interactome may aid in the identification of
alternative mechanisms for disrupting APP proteolysis outside of direct secretase inhibition.
GAP43 was identified as interacting selectively with the APP751 isoform and in modulating its
proteolysis by the secretases. GAP43 has previously been shown to localise with APP in presynaptic
boutons in the frontal cortex of AD brains (Masliah et al. 1992b) and in outgrowing neurites of the
neonatal rat brain (Masliah et al. 1992a). More recently, GAP43 has been identified as a potential
biomarker for AD, with GAP43 measurements in cerebrospinal fluid shown to correlate with Aβ and
tau (Sandelius et al. 2018). We demonstrate, for the first time that there is a direct interaction between
GAP43 and the 751 isoform of APP, and that this interaction affects Aβ levels. Our data indicates that
the interaction with GAP43 decreases both α- and β-secretase cleavage of APP751 as the respective
secretase products sAPPα and sAPPβ are decreased upon GAP43 siRNA knockdown (Fig. 5B). It
would appear that GAP43 also has an additional effect on γ-secretase as there was a greater decrease
in Aβ levels than that seen in sAPPβ (Fig. 5C). GAP43 is a presynaptic protein (Wang et al. 2014),
and the presynaptic membrane has previously been implicated as a site of BACE1 accumulation and
amyloidogenic proteolysis of APP (DeBoer et al. 2014; Buggia-Prevot et al. 2014), while Aβ
generation has also been shown to be activity-dependent in neurons (Kamenetz et al.
2003). Interaction with GAP43 may contribute to retention of APP within presynaptic regions,
resulting

in increased proteolysis of this APP isoform. GAP43 knockdown has previously been shown to
reduce
Aβ in the conditioned medium of HEK cells expressing APP, albeit using an APP695 construct. The
decrease in Aβ was attributed to a direct interaction with the γ-secretase complex following the
identification of GAP43 as a γ-secretase associated protein in human brain (Inoue et al. 2015). Our
data indicates that GAP43 also directly interacts with APP751 and affects cleavage by both α- and βsecretase. However, as GAP43 does not influence APP695 processing, it cannot be exerting a
direct
effect on the secretases, but could be influencing access of APP751 to the secretases through
preferential subcellular localisation, which could explain the differential proteolysis of the
APP isoforms that was previously observed (Belyaev et al. 2010). As GAP43 is a cytosolic
protein that
attaches to the inside of the plasma membrane via palmitolyation, it cannot interact directly with
the
KPI domain in the extracellular domain of APP. As the cytosolic domains of APP695 and APP751
are
identical in terms of protein sequence, the preferential interaction of APP751 with GAP43 may be
due to colocalisation at the membrane, possibly within a subset of lipid rafts. However, it remains
to be
determined which protein is interacting selectively with the KPI domain to promote this distinct
subcellular localisation of APP751.
In conclusion, our unbiased interactome screen has revealed a selective enrichment of
proteins implicated in mitochondrial function, nuclear transport and the nuclear pore in the
APP695 interactome in neuronal cells. This provides further evidence for a preferential role of
APP695, rather
than APP751, in transcriptional regulation and mitochondrial function and/or dysfunction. In
addition, we have identified various proteins that interact selectively with either APP695 or
APP751. Finally, we have shown that a novel direct binding partner (GAP43) selectively
influences the proteolytic
processing of APP751.
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Table 1 - The APP695 and APP751 interactomes
A comprehensive list of all proteins identified as enriched in the APP isoform interactomes across the
two experiments including details of the Uniprot identifier (http://www.uniprot.org) used for
subsequent ontology analyses and gene name. Peptide score, peptide count and sequence coverage
are shown from each of the two experiments, as well as the average interaction ratio from the two
experiments comparing all three experimental cell lines. Lines in bold font indicate proteins
determined to be APP751 specific and in those in bold/italic font were determined to be APP695
specific using the cut-off criteria employed. Protein sequences are available at UniProt.

Table 2- Gene ontology analysis of APP isoform interacting proteins
The interactomes of the APP isoforms were subject to gene ontology analysis to identify functions
enriched in their interactomes. Gene ontology analysis was performed on proteins that were
considered to be enriched in each APP isoform interactome. Uniprot accession numbers were used as
gene

identifiers

and

ontology

(http://david.abcc.ncifcrf.gov/).

analysis

carried

out

using

DAVID

software

Table 3- Mitochondrial and nuclear proteins are enriched in the APP695 interactome
Further gene ontology analysis was performed on proteins which showed large differences in
interaction ratio between isoforms. Proteins which showed at least 2-fold higher interaction with
either isoform were analysed using DAVID software.

FIGURE LEGENDS
Fig. 1: Expression and proteolysis of FLAG-tagged APP constructs
A) SH-SY5Y cells stably expressing APP695-FLAG or APP751-FLAG in the vector pIREShyg, or
mock transfected cells expressing vector only were lysed and subjected to immunoblot analysis for
APP and actin. Unglycosylated forms of both APP695 and APP751 (imm695, imm751) and
glycosylated forms (m695, m751) are observed. B) Immunofluorescent microscopy of APP695FLAG or APP751-FLAG expressing cells and their subcellular localisation in relation to the transGolgi network marker TGN-46. Immunofluorescence for both APP isoforms, using an anti-FLAG
antibody, overlapped with that of TGN46, a trans-Golgi network marker (Yellow arrows) and showed
punctate staining within the cell (white arrows). Scale bar = 10µm. ELISA analysis of C) sAPPα and
sAPPβ and D) Aβ40 and Aβ42 in the conditioned cell medium from APP695-FLAG and APP751FLAG expressing cells, corrected for the amount observed in the conditioned cell medium from mock
transfected cells. Data are taken from three independent experiments, n= 3 samples per group, and are
shown as mean ± S.E.M. **p<0.01, ***p<0.001 for APP751 compared to APP695.

Fig. 2: The experimental strategy for the identification of the APP interactome
A) Schematic representation of the SILAC LC-MS/MS strategy. SH-SY5Y cells expressing APP695FLAG, APP751-FLAG or mock transfected cells were labelled by SILAC. FLAG-tagged APP was
immunoprecipitated from cell lysates and analysis of the bound immunoprecipitation fractions was
carried out by LC-MS/MS. B) Following SILAC, immunoprecipitation of FLAG-tagged proteins was
performed using anti-FLAG affinity gel. Input (In), unbound (UB) and bound (B) fractions from the
three immunoprecipitations were subjected to immunoblot analysis using anti-FLAG and anti-Fe65
antibody. * denotes non-specific bands.

Fig. 3: Identification of enriched data from mass spectrometry analysis and validation of
interactors by co-immunoprecipitation
A) Protein interaction ratios from mass spectrometry analyses were Log2 converted and plotted as the
ratio of APP695:mock against the ratio of APP751:mock. B) Cut-off values were determined and
were Log2 converted giving cut-off values of 2.325 and 1.379 for the APP695 and APP751
interactomes, respectively. These cut-offs were applied to the data set to provide an enriched data set
indicating specific interactors for each isoform. C) FLAG immunoprecipitations were performed on
mock, APP695-FLAG and APP751-FLAG expressing cells and subjected to immunoblot for APP,
Fe65, and 14-3-3 ζ/δ. * denotes non-specific bands. D) The cut-offs employed identified 36 proteins
which interact with both APP isoforms. A further 12 proteins were identified which interacted
specifically with APP695 and 22 which interacted specifically with APP751. E) Immunoprecpitations
using anti-FLAG resin were performed on cell lysates from mock, APP695-FLAG and APP751-

FLAG expressing SH-SY5Y cells and bound fractions were immunoblotted for APP, ataxin-10,
GRP78, ITM2C and GAP43.

Fig.4: GAP43 co-immunoprecipitates with APP751 and knockdown of GAP43 reduces Aβ in
APP751-FLAG, but not APP695-FLAG expressing cells
Co-immunoprecipitation using anti-GAP43 antibody was performed on cell lysates from A) APP751
expressing SH-SY5Y cells and B) SH-SY5Y untransfected cells; bound fractions were
immunoblotted for APP. * denotes non-specific bands. GAP43 was knocked down in C) APP695FLAG expressing and D) APP751-FLAG expressing SH-SY5Y cells using 50nM smartpool siRNA
complexed with DharmaFECT 1 transfection reagent in DMEM for 48 h. The cell medium was
replaced with Opti-MEM and cells were cultured for a further 6 h. Cells were lysed and subjected to
immunoblot analysis for APP, GAP43 and actin. E) ELISA analysis for Aβ40, and Aβ42 in the
conditioned cell medium from APP695-FLAG and APP751-FLAG expressing cells. Aβ levels are
shown as a percentage of the non-targeting control from the relevant cell line. Data are taken from
three independent experiments, n= 3 samples per group, and are shown as mean ± S.E.M. **p-value
<0.01.

Fig. 5: GAP43 siRNA knockdown decreases Aβ via alterations in the processing of APP751
GAP43 was knocked down in untransfected SH-SY5Y cells using siRNA. The cell medium was
replaced with OPTIMEM and cells were cultured for a further 24 h. Cells were lysed and subjected to
A) immunoblot analysis for GAP43, APP and actin in the lysates. Conditioned media was collected
and analysed by ELISA for B) sAPPα and sAPPβ, and C) Aβ40 and Aβ42 Data are taken from three
independent experiments, n=3 samples per group, and are shown as mean ± S.E.M. *p-value <0.05.

