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Abstract
A recent large genome-wide association study has identified EGFR (encoding the epidermal growth factor EGFR) as a new 
genetic risk factor for late-onset AD. SHIP2, encoded by INPPL1, is taking part in the signalling and interactome of several 
growth factor receptors, such as the EGFR. While INPPL1 has been identified as one of the most significant genes whose 
RNA expression correlates with cognitive decline, the potential alteration of SHIP2 expression and localization during the 
progression of AD remains largely unknown. Here we report that gene expression of both EGFR and INPPL1 was upregulated 
in AD brains. SHIP2 immunoreactivity was predominantly detected in plaque-associated astrocytes and dystrophic neurites 
and its increase was correlated with amyloid load in the brain of human AD and of 5xFAD transgenic mouse model of AD. 
While mRNA of INPPL1 was increased in AD, SHIP2 protein undergoes a significant solubility change being depleted from 
the soluble fraction of AD brain homogenates and co-enriched with EGFR in the insoluble fraction. Using FRET-based flow 
cytometry biosensor assay for tau-tau interaction, overexpression of SHIP2 significantly increased the FRET signal while 
siRNA-mediated downexpression of SHIP2 significantly decreased FRET signal. Genetic association analyses suggest that 
some variants in INPPL1 locus are associated with the level of CSF pTau. Our data support the hypothesis that SHIP2 is an 
intermediate key player of EGFR and AD pathology linking amyloid and tau pathologies in human AD.
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Introduction

Alzheimer’s disease (AD), the most common form of 
dementia, is characterized by two main neuropathologi-
cal lesions: amyloid plaques and neurofibrillary tangles 
(NFTs). Amyloid plaques are constituted of amyloid β 
(Aβ) peptides [39] derived from successive cleavages of 
the amyloid precursor protein (APP). NFTs are composed 
of hyperphosphorylated and aggregated PHF-tau (paired-
helical filament) [15]. NFTs are also found in other neu-
rodegenerative diseases so called “tauopathies” such as 
familial forms of frontotemporal lobar degeneration with 
tau-immunoreactive inclusions (FTD-tau), corticoba-
sal degeneration (CBD), progressive supranuclear palsy 
(PSP), argyrophilic grain disease (AGD), Pick disease 
(PiD) and others [17, 88]. AD is closely linked to dysfunc-
tion of membrane sorting and phosphoinositide (PI) home-
ostasis [64]. Membrane dynamics are tightly regulated by 
membrane lipids such as PIs [27, 80]. In the affected brain 
areas of AD brains, enlargement of endosomes precedes 
the formation of amyloid plaques [19].

Recent network-based approach studies have revealed 
that upregulation of SHIP2 (SH2 domain-containing Ino-
sitol 5-Phosphatase 2) transcripts encoded by INPPL1 
(Inositol Polyphosphate Phosphatase Like 1) is signifi-
cantly associated with cognitive decline and neuropatho-
logical lesions in human AD and aging brains [65] and 
that INPPL1 is one of the most significant AD-associated 
genes that can be potential diagnostic biomarkers and 
therapeutic targets for AD [24]. SHIP2 is one of the ten 
PI 5-phosphatases identified in the human genome [72]. 
SHIP2 regulates the levels of the critical second messenger 
PI(3,4,5)P3 by essentially dephosphorylating PI(3,4,5)P3 
at the 5-position to produce PI(3,4)P2 [37, 71]. SHIP2 
is ubiquitously expressed and is implicated in several 
human diseases such as metabolic syndrome, diabetes 
[23], breast cancer [35] and Opsismodysplasia [33]. Since 
PI content and regulation are prominently altered in AD 
brains [80], SHIP2 inhibitors are under active scrutiny as 
novel therapeutic targets for AD [58]. Lentivirus-mediated 
downregulation of SHIP2 in astrocyte culture significantly 
reduced Aβ production [65]. Other independent studies 
have consistently suggested the involvement of SHIP2 in 
AD, showing that SHIP2 mediates amyloid-toxicity via 
either actin-cytoskeleton reorganization [53] or tau hyper-
phosphorylation [48].

Of note, SHIP2 is a part of EGFR (epidermal growth 
factor receptor) interactome [60, 70] and EGF stimulation 
triggers TOM1L1 (Target Of Myb1 Like 1 Membrane Traf-
ficking Protein) and Fyn-dependent recruitment of SHIP2 
to clathrin-coated pits [18]. Intriguingly, a recent large 
genome-wide association study (GWAS) has identified 

EGFR as one of the most significant novel risk genes for 
late onset Alzheimer’s disease (LOAD) [13] raising the 
question of the possible participation of SHIP2 in EGFR 
function/turnover in AD. Nonetheless, the gene expres-
sion levels of EGFR and INPPL1, the protein levels of 
EGFR and SHIP2 and the potential association of SHIP2 
with AD lesions in post-mortem AD brain tissues remain 
largely unknown.

Here, we report a significant increase in gene expression 
of EGFR and INPPL1 and protein level of EGFR and SHIP2 
in the highly insoluble fraction enriched with pathological 
protein aggregates in AD brains. In the presence of amyloid 
pathology, there was a significant increase of SHIP2-immu-
noreactivity observed around amyloid plaques in AD brains 
and in 5xFAD transgenic mouse brains bearing amyloid 
pathology [67]. Overexpression of SHIP2 led to increased 
FRET signal in HEK tau biosensor model [43]. Finally, 
genetic analysis suggested that some INPPL1 genetic vari-
ants are associated with CSF phosphorylated tau (pTau) lev-
els. Altogether, these data suggest that SHIP2 plays a role in 
the link between amyloid and tau pathologies in AD.

Materials and methods

Antibodies

Mouse monoclonal anti-SHIP2 (3E6) antibody was pur-
chased from Novus (H00003636-M01), Cambridge, UK. 
Rabbit polyclonal anti-SHIP2 X5A and X4 antibodies 
were generated in rabbits with human C-terminal peptide 
of SHIP2 (C-terminal peptide of 1243–1258 amino acids, 
namely DPAHKRLLLDTLQLSK) [66]. Mouse monoclonal 
anti-actin (A-5441), rabbit polyclonal anti-Aß42 (AB5078P), 
rabbit polyclonal anti-GAPDH (G-4644) antibodies were 
purchased from Sigma-Merck. Mouse monoclonal anti-Aß 
(6E10) was purchased from Covance. Mouse monoclonal 
anti-pTau (Ser202 and T205) AT8 antibody was purchased 
from ThermoFisher. Mouse monoclonal anti-pTau (Ser396 
and Ser404) PHF1 antibody was provided by Dr. Peter 
Davies (Albert Einstein College of Medicine, NY) [68]. 
Rabbit polyclonal anti-tau (A0024) and rabbit polyclonal 
anti-myelin basic protein (N1546) antibodies were pur-
chased from Dako. Rabbit polyclonal anti-AQP1 antibody 
(A-2219) was purchased from Millipore. Goat polyclonal 
anti-Iba1 antibody (ab5036) was purchased from Abcam.

Human brain tissues

Frozen samples from the temporal superior T1 isocortex 
were obtained from AD and age-matched non-demented 
control subjects. Control cases were non-demented individ-
uals who died without known neurological disorders. AD 
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cases were diagnosed according to the National Institute 
of Aging and Reagan Institute Criteria [12] and scored by 
neuropathological staging for tau and amyloid pathologies 
[14, 83]. AD cases including two familial Alzheimer’s dis-
ease (FAD) cases with Amyloid Precursor Protein (APP) 
or Presenilin1 (PSEN1) mutations and one case of Down 
syndrome with AD lesions (DS/AD) were all scored as 
Braak’s stage V or VI (Supplementary Table 1). Paraffin-
embedded tissues were also analysed in control, AD and 
other related neurodegenerative cases as cerebral amyloid 
angiopathy (CAA), Lewy body disease (LBD), frontotem-
poral dementia (FTD) with TDP-43 positive inclusions, 
PSP, CBD, PiD and FTD with abnormal tau (FTD-tau) 
with mutation of MAPT (microtubule associated protein 
tau). The mean ages and post-mortem delays of control 
cases and of AD patients were not significantly different. 
Average age at death was 74.3 ± 10.7 and 72.7 ± 12.4 years 
for control (n = 38) and disease (n = 76) cases, respectively 
(mean ± SD) (p = 0.54). Average post-mortem delays were 
24.0 ± 14.4 h and 25.1 ± 15.2 h for control and AD cases 
(mean ± SD) (p = 0.59). APOE genotype was determined 
for the cases with an informed consent for genetic study 
using PCR amplification for genomic DNA and sequencing 
as described [82]. Non-demented control and AD individu-
als were enrolled in a brain donation program of the French 
national network of Brain Bank, GIE NeuroCEB, organized 
by a consortium of Patients Associations or in Belgian ULB 
brain bank. For GIE NeuroCEB brain samples, an explicit 
consent had been signed by the patient or by the next of kin, 
in the name of the patient. The project was approved by the 
scientific committee of the Brain Bank. The whole proce-
dure of the Brain Bank has been reviewed and accepted by 
the Ethical Committee “Comité de Protection des Person-
nes Paris Ile de France VI” and has been declared to the 
Ministry of Research and Higher Education as requested by 
the French law. The cases obtained from ULB brain bank 
(BB190052) were studied in compliance and following 
approval of the Ethical Committee of the Medical School 
of the Université Libre de Bruxelles (ULB).

Preparation of brain homogenates for biochemical 
analysis

About 200  mg of frozen T1 isocortex grey matter was 
homogenized as reported [2, 8] (Supplementary Fig. 1) 
in 10 volumes of ice-cold RIPA buffer containing 50 mM 
Tris–HCl pH 7.4, 50 mM NaCl, 1% NP-40, 0.25% sodium 
deoxycholate, 5 mM EDTA, 1 mM EGTA, complete pro-
tease inhibitor cocktail (Merck, 11,697,498,001), 1 mM 
PMSF (Sigma, P-7626), and phosphatase inhibitor cocktail 
2, (Sigma, P-5726) and incubated for 60 min at 4 °C on a 
rotator. 100 µl of the total homogenate was supplemented 
with Laemmli sample buffer, sonicated on ice and analysed 

as the total fraction. The rest of the total homogenates was 
centrifuged (20,000 × g for 20 min at 4 °C) and the superna-
tant was used as a RIPA-soluble fraction. The RIPA-insol-
uble pellet was sonicated on ice (10 pulses of 1 s with 1 s 
interval) in fivefold volume of 8 M urea containing protease 
and phosphatase inhibitors and incubated for 30 min at room 
temperature on a rotator. The mixture was centrifuged at 
20,000 × g at 4 °C for 30 min. The supernatant was used as 
RIPA-insoluble fraction. For each fraction, protein concen-
trations were estimated by the Bradford method (Bio-Rad, 
#5000205) before addition of Laemmli sample buffer. 25 µg 
of protein was loaded to each well for SDS-PAGE.

Preparation of human Sarkosyl insoluble PHF‑tau 
fraction

Sarkosyl fractionation of human brain tissue was carried out 
as previously described [7, 16, 40]. 0.5 g of frozen frontal 
cortex from control (Braak I, Thal 0) and AD (Braak V-VI, 
Thal 4) cases was homogenized in 10 volumes of ice-cold 
PHF-extraction buffer (10 mM Tris–HCl (pH 7.4), 0.8 M 
NaCl, 1 mM EDTA, 10% sucrose). The homogenate was 
centrifuged at 15,000 × g for 20 min at 4 °C. N-lauroylsar-
cosine sodium salt (L-5125; Sigma-Aldrich) was added to 
the supernatant to reach a final concentration of 1% (w/v). 
The lysate was incubated overnight with a mild agitation 
at 4 °C followed by an ultracentrifugation at 180,000 × g 
for 30 min at 4 °C. The Sarkosyl soluble supernatant was 
removed, and the Sarkosyl insoluble pellet was briefly rinsed 
and re-suspended in 0.25 ml of PBS (pH 7.4) by vigorous 
pipetting. The protein concentration was determined by 
Bradford protein assay (Bio-Rad) and adjusted to 1 mg/ml. 
This Sarkosyl insoluble PHF-tau fraction was aliquoted and 
kept at -80 °C. Sarkosyl-insoluble fractions were analysed 
by Western blotting (WB) and transmission electron micros-
copy as previously described [8, 9].

Analyses of RNA expressions human data sets

RNA-Seq data of the Mayo Clinic cohort were obtained 
from the AD Knowledge Portal. Detailed information was 
described in the previous reports on the sample collection, 
post-mortem sample data, tissue and RNA preparation, 
library preparation and sequencing, and sample quality 
controls [1]. The whole transcriptome data based on RNA-
Seq were generated from temporal cortex (TCX) human 
samples obtained from the Mayo Clinic TCX RNA-Seq 
dataset (https:// www. synap se. org/# !Synap se: syn46 50265) 
[1]. The normalized RNA expression of elderly controls and 
AD were analysed from datasets according to the criteria of 
Braak staging [14].

https://www.synapse.org/#!Synapse:syn4650265
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Western blot (WB)

Tissue lysates were run in 7.5% Tris–Glycine gels and trans-
ferred onto nitrocellulose membranes (sc-3724, Santa Cruz 
Biotechnology). The nitrocellulose membranes were blocked 
in 10% (w/v) semi fat dry milk in TBS (Tris–HCl 0.01 M, 
NaCl 0.15 M, pH 7.4) for 1 h at room temperature and were 
incubated with primary antibodies overnight followed by 
rinses and an incubation with anti-rabbit (#7074, Cell Sign-
aling Technology) or anti-mouse (A-6782, Sigma) immuno-
globulin antibodies conjugated to horseradish peroxidase. 
After several rinses, the membranes were incubated with 
SuperSignal West Pico PLUS Chemiluminescent Substrate 
(Pierce) and were exposed to a DARQ-7 CCD cooled cam-
era (Vilber-Lourmat) in a SOLO 4S WL system. Levels of 
optical density (OD) of protein signals were estimated by 
densitometric analysis using the NIH ImageJ program. OD 
of GAPDH signal was used to normalize protein loading.

Immunohistochemistry

After formaldehyde fixation (10% buffered formalin), brain 
tissues were paraffin embedded and sliced in 7 µm thick 
sections. Staining by 3,3ʹ-diaminobenzidine (DAB) was per-
formed as previously described [2]. For 3E6 staining, depar-
affinized and rehydrated tissue sections were heated in cit-
rate buffer for 20 min. For 6E10 staining, the sections were 
incubated in 100% formic acid for 15 min [55]. The sections 
were incubated in  H2O2 to inhibit endogenous peroxidase, 
rinsed in water and then incubated with a blocking solution 
containing 10% normal goat serum (NGS) in TBS. Sections 
were then incubated overnight with the primary antibody 
(1/200 for 3E6, 1/1000 for 6E10 and 1/500 for AT8). After 
several rinses with TBS, the sections were incubated with 
secondary antibody, biotin-conjugated goat anti-mouse IgG 
(Vector, BA-9200) at 1/100 in 1% NGS. After several rinses 
with TBS and incubation with ABC-HRP (VEC. PK-6100, 
Vectastain), the immunolabelling was visualized using 
diaminobenzidine (DAB) as chromogen (K346811, Agilent 
Technologies). After dehydrating and mounting, the sections 
were observed with Leica DM500 microscope equipped with 
ICC50 camera. For quantitative analysis of SHIP2 (3E6), 
Aβ (6E10) and pTau (AT8) staining, hippocampal CA1-2 
pyramidal layer was analysed on images taken with 40X 
objectives by thresholding analyses using NIH ImageJ as 
previously reported [85].

Double immunofluorescence labelling was performed 
as previously reported [3]. Mouse monoclonal antibod-
ies were used at 1/100 and detected with a donkey anti-
mouse antibody conjugated with Alexa488 (A21206, Inv-
itrogen). Rabbit or goat polyclonal antibodies were used 
at 1/100 and detected using a biotin-labelled secondary 
antibodies (A16027 for rabbit IgG and A16009 for goat 

IgG, Invitrogen) followed by incubation with Streptavidin-
Alexa594 (S11227, Invitrogen). Slides were counterstained 
with DAPI and mounted with Glycergel (Dako). Immuno-
fluorescence labelling was observed with an Axiovert 200 M 
microscope equipped with an ApoTome system (Zeiss).

Mouse lines

The 5xFAD double transgenic mice co-express and co-
inherit the 695 amino acids isoform of the human amyloid 
precursor protein (APP695) carrying the Swedish, Florida, 
and London mutations and the human presenilin-1 (PS1) 
carrying the M146L and L286V mutations (Tg6799 line) 
[67]. Tg30 mice express a 1N4R human tau isoform mutated 
at positions G272V and P301S, under Thy1.2 promoter [56, 
77]. 5xFAD and Tg30 mice were crossed to generate 5xFAD 
X Tg30 mouse line [42]. Only heterozygous transgenic 
mice of 5xFAD, Tg30 and 5xFAD X Tg30 were used for 
this study. Genotyping was performed by PCR amplification 
of genomic DNA as reported previously [55]. The mouse 
model  Ship2Δ/Δ is a mouse model expressing catalytically 
inactive mouse Ship2 protein [29]. Homozygous  Ship2Δ/Δ 
and its wild-type littermates were compared. All the mouse 
lines were maintained on C57BL/6 J genetic background. 
All studies on animals were performed in compliance with 
and after approval of the Ethical committee for the care and 
use of laboratory animals of the Medical School of the ULB.

Cell culture

Tau RD P301S FRET Biosensor cells (CRL-3275) were 
purchased from ATCC. This cell line was derived by trans-
ducing HEK293T cells with 2 separate lentivirus constructs 
encoding tau RD P301S-CFP and tau RD P301S-YFP [43]. 
The cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% foetal bovine 
serum (FBS), 100 I.U./ml penicillin/streptomycin and 2 mM 
L-Glutamine (Gibco) in a humidified incubator at 37 °C with 
5%  CO2 as previously described [25].

Liposome‑mediated transduction of Sarkosyl 
insoluble fraction containing AD‑PHF in tau RD 
P301S FRET Biosensor cells

Tau RD P301S FRET Biosensor cells were plated at a den-
sity of 40,000 cells per well in a 6-well plate. 24 h later, at 
60% confluency, cells were transduced with plasmid (empty 
vector or pcDNA3-His human SHIP2) [70]. Transduction 
complexes were made by combining 1 µg of plasmid, 1 µg 
of sarkosyl insoluble fraction (AD-PHF or control), 2 µl 
jetPRIME (Polyplus) reagent with jetPRIME buffer for a 
total volume of 100 μl per well. Liposome preparations were 
incubated at room temperature for 10 min before adding to 
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cells cultured in 1 ml complete medium per well. For ana-
lysing the reduction of SHIP2, 2 µl of 20 nmol stock of 
scramble siRNA control (Dharmacon #D-001910-10-50) 
or siRNA targeting INPPL1 (Invitrogen #1,299,001) was 
co-transfected with 1 µg of Sarkosyl insoluble fraction as 
described above. Cells were incubated with transduction 
complexes for 48 h before harvesting.

Fluorescence activated cell sorting (FACS)

For fluorescence activated cell sorting (FACS), the 
cells in 6-well plates were harvested with 300 µl 0.05% 
Trypsin–EDTA (Gibco), mixed with 1 ml complete medium 
and centrifuged at 1000 × g for 5 min to make a cell pellet 
[78]. The collected cells were re-suspended in 500 µl ster-
ile PBS containing 2% FBS and analysed for FRET flow 
cytometry (BD LSRFortessa™ X-20 Cell Analyzer). The 
integrated mean fluorescence intensity was normalized to 
that of empty vector or scramble siRNA control co-trans-
duced with AD-PHF.

Western blot and immunocytochemistry of tau RD 
P301S FRET Biosensor cells

For WB, the cells were rinsed three times with PBS and 
then scraped with Laemmli sample buffer and sonicated on 
ice. The cell lysates were analysed by WB. For immunocy-
tochemistry, the cells on coverslips were rinsed three times 
with PBS and were fixed for 10 min with 4% paraformalde-
hyde (PFA) in PBS containing 4% Sucrose. After the fixa-
tion, the cells were rinsed in TBS, permeabilized for 5 min 
with TBS supplemented with 0.3% Triton X-100, blocked 
with 10% normal goat serum and were immunostained for 
anti-SHIP2 antibody (3E6) at 1/200 in 1% NGS in TBS over-
night at 4 °C. After three rinses, the cells were incubated 
with biotin-conjugated goat anti-mouse (H + L) (BA-9200, 
Vector Laboratories) at 1/100 for 30 min. After three rinses 
in TBS, the cells were incubated with streptavidin-Alexa594 
(S11227, Invitrogen) supplemented with DAPI for 30 min 
at room temperature. After three rinses with TBS, the cells 
were mounted in Glycergel (Dako).

Statistical analyses

Numbers of samples were indicated in the figure legends. 
Statistical analyses were performed using the Prism 9 pro-
gram (GraphPad Software). Statistical comparisons were 
performed using unpaired two-tailed Student t tests, one-
way ANOVA or two-way ANOVA tests as noted in figure 
legends. Values of p < 0.05 were considered significant.

Genetic association analyses

We investigated the associations between INPPL1 locus 
genetic variants and AD and AD-relevant CSF biomark-
ers in the publicly available summary statistics of large-
scale GWAS. We used the European Alzheimer & Demen-
tia Biobank (EADB) AD GWAS stage I meta-analysis 
results (n = 4,87,511, of 39,106 were clinically diagnosed 
AD cases & 46,828 were proxy cases, and 4,01,577 were 
controls) for AD risk [13], while the EADB CSF GWAS 
stage I meta-analysis results were used for CSF Aß42 
(n = 8074) and pTau (n = 7798) biomarker levels. The 
genetic variants within 1 Mb of INPPL1 gene coordinates 
(hg38 chr11:71,224,767–73,239,147) in these GWAS sum-
mary statistics were considered for the genetic associa-
tion analyses. Linkage disequilibrium (LD) R-squared (r2) 
values between the associated variants were derived from 
1000 Genomes (1 KG) project non-Finnish European sam-
ples (n = 404) [34, 59]. Brain expression quantitative trait 
loci (eQTL) information was based on n = 560 subjects of 
The Religious Orders Study and Memory and Aging Pro-
ject (ROSMAP) cohort with dorsolateral prefrontal cortex 
(DLPFC) RNA-Seq and whole genome sequencing (WGS) 
datasets available, as previously mapped and described [13]. 
GWAS-eQTL colocalization analyses were performed using 
coloc [36]. Finally, the gene-based rare variant association 
analysis (RVAS) results for INPPL1 were queried in large-
scale analyses for AD risk [44], for AD-relevant biomarker 
traits [51], and other phenotypic traits [49].

Results

Gene expression of EGFR and INPPL1 is upregulated 
in AD brains and their protein levels are increased 
in the insoluble fraction of AD brains

Since SHIP2 is a part of EGFR interactome [60, 70] and 
EGFR has been recently reported as a new genetic risk factor 
for LOAD [13], we analysed their gene expression levels in 
the Mayo clinic TCX cohort. We found that the normalized 
gene expression of EGFR was significantly upregulated in 
the AD samples of Mayo clinic TCX cohort (Fig. 1a). The 
gene expression of INPPL1 was also significantly upregu-
lated in the AD samples with Braak stages V-VI as compared 
to control samples with Braak stages 0-II (Fig. 1b). These 
data led us wonder whether EGFR and SHIP2 may be syn-
ergistically involved in the development of AD pathologies.

We subsequently analysed EGFR and SHIP2 protein 
expression by WB in brain lysates of T1 isocortex (Fig. 2). 
SHIP2 positive bands were detected around 155 kDa in 
control and AD brains as reported for SHIP2 in previ-
ous studies in human and mouse cell models [35, 66]. 
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Normalized SHIP2 protein level with respect to GAPDH 
was not significantly altered in total fraction of AD brains 
(Fig. 2a). While SHIP2 is known to be localized in the 
cytosol, it can be redistributed upon EGF stimulation by 
associating to membranes via its interaction with a large 
number of cytoskeletal proteins and/or adaptors [32, 35, 
60, 73, 76, 80]. We therefore asked whether the subcel-
lular distribution of SHIP2 could be altered in AD brains. 
Fractionation analyses suggested changes in SHIP2 par-
titioning between soluble and insoluble fractions in AD 
brains (Fig. 2b–c). While SHIP2 was highly detected in 
the RIPA-soluble fraction of control non-demented brain 
lysates, SHIP2 was hardly detected in that of the AD 
brain lysates (Fig. 2b). In contrary, SHIP2 protein level 
was increased in the RIPA-insoluble fraction of AD brains 
(Fig. 2c). These data suggest that SHIP2 was predomi-
nantly sequestered to the insoluble fraction in AD brains. 
Interestingly, whereas EGFR protein level was not signifi-
cantly decreased in the RIPA-soluble fraction of AD brain 
lysates unlike SHIP2 (Fig. 2b), EGFR was also increased 
in the RIPA-insoluble fraction of AD brains (Fig. 2c). The 
normalized levels of EGFR and SHIP2 were significantly 
correlated in the RIPA-insoluble fraction and were cor-
related with the progression of AD as measured by pTau 
level using PHF-1 antibody (Fig. 2d). These biochemical 
data coincide with the increased gene expression of EGFR 
and INPPL1 (Fig. 1). Taken together, gene expression of 
both EGFR and INPPL1 is increased in AD brains and 
SHIP2 protein undergoes alteration in its apparent protein 
solubility during the progression of AD: SHIP2 is enriched 
in the insoluble fraction in AD brains together with its 
known interactor EGFR.

SHIP2 immunoreactivity is increased in the presence 
of amyloid pathology

The alteration of SHIP2 solubility led us wonder whether 
SHIP2 protein localization could be altered in AD brains. 
We analysed SHIP2 immunolabelling in human brain tis-
sues using anti-SHIP2 (3E6) antibody, well-characterized for 
specific immunostaining of SHIP2 [11, 20, 26, 31, 32, 63, 
73]. Indeed, it has been previously shown that this antibody 
specifically labels SHIP2 in MCF-7 breast cancer cells but 
not in the cells deficient for INPPL1 by CRISPR/Cas9 tech-
nology [75] and thus was considered as specific for immu-
nostaining. Stellate SHIP2 positive structures were observed 
in the hippocampus of AD and control non-demented brains 
(Fig. 3a–b). The size and intensity of SHIP2 staining were, 
however, generally increased in AD brains compared to con-
trol non-demented cases in the affected brain areas such as 
hippocampus and temporal cortex. The 3E6-positive immu-
nolabelling was significantly increased and their average size 
was larger in AD brains compared to control non-demented 
brains in CA1-2 region of the hippocampus (Fig. 3c–d). 
Furthermore, SHIP2-immunolabelling showed a significant 
correlation with 6E10-positive Aß staining (Fig. 3e–g) and 
AT8-positive phosphotau staining (Fig. 3h–j).

A double immunofluorescence staining confirmed that 
SHIP2-positive structures were associated with amyloid 
plaques showing a partial co-labelling (Fig. 3k–n). These 
data suggest that increased SHIP2-immunolabelling was 
associated with amyloid pathology in AD brains.

To further explore the relationship between the 
increased SHIP2 labelling and amyloid pathology, we 
subsequently extended our analyses in the affected brain 

Fig. 1  Gene expression of 
EGFR and INPPL1 is upregu-
lated in AD brains. a-b A 
significant increase of normal-
ized transcripts of EGFR and 
INPPL1 was observed in AD 
brains of Mayo clinic TCX 
cohort (Braak 0-II n = 42, 
Braak III-IV n = 36, Braak 
V-VI n = 82). Normalized 
gene expression of EGFR (a) 
and INPPL1 (b) was signifi-
cantly increased in AD brains. 
****p < 0.0001, *p < 0.05 
for EGFR and **p < 0.01 for 
INPPL1 by one-way ANOVA 
test with a Tukey’s multiple-
comparisons post hoc test. 
100% was given to the average 
of normalized mRNA level in 
the control with Braak 0-II
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areas of related neurodegenerative diseases (Fig.  4). 
SHIP2-immunoreactive structures were increased in the 
presence of amyloid plaques in pre-AD brains of Braak 
III-IV (Fig. 4a). Strong immunoreactivity of SHIP2 was 
observed in a DS/AD case exhibiting severe AD lesions 
(Fig. 4b), CAA (Fig. 4c) and a combined case of dif-
fuse Lewy body disease with AD (AD/DLBD) (Fig. 4d). 
There was, however, no clear increase of SHIP2-immu-
nolabelling in the absence of amyloid pathology such as 
DLBD without AD pathologies, FTD with TDP-43 posi-
tive inclusions (Fig. 4e–f) or primary tauopathies such 
as PSP, CBD, PiD or FTD-tau with MAPT mutation at 
P301L [81], L266V [50] or G335A [5] (Fig. 4j–l). Taken 
together, these data support the hypothesis that amyloid 
pathology precedes and leads to increased immunolabel-
ling of SHIP2. Accumulation of other neuropathological 
proteins such as alpha-synuclein, TDP-43 or tau did not 
clearly lead to such increase of SHIP2 immunolabelling 
in the affected brain area.

Increased SHIP2 labelling is partially associated 
with amyloid pathology in 5xFAD mouse brains

To recapitulate our observations as in human post-mor-
tem tissues, Tg30 and 5xFAD transgenic mouse models 
of AD were analysed by immunostaining for SHIP2. 
Tg30 mice overexpress human double mutant tau [56, 
77] while 5xFAD overexpress human mutant APP and 
PS1 [67]. 5xFAD X Tg30 line was generated by crossing 
5xFAD and Tg30 mice and shows exacerbated tauopa-
thy compared to Tg30 but alleviated amyloid pathol-
ogy than 5xFAD [42]. In line with the observation of 
the human post-mortem brain tissue of FTD-tau with 
MAPT mutation (Fig. 4j–l), there was no significant dif-
ference observed in SHIP2 (3E6) immunolabelling in the 
brain of Tg30 mice overexpressing human double mutant 
tau compared to wild-type mice (Fig. 5a–b). Neverthe-
less, there was a significant increase in the average size 
and areas of SHIP2-positive structures in 5xFAD and 
5xFAD X Tg30 mouse brains (Fig. 5c–f). These data 
clearly provide evidence of amyloid pathology that trig-
gers increased SHIP2 immunolabelling in the transgenic 
mouse brains. As observed in human AD brain sec-
tions, SHIP2-immunoreactive structures were associated 
with amyloid plaques in 5xFAD mouse brain by double 
immunofluorescence staining (Fig. 5g–j). In conclusion, 
we have observed a clear association between amyloid 
pathology and increased SHIP2-immunoreactivity. The 
presence of amyloid pathology triggered an increased 
SHIP2 immunostaining in transgenic models of amyloid 
pathology, as observed in human AD brains.

Loss of function of Ship2 does not cause AD lesions 
in mouse brains of  Ship2Δ/Δ

To decipher how the loss of function of SHIP2 may influ-
ence AD pathogenesis, we analysed the brain of  Ship2Δ/Δ 
mice that express catalytically inactive truncated Ship2 
protein [29]. Immunohistochemistry for anti-Aß, anti-APP, 
anti-GFAP and anti-Iba1 showed that there were no detect-
able AD-like lesions observed in  Ship2Δ/Δ mouse brains at 
6–9 months of age (Supplementary Fig. 2). Analyses showed 
no obvious tau pathology detected in  Ship2Δ/Δ mouse brains 
by immunostaining using anti-total tau, anti-pTau (PHF-1 
and AT8), anti-tau in pathological conformation (MC1) anti-
bodies or by Gallyas silver staining (Supplementary Fig. 3). 
These data suggest that loss of function of SHIP2 (i.e. cata-
lytic activity) does not trigger detectable AD-lesions in 
mouse brains.

SHIP2 is highly expressed in dystrophic neurites 
and astrocytes associated with amyloid plaques

To determine the cell types that accumulate SHIP2 in asso-
ciation with amyloid plaques, double immunofluorescence 
staining was carried out using anti-SHIP2 antibody and cell 
specific markers in post-mortem human AD brain sections 
(Fig. 6). DAPI staining detected cellular nuclei and β-sheet 
core of compact amyloid plaques (Fig. 6c, f, I, l) [61, 62]. 
There was a partial co-labelling of plaque-associated dys-
trophic neurites stained by both anti-SHIP2 (3E6) and anti-
tau antibodies (Fig. 6a–c). SHIP2 immunoreactivity was also 
strongly detected in AQP1-positive astrocytes around amy-
loid plaques (Fig. 6d–f). On the contrary, SHIP2 immunore-
activity was not clearly detected in Iba1-positive microglia 
(Fig. 6g–i) nor in MBP-positive oligodendrocytes (Fig. 6j–l). 
These data suggest that Aß-induced SHIP2 upregulation 
occurs predominantly in neuronal processes and in astro-
cytes associated with amyloid plaques.

SHIP2 overexpression accelerates the formation 
of FRET positive tau inclusion in HEK tau RD P301L 
FRET biosensor cells

We and others have reported a significant acceleration of tau 
pathology spreading in the presence of amyloid pathology in 
the brain of transgenic model for amyloid pathology [41, 85]. 
The local upregulation of SHIP2 in plaque-associated dys-
trophic neurites and astrocytes led us wonder whether SHIP2 
may accelerate tau pathology and interconnect Aß and tau 
in AD brains. To decipher the potential role of SHIP2 on 
tau pathology, we analysed the effect of overexpression 
of SHIP2 on FRET signal of tau-tau interaction in tau RD 
P301L FRET biosensor cells [25, 43] (Fig. 7a–f). The bio-
sensor cells were co-transduced with sarkosyl-insoluble 
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fraction from control non-demented brain or from AD case 
that contains AD-PHF, together with either an empty vector 
or a plasmid encoding SHIP2. Neither transducing sarkosyl 
insoluble fraction from a non-demented control brain nor 
overexpression of SHIP2 led to FRET signal (Fig. 7a–b). By 
transducing PHF prepared from AD brains, more than 25% 
of cells showed aggregates, displaying puncta and reticular 
FRET-positive inclusions (Fig. 7c–d). Co-transduction of 
AD-PHF and SHIP2 plasmid led to a significant increase 
of SHIP2 expression (Fig. 7e) and to an approximately 
50% increase of the integrated mean fluorescence intensity 
of FRET signal compared to co-transduction of AD-PHF 
and control empty vector (Fig. 7f). Conversely, co-trans-
duction of AD-PHF and siRNA targeting INPPL1 deplet-
ing SHIP2 protein led to an approximately 40% decrease of 
the integrated mean fluorescence intensity of FRET signal 
in tau RD P301L FRET biosensor cells (Fig. 7g–j). Taken 
together, these data suggest a potential dose-dependent effect 
of SHIP2 to accelerate tau–tau interaction in this model of 
HEK cells.

rs11235459 in INPPL1 locus is associated 
with reduced INPPL1 expression and with decreased 
CSF pTau levels

Although EGFR was recently identified as a novel GWAS 
hit for LOAD [13], the implication of INPPL1 genetic vari-
ants in relation to AD risk and AD-related biomarker traits 
remained largely unknown. We, therefore, queried genetic 
association analyses on INPPL1. While there were no sug-
gestive (p < 1 ×  10–5) variants within 1 Mb of INPPL1 gene 
coordinates in the stage I GWAS of AD risk [13] and of 
CSF Aß42 and pTau biomarkers [46] (Fig. 8), we observed 

three subthreshold association signal peaks for AD risk 
and CSF pTau levels in proximity of INPPL1, tagged by 
three single nucleotide polymorphisms (SNPs). The top-
associated SNP for AD risk in the locus was rs35404711 
(p = 4.3 ×  10–5, OR = 0.96 [95% CI 0.94–0.98]), while 
the top-associated SNPs of the two independent peaks 
(LD r2 = 0.1) in the CSF pTau GWAS were rs891322 
(p = 2.7 ×  10–5, beta = −0.1 [95% CI −0.06 to −0.15]) and 
rs11235462 (p = 7.1 ×  10–5, beta = −0.09 [95% CI −0.05 
to −0.14]). We next investigated whether these potential 
associations are eQTLs for regulation of INPPL1 expres-
sion in brain, using ROSMAP DLPFC eQTL catalogue 
(n = 560) as a reference (Fig. 9). Colocalization analy-
ses did not show a large overlap between INPPL1 brain 
eQTL and CSF pTau GWAS signals in the 1 Mb extended 
INPPL1 locus (PP4 = 3.4%) and no strong associations of 
the top associated INPPL1 eQTL rs551220731 (not tested 
in CSF pTau GWAS) and its proxy variants were observed 
in the CSF pTau GWAS (Fig. 9a). However, we detected 
an eQTL signal tagged by rs11235459 which was nomi-
nally significant in both CSF pTau GWAS (p = 5.4 ×  10–4, 
OR = 0.93 [95% CI 0.89–0.97]) and INPPL1 ROSMAP 
DLPFC eQTL catalogue (p = 9.1 ×  10–4, beta = -0.06 [95% 
CI −0.02 to −0.09]) (Fig. 9b). The most significant eQTL 
effect of rs11235459 was observed for INPPL1 in the 1 Mb 
extended locus, where rs11235459 was positioned 56 kb 
upstream of the transcription start site of INPPL1 and had 
a minor allele frequency (MAF) of 14.4%. We identified 
that the minor allele of rs11235459 (C allele) was associ-
ated with decreased INPPL1 gene expression in brain and 
was also associated with decreased CSF pTau levels. 

Finally, by analysing the LD among the five variants of 
interest, we found that rs11235459 is in a significant LD 
with rs11235462 (r2 = 0.74) (Supplementary Fig. 4).

We next queried the results for INPPL1 in the large-
scale RVAS for AD risk [44], for AD-relevant biomarker 
traits [51], and other phenotypic traits [49]. While there 
was no evidence (p > 0.05) of increased burden of rare 
protein-altering (missense or predicted loss-of-function 
[pLoF]) mutations with AD risk [44], we detected two 
nominal associations (p < 0.05) with AD-related biomarker 
traits [51] in cohort-specific analyses in the cohorts of 
the European Medical Information Framework AD Mul-
timodal Biomarker Discovery (EMIF-AD MBD) and the 
Alzheimer's Disease Neuroimaging Initiative (ADNI). 
We observed that the rare missense mutations in INPPL1 
were associated with decreased average cortical thickness 
in AD signature brain regions (p = 0.02) in the EMIF-AD 
MBD cohort and were associated with increased CSF neu-
rofilament light chain (NfL) levels (p = 0.04) in the ADNI 
cohort [51].

Fig. 2  SHIP2 and EGFR proteins are increased and co-enriched in 
the RIPA-insoluble fraction of AD brains. a In the total homogen-
ate of human brain T1 isocortex, normalized EGFR and SHIP2 pro-
tein levels were not significantly altered in the T1 isocortex brain 
lysates of AD compared to those of control non-demented. b In the 
RIPA-soluble fraction of AD brains, SHIP2 protein level was largely 
reduced. In the same fraction, EGFR protein level was not sig-
nificantly altered in AD brains compared to control. c Both EGFR 
and SHIP2 protein levels were increased in RIPA-insoluble frac-
tion of AD brains. d-f Spearman non-parametric analyses showed 
significant correlations between EGFR and SHIP2 protein levels 
(Spearman r = 0.5657, ****p < 0.0001) (d), between pTau (meas-
ured using PHF-1 antibody) and EGFR (Spearman r = 0.4666, 
****p < 0.0001)  (e) and pTau and SHIP2 (Spearman r = 0.2389, 
*p = 0.0307) (f) in the insoluble fraction. T1 isocortex from control 
of Braak 0-II (n = 24), Braak III-IV (n = 7) and AD (n = 51) including 
2 FAD cases with APP or PSEN1 mutation were analysed. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA 
test with a Tukey’s multiple-comparisons post hoc test. (a-c) or by 
Spearman non-parametric correlation test (d-f). 100% was given to 
the average of the control non-demented group data normalized to 
GAPDH

◂
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Discussion

In this study, we assessed the alteration of gene expression, 
protein level and protein solubility of SHIP2 in AD brains. 
Upon analysis we found there was a significant upregulation 
of gene expression of INPPL1 and its upstream interactor, 
EGFR in the AD brain in the Mayo TCX cohort. In our 
sample cohorts, we observed an increase in protein levels 
of SHIP2 and EGFR in the RIPA-insoluble fraction of AD 
brains despite the significant decrease of SHIP2 in the RIPA-
soluble fraction. By immunohistochemistry, we provided 
evidence that SHIP2 is closely associated with amyloid 
pathology and that SHIP2 immunoreactivity is upregulated 
in the presence of amyloid pathology. The increased SHIP2 
immunoreactivity was remarkably observed in plaque-
associated dystrophic neurites and astrocytes of AD brains. 
By analysing related neurodegenerative diseases for SHIP2 
labelling, we provided clear evidence that amyloid pathol-
ogy is the key driving factor that leads to the increase in 
SHIP2 immunoreactivity, but not other neuropathological 
aggregates such as alpha-synuclein, TDP-43 or tau. Notably, 
our study in transgenic mouse models suggest that amyloid 
pathology, but not tau pathology, are necessary to trigger 
local increase of SHIP2 immunoreactivity around amyloid 
plaques. A possible consequence of the increase in SHIP2 
immunoreactivity could be an upregulation in PI(3,4)P2 fol-
lowed by an activation of RhoA a master regulator of actin-
based cytoskeletal dynamics [53]. Local increase of SHIP2 
triggered by amyloid pathology may accelerate tau seeding 
process, as observed in HEK FRET tau biosensor cell assays 
where SHIP2 overexpression led to increased FRET signal 
induced by AD-PHF. Our genetic analyses also uncover, 
for the first time, the potential implication of INPPL1 vari-
ants on its expression and CSF pTau level. Our study is in 

agreement with the previous reports on SHIP2 transcript 
upregulation in correlation with cognitive deficits and AD 
lesions in AD and aged brains [65] and on the potential role 
of SHIP2 as a link of Aβ neurotoxicity to tau pathology in 
AD [48].

Interestingly, a recent study reports a striking similar-
ity in solubility changes in AD brains between SHIP2 and 
SHIP1. SHIP1 (encoded by INPP5D) is a paralog of SHIP2 
and one of the most significant GWAS hits for LOAD [6, 13, 
52]. SHIP1 and SHIP2 are differentially expressed: while 
our double immunofluorescence staining suggested SHIP2 
is highly detected in astrocytes (also described in [65]), 
SHIP1 is predominantly expressed in microglia [22, 84]. It 
has been recently shown that SHIP1 is depleted in the most 
soluble fraction of post-mortem AD brain lysates and that 
SHIP1 immunolabelling is upregulated in AD brain tissues, 
notably in plaque-associated microglia [22]. Changes in the 
subcellular localization of SHIP1 and/or SHIP2 may have 
two consequences: it could affect its phosphatase activity 
being no more in contact with PI containing membranes, but 
it could also affect its adaptor function as a docking protein 
interacting with a cluster of distinct protein interactome in 
AD [60].

We observed a discrepancy between INPPL1 and EGFR 
mRNA expression and their protein levels in late Braak 
stages. Although mRNA expression of INPPL1 and EGFR 
was increased in AD, the protein level of SHIP2 and EGFR 
was not changed in total fractions of AD brains. Previous 
studies have shown that protein levels are generally more 
conserved than RNA levels in non-proliferating tissues 
potentially through mechanisms implied in the regulation 
of protein translation, protein stability or protein degrada-
tion [69, 86]. Modifications of the latter mechanisms might 
explain discrepancy between gene expression and their pro-
tein levels of SHIP2 and EGFR in AD.

The protein level of SHIP2 and EGFR was significantly 
increased in the RIPA-insoluble fraction of AD brain lysate, 
though their accumulation was quite moderate compared to 
a strong accumulation of pTau [10] or Aβ [87]. The mech-
anism through which SHIP2 and EGFR were enriched in 
the RIPA-insoluble fraction in AD brains remain elusive. 
The translocation of SHIP2 from soluble to insoluble frac-
tion may be partially due to post-translational modifica-
tions regulating protein–protein interaction [28], protein 
solubility [21] or protein stability [54]. The enrichment of 
SHIP2 in RIPA-insoluble fraction may also be related to an 
increased interaction of SHIP2 with insoluble proteins such 
as cytoskeletal proteins [38] or large protein aggregates such 
as PHF-tau or amyloid filaments.

Further analyses on post-translational modifications of 
SHIP2 are necessary to decipher the mechanisms of solu-
bility change of SHIP2 observed in AD brains. SHIP2 is a 
part of the interactome of the EGFR and is phosphorylated 

Fig. 3  SHIP2 immunoreactive structures are increased in AD brains 
and partially associated with amyloid plaques. a-b Representative 
images of immunostaining of SHIP2 using 3E6 antibody in CA1-2 
hippocampal area of a control (a) and an AD (b) cases. Black arrows 
show 3E6-positive structures. c-d The average size (c) and percent-
age of the area occupied by SHIP2-immunolabelling (d) were signif-
icantly increased in the CA1-2 of AD brains compared to controls. 
e–f, h-i Representative images of immunostaining of anti-Aβ 6E10 
(e–f) and anti-pTau AT8 (h-i) antibodies in CA1-2 hippocampal area 
of a control (e, h) and an AD (f, i) cases. g, j There were significant 
correlations between SHIP2 positive area and amyloid load (g) or tau 
load (j). *p < 0.05 and **p < 0.01 by Mann–Whitney U test (c, d) or 
by Spearman non-parametric correlation analyses (g, j). k-n. A dou-
ble immunostaining for SHIP2 (k, green) and Aß42 (l, red) suggested 
that SHIP2 immunoreactivity was partly associated with amyloid 
plaques. Mature dense-core plaque (arrowhead) showed accumula-
tion of SHIP2-immunolabelled structure while diffuse plaque (aster-
isk) showed a weak SHIP2 immunoreactivity (m merge). Scale bars 
20 μm. n Colour profile of the double staining of SHIP2 and Aß42 
shows partial association of SHIP2 staining with amyloid plaque 
(green and red, respectively)

◂
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upon EGF activation [70]. SHIP2 can be phosphorylated on 
more than 20 sites and its phosphorylation regulates subcel-
lular localization and SHIP2 protein stability [30]. SHIP2 
can also be ubiquitinylated for its degradation [89]. While 
abnormal phosphorylation of SHIP2 has been reported in 
breast cancers [60, 74], it remains largely elusive whether 
phosphorylation of SHIP2 is altered in AD brains. Since 
SHIP2 phosphorylation should affect its subcellular localiza-
tion and solubility, one potential mechanism is that SHIP2 
may be trapped in the RIPA-insoluble fraction containing 
high load of cytoskeletal proteins such as filamin, vinexin, 
intersectin, RhoA and possibly many adhesome molecules, 

which have been reported as protein partners of SHIP2 [74]. 
The protein binding partners of SHIP2 may be altered dur-
ing the progression of AD. Indeed, both cytoskeletal and 
adhesion proteins play crucial roles in the formation and the 
maintenance of synapses as well as regulation of synaptic 
plasticity [57]. Further analyses on the pathological altera-
tions of SHIP2-protein partners may provide new insights 
into Alzheimer mechanisms.

A query of the summary statistics of an AD CSF bio-
marker GWAS revealed nominal associations between 
genetic variants within INPPL1 locus and pTau levels in 
the CSF [46], in addition to being associated with INPPL1 

Fig. 4  SHIP2 immunoreactivity 
is increased in the presence of 
amyloid pathology in the human 
brain of related neurodegenera-
tive diseases. a-l Representative 
photos of immunostaining of 
SHIP2 in CA1-2 area of a case 
of Braak III-IV, Thal 2–3 (a), 
DS/AD (Braak VI, Thal 5) (b), 
CAA (Braak II, Thal 1) (c), 
LBD/AD (Braak VI, Thal 4) 
(d), DLBD without AD lesion 
(Braak I, Thal 0) (e), FTD-U 
with TDP-43 accumulation due 
to PRG mutation (f), PSP (g), 
CBD (h) Pick disease (i) and 
FTD-tau with MAPT mutation 
of P301L (j), L266V (k) and 
G335A (l). There was a global 
correlation between the levels 
of amyloid load and SHIP2. 
Primary tau pathology such as 
MAPT-G335A did not lead to an 
increased SHIP2 immunoreac-
tivity. CA1-2 area of hippocam-
pus was analysed for a-f, i-l, 
striatum was analysed for PSP 
cases and temporal cortex was 
analysed for CBD cases. Scale 
bar 20 μm
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Fig. 5  Increased SHIP2 immunoreactivity is associated with amy-
loid but not with tau pathology. a-d Representative images of SHIP2 
immunolabelling in the brain stem of 10-month-old male WT (a), 
Tg30 (b), 5xFAD (c) and 5xFAD X Tg30 (d) mice. There was a 
stronger SHIP2 labelling in 5xFAD and 5xFAD X Tg30 mouse 
brains. e–f Thresholding measurement of the average size (e) and 
area (f) immunostained by SHIP2 in the brain stem of WT, Tg30, 
5xFAD and 5xFAD X Tg30 mice. The average size and percentage of 
the area occupied by 3E6 staining were increased in the presence of 

amyloid pathology but not of tau pathology. *p < 0.05 and **p < 0.01 
by *p < 0.05, **p < 0.01 and *** < 0.001 by one-way ANOVA with 
Tukey post-hoc test. (WT: n = 5, Tg30: n = 5, 5xFAD: n = 4, 5xFAD 
X Tg30: n = 3). g-i A double immunostaining for SHIP2 (g, green) 
and Aß42 (h, red) suggested that SHIP2 immunoreactivity was 
detected in the brain stem of 5xFAD mouse brains. Merged image is 
shown in i. j Color profile of the double staining of SHIP2 and Aß42 
shows partial association of SHIP2 staining with amyloid plaque 
(green and red, respectively). Scale bars 20 μm.
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Fig. 6  SHIP2 immunoreactive structures were co-stained with 
plaque-associated tau and astrocytes in AD brains. a-c SHIP2 (a, 
green) and tau (b, red) were partially co-stained in the AD hippocam-
pus. d-f SHIP2 (d) and astrocyte marker AQP1 (e) were partially 

co-labelled. g-i SHIP2 (g) and microglial marker Iba1 (h) were not 
clearly co-labelled. j-l SHIP2 (j) and oligodendrocyte marker MBP 
(k) were not clearly co-labelled. Merged images show DAPI counter-
staining in blue (c, f, i, l). Scale bar 20 μm
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gene expression in the brain. One limitation for this observa-
tion was the relatively limited GWAS sample size due to the 
complexity of CSF sample collection. In fact, while these 
association signals were among top 100 significant loci in 

EADB CSF pTau GWAS stage I results [46], they did not 
reach the stringent genome-wide significant threshold, and 
they were slightly above the threshold of p < 1 ×  10−5 which 
was the criteria for seeking replication in an additional 

Fig. 7  SHIP2 overexpression led to increased FRET signal while 
siRNA-mediated SHIP2 downexpression led to decreased FRET 
signal in Tau RD P301S FRET biosensor cells transduced with AD-
PHF. a-d. Representative image of tau RD P301S FRET biosensor 
cells fixed 48  h after transduction of AD-PHF and plasmid, immu-
nostained for SHIP2 and counterstained with DAPI. Co-transduction 
of sarkosyl insoluble fraction from a control case with an empty vec-
tor (a) or a plasmid encoding SHIP2 (b) did not lead to a FRET posi-
tive tau inclusion. Transducing AD-PHF (sarkosyl insoluble fraction 
from an AD brain) led to FRET-positive tau inclusion in this model 
(c, d). The cells were co-transduced with AD-PHF and either empty 
vector (c) or SHIP2 plasmid (d). e–f. SHIP2 overexpression was veri-

fied by WB (e). There was a significant increase in FRET positive 
signal when AD-PHF and SHIP2 were co-transduced (f). g-j Tau RD 
P301S FRET biosensor cells were co-transduced with AD-PHF and 
either with a control scramble siRNA (SiC) (g) or siRNA targeting 
INPPL1 (h). There was a significant decrease of SHIP2 expression 
when siRNA-INPPL1 was transduced (i). INPPL1 downexpression 
led to a decreased FRET signal (j). f, j. 10,000 cells per experiment 
were analysed by FRET flow cytometry and the results were shown as 
integrated mean fluorescence intensity. Four independent experiments 
were carried out for overexpression and downexpression of SHIP2, 
respectively. ** < 0.01 and *** < 0.001 by two-way ANOVA. Scale 
bar 20 μm
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Fig. 8  INPPL1 locus regional plots of AD GWAS, CSF Aß42 
GWAS, and CSF pTau GWAS. The association of GWAS variants 
within 1  Mb of INPPL1 gene coordinates (hg38 chr11:71,224,767–
73,239,147) with AD risk (upper panel, from Bellenguez et al. [13]), 
with CSF Aß42 (middle panel, from Jansen et  al. [46]) and with 
CSF pTau (lower panel, from Jansen et al. [46]). The top-associated 
variants for AD risk (rs35404771) and for CSF pTau (rs891322 and 

rs11235462) independent association signal peaks are labelled on 
the figure, where their proxy LD patterns are shown in yellow, blue, 
and green respectively. The colours with higher opacity are indicative 
for higher LD r2 values. Missing variants in the LD reference panel 
(1 KG non-Finnish European samples, n = 404) are shown in grey. y 
axis, −  log10 GWAS p; x axis, hg38 genomic position on chromosome 
11
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sample of near 5000 additional CSF samples, limiting our 
ability to further assess these potential associations in a 
larger cohort. Further larger-scale studies and meta-analyses 
in various cohorts may reinforce our findings in the future. 
Nevertheless, together with the association of INPPL1 vari-
ants and CSF pTau levels that we report in this study, our 
results on FRET-based tau-tau interaction assays in HEK 
cells are the first evidence that the level of SHIP2 expression 
affects the tau-tau interaction.

SHIP2 is also implicated in insulin signalling. The sin-
gle nucleotide polymorphisms of INPPL1 contribute to 
the genetic susceptibility to type 2 diabetes and metabolic 
syndromes [45, 47]. Pharmacological inhibition of SHIP2 
has been shown to reduce memory deficits in transgenic 

mouse models of type2 diabetes [79] and wild-type mice 
injected with Aß42 [48]. Our study suggests that amyloid 
pathology triggers a significant accumulation of SHIP2 in 
plaque-associated dystrophic neurites and astrocytes. Our 
observations support the hypothesis that EGFR activation 
of SHIP2 signalling is a sensibilizing factor that is activated 
in the presence of Aß pathology and accelerates tau pathol-
ogy in AD brains. Such modifications of SHIP2 could play 
a role in pathological alterations of PIs, cellular homeostasis 
in AD brains and could provide new insights for therapeutic 
approaches targeted to this devastating disease [4]. Further-
more, alterations of SHIP2 localization and solubility may 
contribute to development of the identification of novel and 
interesting biomarkers for amyloid pathology and AD.

Fig. 9  Regulation of INPPL1 gene expression by the CSF-pTau-
associated variants within INPPL1 locus. a The association of GWAS 
and eQTL variants within 250 kb of INPPL1 gene coordinates (hg38 
chr11:71,974,767–72,489,147) with CSF pTau (upper panel, from 
[46]) and with INPPL1 gene expression in brain (lower panel, ROS-
MAP DLPFC). The top-associated variants for CSF pTau (rs891322 
and rs11235462), for INPPL1 eQTLs (rs551220731) and for both 
(rs11235459) independent association signal peaks are labelled on 
the figure, where their proxy LD patterns are shown in blue, green, 
yellow, and pink respectively. The colours with higher opacity are 

indicative for higher LD r2 values. Missing variants in the LD refer-
ence panel (1 KG non-Finnish European samples, n = 404) are shown 
in grey. y axis, −  log10 GWAS p; x axis, hg38 genomic position on 
chromosome 11. b GWAS-eQTL comparison plot for correlation 
between ROSMAP DLPFC eQTLs for INPPL1 gene expression and 
CSF pTau GWAS. rs11235459 is labelled on the plot, and its LD with 
other variants are displayed in a colour scale as shown in the legend. 
Missing variants in the LD reference panel (1 KG non-Finnish Euro-
pean samples, n = 404) are shown in grey. y axis, −  log10 eQTL p; x 
axis, −  log10 GWAS p 



 Acta Neuropathologica          (2024) 147:94    94  Page 18 of 21

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 024- 02745-7.

Acknowledgements The brain tissues were provided by the 
brain bank Neuro-CEB Neuropathology Network (funded by 
ARSLA, France DFT, Fondation Vaincre Alzheimer, France Parkin-
son, Fondation ARSEP, CSC patients Associations) and the NeuroL-
HNN biobank (BB190052). We thank the NeuroCEB Neuropathol-
ogy network : Dr Franck Letournel (CHU Angers), Dr Marie-Laure 
Martin-Négrier (CHU Bordeaux), Pr Françoise Chapon (CHU Caen), 
Dr Maxime Faisant (CHU Caen), Pr Catherine Godfraind (CHU Cler-
mont-Ferrand), Pr Claude-Alain Maurage (CHU Lille), Dr Vincent 
Deramecourt (CHU Lille), Dr Mathilde Duchesne (CHU Limoges), Dr 
David Meyronnet (CHU Lyon), Dr Clémence Deltei (CHU Marseille), 
Dr Nathalie Streichenberger (CHU Lyon), Dr André Maues de Paula 
(CHU Marseille), Pr Valérie Rigau (CHU Montpellier), Dr Fanny 
Vandenbos-Burel (Nice), Pr Charles Duyckaerts (CHU PS Paris), 
Pr Danielle Seilhean (CHU PS, Paris), Dr Susana Boluda (CHU PS, 
Paris), Dr Isabelle Plu (CHU PS, Paris), Dr Serge Milin (CHU Poit-
iers), Dr Dan Christian Chiforeanu (CHU Rennes), Pr Annie Laquer-
rière (CHU Rouen), Dr Florent Marguet (CHU Rouen), Dr Béatrice 
Lannes (CHU Strasbourg). We sincerely thank Dr. Mégane Homa, Dr. 
Anthony Piron and Prof. Miriam Cnop for helpful discussions, Mrs. 
Christine Dubois (ULB flow cytometry platform) for technical help, 
Dr Luc Buée (Inserm, Lille) for providing us with Tg30 mice and Dr 
Peter Davies for providing PHF1 antibody.

Author contributions All participated in constructing the concept and 
writing the manuscript. KA, CE, JPB, KL all contributed conception 
and design of the study. KA wrote the first draft of the manuscript. FK 
and KS contributed with genetic association and molecular quantitative 
trait locus analyses. ED participated in analyses of histological sec-
tions. SN analysed gene expression data from data repository. EMA, 
MTH, ACK, LLG, QSC and EA participated in redaction of the article 
and in biochemical experiments. ZY and SM participated in histologi-
cal experiments. ST contributed to the collection and sample prepara-
tion of some of the post-mortem human brain tissues. ARR participated 
in the discussion and redaction. SS provided Ship2 mouse models and 
participated in the discussion. All authors contributed to manuscript 
revision, read and approved the submitted version.

Funding KA was supported by Belgian FNRS. JPB was supported by 
grants from the Belgian Fonds de la Recherche Scientifique Médicale 
(T.0023.15), the Fund Aline (King Baudoin Foundation), the Belgian 
Fondation Recherche Alzheimer/ Stichting Alzheimer Onderzoek 
(14001), and the Génicot Fund (ULB). KL and SN were supported 
by Fondation Recherche Alzheimer/ Stichting Alzheimer Onderzoek, 
Génicot fund and Fondation Médicale Reine Elisabeth. FK is sup-
ported by the uAntwerp Research Fund. KS is supported by Fondation 
Recherche Alzheimer/Stichting Alzheimer Onderzoek.

Declarations 

Conflict of interest The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Allen M, Carrasquillo MM, Funk C, Heavner BD, Zou F, Younkin 
CS et al (2016) Human whole genome genotype and transcriptome 
data for Alzheimer’s and other neurodegenerative diseases. Sci 
Data 3:160089. https:// doi. org/ 10. 1038/ sdata. 2016. 89

 2. Ando K, Brion JP, Stygelbout V, Suain V, Authelet M, Dedecker 
R et  al (2013) Clathrin adaptor CALM/PICALM is associ-
ated with neurofibrillary tangles and is cleaved in Alzheimer’s 
brains. Acta Neuropathol 125:861–878. https:// doi. org/ 10. 1007/ 
s00401- 013- 1111-z

 3. Ando K, De Decker R, Vergara C, Yilmaz Z, Mansour S, Suain 
V et al (2020) Picalm reduction exacerbates tau pathology in a 
murine tauopathy model. Acta Neuropathol 139:773–789. https:// 
doi. org/ 10. 1007/ s00401- 020- 02125-x

 4. Ando K, Erneux C, Homa M, Houben S, de Fisenne MA, Brion 
JP et al (2021) Dysregulation of Phosphoinositide 5-phosphatases 
and phosphoinositides in Alzheimer’s disease. Front Neurosci. 
https:// doi. org/ 10. 3389/ fnins. 2021. 614855

 5. Ando K, Ferlini L, Suain V, Yilmaz Z, Mansour S, Le Ber I et al 
(2020) de novo MAPT mutation G335A causes severe brain atro-
phy, 3R and 4R PHF-tau pathology and early onset frontotempo-
ral dementia. Acta Neuropathol Commun 8:94. https:// doi. org/ 10. 
1186/ s40478- 020- 00977-8

 6. Ando K, Houben S, Homa M, de Fisenne MA, Potier MC, Erneux 
C et al (2021) Alzheimer’s Disease: Tau Pathology and Dysfunc-
tion of Endocytosis. Front Mol Neurosci 13:583755

 7. Ando K, Kabova A, Stygelbout V, Leroy K, Heraud C, Frederick C 
et al (2014) Vaccination with sarkosyl insoluble phf-tau decrease 
neurofibrillary tangles formation in aged tau transgenic mouse 
model: a pilot study. J Alzheimers Dis 40:S135-145. https:// doi. 
org/ 10. 3233/ JAD- 132237

 8. Ando K, Leroy K, Heraud C, Yilmaz Z, Authelet M, Suain V 
et al (2011) Accelerated human mutant tau aggregation by knock-
ing out murine tau in a transgenic mouse model. Am J Pathol 
178:803–816. https:// doi. org/ 10. 1016/j. ajpath. 2010. 10. 034

 9. Ando K, Ndjim M, Turbant S, Fontaine G, Pregoni G, Dauphinot 
L et al (2020) The lipid phosphatase Synaptojanin 1 undergoes 
a significant alteration in expression and solubility and is associ-
ated with brain lesions in Alzheimer’s disease. Acta Neuropathol 
Commun 8:79. https:// doi. org/ 10. 1186/ s40478- 020- 00954-1

 10. Ando K, Tomimura K, Sazdovitch V, Suain V, Yilmaz Z, Authelet 
M et al (2016) Level of PICALM, a key component of clathrin-
mediated endocytosis, is correlated with levels of phosphotau and 
autophagy-related proteins and is associated with tau inclusions in 
AD, PSP and Pick disease. Neurobiol Dis 94:32–43. https:// doi. 
org/ 10. 1016/j. nbd. 2016. 05. 017

 11. Antoine M, Vandenbroere I, Ghosh S, Erneux C, Pirson I (2020) 
IRSp53 is a novel interactor of SHIP2: A role of the actin binding 
protein Mena in their cellular localization in breast cancer cells. 
Cell Signal 73:109692. https:// doi. org/ 10. 1016/j. cells ig. 2020. 
109692

 12. Ball M, Braak H, Coleman P, Dickson D, Duyckaerts C, Gambetti 
P et al (1997) Consensus recommendations for the postmortem 
diagnosis of Alzheimer’s disease. the national institute on aging, 
and reagan institute working group on diagnostic criteria for the 
neuropathological assessment of Alzheimer’s disease. Neurobiol 
Aging 18:S1–S2

https://doi.org/10.1007/s00401-024-02745-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/sdata.2016.89
https://doi.org/10.1007/s00401-013-1111-z
https://doi.org/10.1007/s00401-013-1111-z
https://doi.org/10.1007/s00401-020-02125-x
https://doi.org/10.1007/s00401-020-02125-x
https://doi.org/10.3389/fnins.2021.614855
https://doi.org/10.1186/s40478-020-00977-8
https://doi.org/10.1186/s40478-020-00977-8
https://doi.org/10.3233/JAD-132237
https://doi.org/10.3233/JAD-132237
https://doi.org/10.1016/j.ajpath.2010.10.034
https://doi.org/10.1186/s40478-020-00954-1
https://doi.org/10.1016/j.nbd.2016.05.017
https://doi.org/10.1016/j.nbd.2016.05.017
https://doi.org/10.1016/j.cellsig.2020.109692
https://doi.org/10.1016/j.cellsig.2020.109692


Acta Neuropathologica          (2024) 147:94  Page 19 of 21    94 

 13. Bellenguez C, Kucukali F, Jansen IE, Kleineidam L, Moreno-Grau 
S, Amin N et al (2022) New insights into the genetic etiology of 
Alzheimer’s disease and related dementias. Nat Genet 54:412–
436. https:// doi. org/ 10. 1038/ s41588- 022- 01024-z

 14. Braak H, Braak E (1991) Neuropathological stageing of Alzhei-
mer-related changes. Acta Neuropathol 82:239–259. https:// doi. 
org/ 10. 1007/ BF003 08809

 15. Brion JP, Couck AM, Passareiro E, Flament-Durand J (1985) Neu-
rofibrillary tangles of Alzheimer’s disease: an immunohistochemi-
cal study. J Submicrosc Cytol 17:89–96

 16. Brion JP, Hanger DP, Bruce MT, Couck AM, Flament-Durand 
J, Anderton BH (1991) Tau in Alzheimer neurofibrillary tangles 
N- and C-terminal regions are differentially associated with paired 
helical filaments and the location of a putative abnormal phos-
phorylation site. Biochem J 273(Pt 1):127–133. https:// doi. org/ 
10. 1042/ bj273 0127

 17. Buee L, Bussiere T, Buee-Scherrer V, Delacourte A, Hof PR 
(2000) Tau protein isoforms, phosphorylation and role in neu-
rodegenerative disorders. Brain Res Brain Res Rev 33:95–130. 
https:// doi. org/ 10. 1016/ s0165- 0173(00) 00019-9

 18. Cabral-Dias R, Lucarelli S, Zak K, Rahmani S, Judge G, Abou-
sawan J et al (2022) Fyn and TOM1L1 are recruited to clathrin-
coated pits and regulate Akt signaling. J Cell Biol. https:// doi. org/ 
10. 1083/ jcb. 20180 8181

 19. Cataldo AM, Peterhoff CM, Troncoso JC, Gomez-Isla T, Hyman 
BT, Nixon RA (2000) Endocytic pathway abnormalities precede 
amyloid beta deposition in sporadic Alzheimer’s disease and 
Down syndrome: differential effects of APOE genotype and pre-
senilin mutations. Am J Pathol 157:277–286. https:// doi. org/ 10. 
1016/ s0002- 9440(10) 64538-5

 20. Chan Wah Hak L, Khan S, Di Meglio I, Law AL, Lucken-Ard-
jomande Hasler S, Quintaneiro LM et al (2018) FBP17 and CIP4 
recruit SHIP2 and lamellipodin to prime the plasma membrane 
for fast endophilin-mediated endocytosis. Nat Cell Biol 20:1023–
1031. https:// doi. org/ 10. 1038/ s41556- 018- 0146-8

 21. Chen B, Sun Y, Niu J, Jarugumilli GK, Wu X (2018) Protein 
lipidation in cell signaling and diseases: function, regulation, and 
therapeutic opportunities. Cell Chem Biol 25:817–831. https:// 
doi. org/ 10. 1016/j. chemb iol. 2018. 05. 003

 22. Chou V, Pearse RV 2nd, Aylward AJ, Ashour N, Taga M, Terzio-
glu G et al (2023) INPP5D regulates inflammasome activation in 
human microglia. Nat Commun 14:7552. https:// doi. org/ 10. 1038/ 
s41467- 023- 42819-w

 23. Clement S, Krause U, Desmedt F, Tanti JF, Behrends J, Pesesse X 
et al (2001) The lipid phosphatase SHIP2 controls insulin sensitiv-
ity. Nature 409:92–97. https:// doi. org/ 10. 1038/ 35051 094

 24. Conte F, Paci P (2022) Alzheimer’s disease: insights from a net-
work medicine perspective. Sci Rep 12:16846. https:// doi. org/ 10. 
1038/ s41598- 022- 20404-3

 25. de Fisenne MA, Yilmaz Z, De Decker R, Suain V, Buee L, Ando 
K et al (2022) Alzheimer PHF-tau aggregates do not spread 
tau pathology to the brain via the Retino-tectal projection after 
intraocular injection in male mouse models. Neurobiol Dis 
174:105875. https:// doi. org/ 10. 1016/j. nbd. 2022. 105875

 26. Deneubourg L, Elong Edimo W, Moreau C, Vanderwinden JM, 
Erneux C (2014) Phosphorylated SHIP2 on Y1135 localizes at 
focal adhesions and at the mitotic spindle in cancer cell lines. Cell 
Signal 26:1193–1203. https:// doi. org/ 10. 1016/j. cells ig. 2014. 02. 
005

 27. Di Paolo G, De Camilli P (2006) Phosphoinositides in cell regula-
tion and membrane dynamics. Nature 443:651–657. https:// doi. 
org/ 10. 1038/ natur e05185

 28. Duan G, Walther D (2015) The roles of post-translational modifi-
cations in the context of protein interaction networks. PLoS Com-
put Biol 11:e1004049. https:// doi. org/ 10. 1371/ journ al. pcbi. 10040 
49

 29. Dubois E, Jacoby M, Blockmans M, Pernot E, Schiffmann SN, 
Foukas LC et al (2012) Developmental defects and rescue from 
glucose intolerance of a catalytically-inactive novel Ship2 mutant 
mouse. Cell Signal 24:1971–1980. https:// doi. org/ 10. 1016/j. cells 
ig. 2012. 06. 012

 30. Elong Edimo W, Derua R, Janssens V, Nakamura T, Vander-
winden JM, Waelkens E et al (2011) Evidence of SHIP2 Ser132 
phosphorylation, its nuclear localization and stability. Biochem J 
439:391–401. https:// doi. org/ 10. 1042/ BJ201 10173

 31. Elong Edimo W, Ghosh S, Derua R, Janssens V, Waelkens E, 
Vanderwinden JM et al (2016) SHIP2 controls plasma membrane 
PI(4,5)P2 thereby participating in the control of cell migration in 
1321 N1 glioblastoma cells. J Cell Sci 129:1101–1114. https:// 
doi. org/ 10. 1242/ jcs. 179663

 32. Elong Edimo W, Vanderwinden JM, Erneux C (2013) SHIP2 sig-
nalling at the plasma membrane, in the nucleus and at focal con-
tacts. Adv Biol Regul 53:28–37. https:// doi. org/ 10. 1016/j. jbior. 
2012. 09. 003

 33. Fradet A, Fitzgerald J (2017) INPPL1 gene mutations in opsis-
modysplasia. J Hum Genet 62:135–140. https:// doi. org/ 10. 1038/ 
jhg. 2016. 119

 34. Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison 
EP, Kang HM et al (2015) A global reference for human genetic 
variation. Nature 526:68–74. https:// doi. org/ 10. 1038/ natur e15393

 35. Ghosh S, Scozzaro S, Ramos AR, Delcambre S, Chevalier C, 
Krejci P et al (2018) Inhibition of SHIP2 activity inhibits cell 
migration and could prevent metastasis in breast cancer cells. J 
Cell Sci. https:// doi. org/ 10. 1242/ jcs. 216408

 36. Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingo-
rani AD, Wallace C et al (2014) Bayesian test for colocalisation 
between pairs of genetic association studies using summary sta-
tistics. PLoS Genet 10:e1004383. https:// doi. org/ 10. 1371/ journ al. 
pgen. 10043 83

 37. Giuriato S, Blero D, Robaye B, Bruyns C, Payrastre B, Erneux C 
(2002) SHIP2 overexpression strongly reduces the proliferation 
rate of K562 erythroleukemia cell line. Biochem Biophys Res 
Commun 296:106–110. https:// doi. org/ 10. 1016/ s0006- 291x(02) 
00787-8

 38. Giuriato S, Pesesse X, Bodin S, Sasaki T, Viala C, Marion E et al 
(2003) SH2-containing inositol 5-phosphatases 1 and 2 in blood 
platelets: their interactions and roles in the control of phosphati-
dylinositol 3,4,5-trisphosphate levels. Biochem J 376:199–207. 
https:// doi. org/ 10. 1042/ BJ200 30581

 39. Glenner GG, Wong CW (1984) Alzheimer’s disease: initial report 
of the purification and characterization of a novel cerebrovascular 
amyloid protein. Biochem Biophys Res Commun 120:885–890. 
https:// doi. org/ 10. 1016/ s0006- 291x(84) 80190-4

 40. Greenberg SG, Davies P (1990) A preparation of Alzheimer paired 
helical filaments that displays distinct tau proteins by polyacryla-
mide gel electrophoresis. Proc Natl Acad Sci U S A 87:5827–5831

 41. He Z, Guo JL, McBride JD, Narasimhan S, Kim H, Changolkar L 
et al (2018) Amyloid-beta plaques enhance Alzheimer’s brain tau-
seeded pathologies by facilitating neuritic plaque tau aggregation. 
Nat Med 24:29–38. https:// doi. org/ 10. 1038/ nm. 4443

 42. Heraud C, Goufak D, Ando K, Leroy K, Suain V, Yilmaz Z et al 
(2013) Increased misfolding and truncation of tau in APP/PS1/
tau transgenic mice compared to mutant tau mice. Neurobiol Dis 
62C:100–112. https:// doi. org/ 10. 1016/j. nbd. 2013. 09. 010

 43. Holmes BB, Furman JL, Mahan TE, Yamasaki TR, Mirbaha H, 
Eades WC et al (2014) Proteopathic tau seeding predicts tauopa-
thy in vivo. Proc Natl Acad Sci U S A 111:E4376-4385. https:// 
doi. org/ 10. 1073/ pnas. 14116 49111

 44. Holstege H, Hulsman M, Charbonnier C, Grenier-Boley B, 
Quenez O, Grozeva D et al (2022) Exome sequencing identifies 
rare damaging variants in ATP8B4 and ABCA1 as risk factors for 

https://doi.org/10.1038/s41588-022-01024-z
https://doi.org/10.1007/BF00308809
https://doi.org/10.1007/BF00308809
https://doi.org/10.1042/bj2730127
https://doi.org/10.1042/bj2730127
https://doi.org/10.1016/s0165-0173(00)00019-9
https://doi.org/10.1083/jcb.201808181
https://doi.org/10.1083/jcb.201808181
https://doi.org/10.1016/s0002-9440(10)64538-5
https://doi.org/10.1016/s0002-9440(10)64538-5
https://doi.org/10.1038/s41556-018-0146-8
https://doi.org/10.1016/j.chembiol.2018.05.003
https://doi.org/10.1016/j.chembiol.2018.05.003
https://doi.org/10.1038/s41467-023-42819-w
https://doi.org/10.1038/s41467-023-42819-w
https://doi.org/10.1038/35051094
https://doi.org/10.1038/s41598-022-20404-3
https://doi.org/10.1038/s41598-022-20404-3
https://doi.org/10.1016/j.nbd.2022.105875
https://doi.org/10.1016/j.cellsig.2014.02.005
https://doi.org/10.1016/j.cellsig.2014.02.005
https://doi.org/10.1038/nature05185
https://doi.org/10.1038/nature05185
https://doi.org/10.1371/journal.pcbi.1004049
https://doi.org/10.1371/journal.pcbi.1004049
https://doi.org/10.1016/j.cellsig.2012.06.012
https://doi.org/10.1016/j.cellsig.2012.06.012
https://doi.org/10.1042/BJ20110173
https://doi.org/10.1242/jcs.179663
https://doi.org/10.1242/jcs.179663
https://doi.org/10.1016/j.jbior.2012.09.003
https://doi.org/10.1016/j.jbior.2012.09.003
https://doi.org/10.1038/jhg.2016.119
https://doi.org/10.1038/jhg.2016.119
https://doi.org/10.1038/nature15393
https://doi.org/10.1242/jcs.216408
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1016/s0006-291x(02)00787-8
https://doi.org/10.1016/s0006-291x(02)00787-8
https://doi.org/10.1042/BJ20030581
https://doi.org/10.1016/s0006-291x(84)80190-4
https://doi.org/10.1038/nm.4443
https://doi.org/10.1016/j.nbd.2013.09.010
https://doi.org/10.1073/pnas.1411649111
https://doi.org/10.1073/pnas.1411649111


 Acta Neuropathologica          (2024) 147:94    94  Page 20 of 21

Alzheimer’s disease. Nat Genet 54:1786–1794. https:// doi. org/ 10. 
1038/ s41588- 022- 01208-7

 45. Hyvonen ME, Ihalmo P, Forsblom C, Thorn L, Sandholm N, 
Lehtonen S et al (2012) INPPL1 is associated with the meta-
bolic syndrome in men with Type 1 diabetes, but not with dia-
betic nephropathy. Diabet Med 29:1589–1595. https:// doi. org/ 10. 
1111/j. 1464- 5491. 2012. 03668.x

 46. Jansen IE, van der Lee SJ, Gomez-Fonseca D, de Rojas I, Dal-
masso MC, Grenier-Boley B et al (2022) Genome-wide meta-
analysis for Alzheimer’s disease cerebrospinal fluid biomark-
ers. Acta Neuropathol 144:821–842. https:// doi. org/ 10. 1007/ 
s00401- 022- 02454-z

 47. Kaisaki PJ, Delepine M, Woon PY, Sebag-Montefiore L, Wilder 
SP, Menzel S et al (2004) Polymorphisms in type II SH2 domain-
containing inositol 5-phosphatase (INPPL1, SHIP2) are associ-
ated with physiological abnormalities of the metabolic syndrome. 
Diabetes 53:1900–1904. https:// doi. org/ 10. 2337/ diabe tes. 53.7. 
1900

 48. Kam TI, Park H, Gwon Y, Song S, Kim SH, Moon SW et al 
(2016) FcgammaRIIb-SHIP2 axis links Abeta to tau pathology 
by disrupting phosphoinositide metabolism in Alzheimer’s disease 
model. Elife. https:// doi. org/ 10. 7554/ eLife. 18691

 49. Karczewski KJ, Solomonson M, Chao KR, Goodrich JK, Tiao 
G, Lu W et al (2022) Systematic single-variant and gene-based 
association testing of thousands of phenotypes in 394,841 UK 
Biobank exomes. Cell Genom 2:100168. https:// doi. org/ 10. 1016/j. 
xgen. 2022. 100168

 50. Kobayashi T, Ota S, Tanaka K, Ito Y, Hasegawa M, Umeda Y 
et al (2003) A novel L266V mutation of the tau gene causes fron-
totemporal dementia with a unique tau pathology. Ann Neurol 
53:133–137. https:// doi. org/ 10. 1002/ ana. 10447

 51. Kucukali F, Neumann A, Van Dongen J, De Pooter T, Joris G, De 
Rijk P et al (2022) Whole-exome rare-variant analysis of Alzhei-
mer’s disease and related biomarker traits. Alzheimers Dement. 
https:// doi. org/ 10. 1002/ alz. 12842

 52. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, 
Bellenguez C et al (2013) Meta-analysis of 74,046 individuals 
identifies 11 new susceptibility loci for Alzheimer’s disease. Nat 
Genet 45:1452–1458. https:// doi. org/ 10. 1038/ ng. 2802

 53. Lee HN, Sim KM, Kim H, Ju J, Pae AN, Park JB et al (2019) 
Abeta modulates actin cytoskeleton via SHIP2-mediated phospho-
inositide metabolism. Sci Rep 9:15557. https:// doi. org/ 10. 1038/ 
s41598- 019- 51914-2

 54. Lee JM, Hammaren HM, Savitski MM, Baek SH (2023) Control 
of protein stability by post-translational modifications. Nat Com-
mun 14:201. https:// doi. org/ 10. 1038/ s41467- 023- 35795-8

 55. Leroy K, Ando K, Laporte V, Dedecker R, Suain V, Authelet M 
et al (2012) Lack of tau proteins rescues neuronal cell death and 
decreases amyloidogenic processing of APP in APP/PS1 mice. 
Am J Pathol 181:1928–1940. https:// doi. org/ 10. 1016/j. ajpath. 
2012. 08. 012

 56. Leroy K, Bretteville A, Schindowski K, Gilissen E, Authelet M, 
De Decker R et al (2007) Early axonopathy preceding neurofibril-
lary tangles in mutant tau transgenic mice. Am J Pathol 171:976–
992. https:// doi. org/ 10. 2353/ ajpath. 2007. 070345

 57. Leshchyns’ka I, Sytnyk V (2016) Synaptic cell adhesion mol-
ecules in Alzheimer’s disease. Neural Plast 2016:6427537. https:// 
doi. org/ 10. 1155/ 2016/ 64275 37

 58. Lim JW, Kim SK, Choi SY, Kim DH, Gadhe CG, Lee HN et al 
(2018) Identification of crizotinib derivatives as potent SHIP2 
inhibitors for the treatment of Alzheimer’s disease. Eur J Med 
Chem 157:405–422. https:// doi. org/ 10. 1016/j. ejmech. 2018. 07. 071

 59. Lowy-Gallego E, Fairley S, Zheng-Bradley X, Ruffier M, Clarke 
L, Flicek P et al (2019) Variant calling on the GRCh38 assembly 
with the data from phase three of the 1000 Genomes Project. 

Wellcome Open Res 4:50. https:// doi. org/ 10. 12688/ wellc omeop 
enres. 15126.2

 60. Lundby A, Franciosa G, Emdal KB, Refsgaard JC, Gnosa SP, 
Bekker-Jensen DB et al (2019) Oncogenic mutations rewire sign-
aling pathways by switching protein recruitment to phosphotyros-
ine sites. Cell 179(543–560):e526. https:// doi. org/ 10. 1016/j. cell. 
2019. 09. 008

 61. Mabrouk R, Gotkiewicz M, Rauramaa T, Tanila H (2022) 
DAPI (4’,6-diamidino-2-phenylindole) stains compact amyloid 
plaques. J Alzheimers Dis 88:949–955. https:// doi. org/ 10. 3233/ 
JAD- 220072

 62. Mabrouk R, Miettinen PO, Tanila H (2023) Most dystrophic neu-
rites in the common 5xFAD Alzheimer mouse model originate 
from axon terminals. Neurobiol Dis 182:106150. https:// doi. org/ 
10. 1016/j. nbd. 2023. 106150

 63. McNulty S, Powell K, Erneux C, Kalman D (2011) The host 
phosphoinositide 5-phosphatase SHIP2 regulates dissemina-
tion of vaccinia virus. J Virol 85:7402–7410. https:// doi. org/ 
10. 1128/ JVI. 02391- 10

 64. Morel E, Chamoun Z, Lasiecka ZM, Chan RB, Williamson RL, 
Vetanovetz C et al (2013) Phosphatidylinositol-3-phosphate 
regulates sorting and processing of amyloid precursor protein 
through the endosomal system. Nat Commun. https:// doi. org/ 
10. 1038/ ncomm s3250

 65. Mostafavi S, Gaiteri C, Sullivan SE, White CC, Tasaki S, Xu 
J et al (2018) A molecular network of the aging human brain 
provides insights into the pathology and cognitive decline of 
Alzheimer’s disease. Nat Neurosci 21:811–819. https:// doi. org/ 
10. 1038/ s41593- 018- 0154-9

 66. Muraille E, Pesesse X, Kuntz C, Erneux C (1999) Distribu-
tion of the src-homology-2-domain-containing inositol 5-phos-
phatase SHIP-2 in both non-haemopoietic and haemopoietic 
cells and possible involvement of SHIP-2 in negative signalling 
of B-cells. Biochem J 342(Pt 3):697–705

 67. Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J et al 
(2006) Intraneuronal beta-amyloid aggregates, neurodegenera-
tion, and neuron loss in transgenic mice with five familial Alz-
heimer’s disease mutations: potential factors in amyloid plaque 
formation. J Neurosci 26:10129–10140. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 1202- 06. 2006

 68. Otvos L Jr, Feiner L, Lang E, Szendrei GI, Goedert M, Lee 
VM (1994) Monoclonal antibody PHF-1 recognizes tau protein 
phosphorylated at serine residues 396 and 404. J Neurosci Res 
39:669–673. https:// doi. org/ 10. 1002/ jnr. 49039 0607

 69. Perl K, Ushakov K, Pozniak Y, Yizhar-Barnea O, Bhonker Y, 
Shivatzki S et al (2017) Reduced changes in protein compared 
to mRNA levels across non-proliferating tissues. BMC Genom-
ics 18:305. https:// doi. org/ 10. 1186/ s12864- 017- 3683-9

 70. Pesesse X, Dewaste V, De Smedt F, Laffargue M, Giuriato S, 
Moreau C et al (2001) The Src homology 2 domain contain-
ing inositol 5-phosphatase SHIP2 is recruited to the epidermal 
growth factor (EGF) receptor and dephosphorylates phosphati-
dylinositol 3,4,5-trisphosphate in EGF-stimulated COS-7 cells. 
J Biol Chem 276:28348–28355. https:// doi. org/ 10. 1074/ jbc. 
M1035 37200

 71. Pesesse X, Moreau C, Drayer AL, Woscholski R, Parker P, Erneux 
C (1998) The SH2 domain containing inositol 5-phosphatase 
SHIP2 displays phosphatidylinositol 3,4,5-trisphosphate and ino-
sitol 1,3,4,5-tetrakisphosphate 5-phosphatase activity. FEBS Lett 
437:301–303. https:// doi. org/ 10. 1016/ s0014- 5793(98) 01255-1

 72. Pirruccello M, De Camilli P (2012) Inositol 5-phosphatases: 
insights from the Lowe syndrome protein OCRL. Trends Biochem 
Sci 37:134–143. https:// doi. org/ 10. 1016/j. tibs. 2012. 01. 002

 73. Ramos AR, Ghosh S, Dedobbeleer M, Robe PA, Rogister B, 
Erneux C (2019) Lipid phosphatases SKIP and SHIP2 regulate 

https://doi.org/10.1038/s41588-022-01208-7
https://doi.org/10.1038/s41588-022-01208-7
https://doi.org/10.1111/j.1464-5491.2012.03668.x
https://doi.org/10.1111/j.1464-5491.2012.03668.x
https://doi.org/10.1007/s00401-022-02454-z
https://doi.org/10.1007/s00401-022-02454-z
https://doi.org/10.2337/diabetes.53.7.1900
https://doi.org/10.2337/diabetes.53.7.1900
https://doi.org/10.7554/eLife.18691
https://doi.org/10.1016/j.xgen.2022.100168
https://doi.org/10.1016/j.xgen.2022.100168
https://doi.org/10.1002/ana.10447
https://doi.org/10.1002/alz.12842
https://doi.org/10.1038/ng.2802
https://doi.org/10.1038/s41598-019-51914-2
https://doi.org/10.1038/s41598-019-51914-2
https://doi.org/10.1038/s41467-023-35795-8
https://doi.org/10.1016/j.ajpath.2012.08.012
https://doi.org/10.1016/j.ajpath.2012.08.012
https://doi.org/10.2353/ajpath.2007.070345
https://doi.org/10.1155/2016/6427537
https://doi.org/10.1155/2016/6427537
https://doi.org/10.1016/j.ejmech.2018.07.071
https://doi.org/10.12688/wellcomeopenres.15126.2
https://doi.org/10.12688/wellcomeopenres.15126.2
https://doi.org/10.1016/j.cell.2019.09.008
https://doi.org/10.1016/j.cell.2019.09.008
https://doi.org/10.3233/JAD-220072
https://doi.org/10.3233/JAD-220072
https://doi.org/10.1016/j.nbd.2023.106150
https://doi.org/10.1016/j.nbd.2023.106150
https://doi.org/10.1128/JVI.02391-10
https://doi.org/10.1128/JVI.02391-10
https://doi.org/10.1038/ncomms3250
https://doi.org/10.1038/ncomms3250
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.1002/jnr.490390607
https://doi.org/10.1186/s12864-017-3683-9
https://doi.org/10.1074/jbc.M103537200
https://doi.org/10.1074/jbc.M103537200
https://doi.org/10.1016/s0014-5793(98)01255-1
https://doi.org/10.1016/j.tibs.2012.01.002


Acta Neuropathologica          (2024) 147:94  Page 21 of 21    94 

fibronectin-dependent cell migration in glioblastoma. FEBS J 
286:1120–1135. https:// doi. org/ 10. 1111/ febs. 14769

 74. Ramos AR, Ghosh S, Erneux C (2019) The impact of phospho-
inositide 5-phosphatases on phosphoinositides in cell function and 
human disease. J Lipid Res 60:276–286. https:// doi. org/ 10. 1194/ 
jlr. R0879 08

 75. Ramos AR, Ghosh S, Suhel T, Chevalier C, Obeng EO, Fafilek 
B et al (2020) Phosphoinositide 5-phosphatases SKIP and SHIP2 
in ruffles, the endoplasmic reticulum and the nucleus: an update. 
Adv Biol Regul 75:100660. https:// doi. org/ 10. 1016/j. jbior. 2019. 
100660

 76. Ricci MMC, Orenberg A, Ohayon L, Gau D, Wills RC, Bae Y et al 
(2024) Actin-binding protein profilin1 is an important determinant 
of cellular phosphoinositide control. J Biol Chem 300:105583. 
https:// doi. org/ 10. 1016/j. jbc. 2023. 105583

 77. Schindowski K, Bretteville A, Leroy K, Begard S, Brion JP, Ham-
dane M et al (2006) Alzheimer’s disease-like tau neuropathology 
leads to memory deficits and loss of functional synapses in a novel 
mutated tau transgenic mouse without any motor deficits. Am J 
Pathol 169:599–616. https:// doi. org/ 10. 2353/ ajpath. 2006. 060002

 78. Shooshtari P, Fortuno ES 3rd, Blimkie D, Yu M, Gupta A, Koll-
mann TR et al (2010) Correlation analysis of intracellular and 
secreted cytokines via the generalized integrated mean fluores-
cence intensity. Cytometry A 77:873–880. https:// doi. org/ 10. 
1002/ cyto.a. 20943

 79. Soeda Y, Tsuneki H, Muranaka H, Mori N, Hosoh S, Ichihara Y 
et al (2010) The inositol phosphatase SHIP2 negatively regulates 
insulin/IGF-I actions implicated in neuroprotection and memory 
function in mouse brain. Mol Endocrinol 24:1965–1977. https:// 
doi. org/ 10. 1210/ me. 2010- 0163

 80. Somogyi A, Kirkham ED, Lloyd-Evans E, Winston J, Allen 
ND, Mackrill JJ et al (2023) The synthetic TRPML1 agonist 
ML-SA1 rescues Alzheimer-related alterations of the endosomal-
autophagic-lysosomal system. J Cell Sci. https:// doi. org/ 10. 1242/ 
jcs. 259875

 81. Spillantini MG, Crowther RA, Kamphorst W, Heutink P, van 
Swieten JC (1998) Tau pathology in two Dutch families with 
mutations in the microtubule-binding region of tau. Am J Pathol 
153:1359–1363. https:// doi. org/ 10. 1016/ S0002- 9440(10) 65721-5

 82. Teipel SJ, Cavedo E, Weschke S, Grothe MJ, Rojkova K, Fontaine 
G et al (2017) Cortical amyloid accumulation is associated with 
alterations of structural integrity in older people with subjective 
memory complaints. Neurobiol Aging 57:143–152. https:// doi. 
org/ 10. 1016/j. neuro biola ging. 2017. 05. 016

 83. Thal DR, Rub U, Orantes M, Braak H (2002) Phases of A beta-
deposition in the human brain and its relevance for the develop-
ment of AD. Neurology 58:1791–1800

 84. Tsai AP, Lin PB, Dong C, Moutinho M, Casali BT, Liu Y et al 
(2021) INPP5D expression is associated with risk for Alzheimer’s 
disease and induced by plaque-associated microglia. Neurobiol 
Dis 153:105303. https:// doi. org/ 10. 1016/j. nbd. 2021. 105303

 85. Vergara C, Houben S, Suain V, Yilmaz Z, De Decker R, Van-
den Dries V et  al (2019) Amyloid-beta pathology enhances 
pathological fibrillary tau seeding induced by Alzheimer PHF 
in vivo. Acta Neuropathol 137:397–412. https:// doi. org/ 10. 1007/ 
s00401- 018- 1953-5

 86. Vogel C, Marcotte EM (2012) Insights into the regulation of pro-
tein abundance from proteomic and transcriptomic analyses. Nat 
Rev Genet 13:227–232. https:// doi. org/ 10. 1038/ nrg31 85

 87. Wang J, Dickson DW, Trojanowski JQ, Lee VM (1999) The levels 
of soluble versus insoluble brain Abeta distinguish Alzheimer’s 
disease from normal and pathologic aging. Exp Neurol 158:328–
337. https:// doi. org/ 10. 1006/ exnr. 1999. 7085

 88. Wang Y, Mandelkow E (2016) Tau in physiology and pathology. 
Nat Rev Neurosci 17:22–35. https:// doi. org/ 10. 1038/ nrn. 2015.1

 89. Xu L, Xiang W, Yang J, Gao J, Wang X, Meng L et al (2024) 
PHB2 promotes SHIP2 ubiquitination via the E3 ligase NEDD4 
to regulate AKT signaling in gastric cancer. J Exp Clin Cancer 
Res 43:17. https:// doi. org/ 10. 1186/ s13046- 023- 02937-1

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/febs.14769
https://doi.org/10.1194/jlr.R087908
https://doi.org/10.1194/jlr.R087908
https://doi.org/10.1016/j.jbior.2019.100660
https://doi.org/10.1016/j.jbior.2019.100660
https://doi.org/10.1016/j.jbc.2023.105583
https://doi.org/10.2353/ajpath.2006.060002
https://doi.org/10.1002/cyto.a.20943
https://doi.org/10.1002/cyto.a.20943
https://doi.org/10.1210/me.2010-0163
https://doi.org/10.1210/me.2010-0163
https://doi.org/10.1242/jcs.259875
https://doi.org/10.1242/jcs.259875
https://doi.org/10.1016/S0002-9440(10)65721-5
https://doi.org/10.1016/j.neurobiolaging.2017.05.016
https://doi.org/10.1016/j.neurobiolaging.2017.05.016
https://doi.org/10.1016/j.nbd.2021.105303
https://doi.org/10.1007/s00401-018-1953-5
https://doi.org/10.1007/s00401-018-1953-5
https://doi.org/10.1038/nrg3185
https://doi.org/10.1006/exnr.1999.7085
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1186/s13046-023-02937-1

	Alteration of gene expression and protein solubility of the PI 5-phosphatase SHIP2 are correlated with Alzheimer’s disease pathology progression
	Abstract
	Introduction
	Materials and methods
	Antibodies
	Human brain tissues
	Preparation of brain homogenates for biochemical analysis
	Preparation of human Sarkosyl insoluble PHF-tau fraction
	Analyses of RNA expressions human data sets
	Western blot (WB)
	Immunohistochemistry
	Mouse lines
	Cell culture
	Liposome-mediated transduction of Sarkosyl insoluble fraction containing AD-PHF in tau RD P301S FRET Biosensor cells
	Fluorescence activated cell sorting (FACS)
	Western blot and immunocytochemistry of tau RD P301S FRET Biosensor cells
	Statistical analyses
	Genetic association analyses

	Results
	Gene expression of EGFR and INPPL1 is upregulated in AD brains and their protein levels are increased in the insoluble fraction of AD brains
	SHIP2 immunoreactivity is increased in the presence of amyloid pathology
	Increased SHIP2 labelling is partially associated with amyloid pathology in 5xFAD mouse brains
	Loss of function of Ship2 does not cause AD lesions in mouse brains of Ship2ΔΔ
	SHIP2 is highly expressed in dystrophic neurites and astrocytes associated with amyloid plaques
	SHIP2 overexpression accelerates the formation of FRET positive tau inclusion in HEK tau RD P301L FRET biosensor cells
	rs11235459 in INPPL1 locus is associated with reduced INPPL1 expression and with decreased CSF pTau levels

	Discussion
	Acknowledgements 
	References


