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Abstract

Aims: Amyloid-p (Ap) oligomers trigger synaptic degeneration that precedes plaque and
tangle pathology. However, the signalling molecules that link Ap oligomers to synaptic
pathology remain unclear. Here, we addressed the potential role of RAPGEF2 as a novel
signalling molecule in Ap oligomer-induced synaptic and cognitive impairments in human-
mutant amyloid precursor protein (APP) mouse models of Alzheimer's disease (AD).
Methods: To investigate the role of RAPGEF2 in Ap oligomer-induced synaptic and cog-
nitive impairments, we utilised a combination of approaches including biochemistry, mo-
lecular cell biology, light and electron microscopy, behavioural tests with primary neuron
cultures, multiple AD mouse models and post-mortem human AD brain tissue.

Results: We found significantly elevated RAPGEF2 levels in the post-mortem human AD
hippocampus. RAPGEF2 levels also increased in the transgenic AD mouse models, gen-
erating high levels of Ap oligomers before exhibiting synaptic and cognitive impairment.
RAPGEF2 upregulation activated the downstream effectors Rap2 and JNK. In cultured
hippocampal neurons, oligomeric Ap treatment increased the fluorescence intensity of
RAPGEF2 and reduced the number of dendritic spines and the intensities of synaptic
marker proteins, while silencing RAPGEF2 expression blocked Ap oligomer-induced syn-
apse loss. Additionally, the in vivo knockdown of RAPGEF2 expression in the AD hip-
pocampus prevented cognitive deficits and the loss of excitatory synapses.

Conclusions: These findings demonstrate that the upregulation of RAPGEF2 levels medi-
ates Ap oligomer-induced synaptic and cognitive disturbances in the AD hippocampus.
We propose that an early intervention regarding RAPGEF2 expression may have benefi-

cial effects on early synaptic pathology and memory loss in AD.
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TABLE 1 RAPGEFs antibodies used in this study

No. RAPGEFs antibody # Catalog Company Immunogen (epitope)

1 Mouse monoclonal RAPGEF1  TA506838 OriGene Full length human recombinant protein of
human RAPGEF1 (NP_941372)

2 Rabbit polyclonal RAPGEF2 A301-966A Bethyl Laboratories 975-1025 amino acid of human RAPGEF2

(NP_055062.1, GenelD 9693)

Mouse polyclonal RAPGEF2 H00009693-A01 Abnova 1398-1487 amino acid of human RAPGEF2
4 Mouse monoclonal RAPGEF2  H00009693-M01 (XP_376350)
Rabbit polyclonal RAPGEF3 ab21236 Abcam Amino acids 526-541 of Epacl
(Epac1)
6 Rabbit monoclonal RAPGEF4 ab193665 Abcam Recombinant fragment within Human Epac2
(Epac2) aa 900 to the C-terminus.
7 Rabbit monoclonal RAPGEF5 ab129008 Abcam Synthetic peptide within Human RAPGEF5
(N terminal)
8 Goat polyclonal RAPGEF6 SC-69596 Santa Cruz Internal region of human RAPGEF6
INTRODUCTION vivo, ¥ we postulated that the dysregulation of RAPGEF2 may

Alzheimer's disease (AD) is the most common and devastating type
of dementia, with no treatment currently available to halt its pro-
gression. A number of studies support the assumption that AD is
the result of synaptic failure'? and that soluble amyloid-p (Ap) oligo-
mers cause AD synaptic and behavioural pathogenesis.3'4 Indeed,
synaptic dysfunction precedes Af plaque and neurofibrillary tangle
pathology as well as cognitive impairments in AD.>® While syn-
apse dysfunction and memory impairments correlate poorly with
plaque burden, soluble Ap oligomer levels and synaptic aberrations
are thought to be the best indicators of the early stages of mem-
ory loss in AD.”® Several lines of evidence indicate that Ap oligo-
mer levels are markedly elevated in the brains of AD patients and
in AD mouse models expressing human-mutant amyloid precursor
protein (APP).71° These elevated levels trigger synaptic degener-

112 \which are tiny mem-

ation at the level of the dendritic spines,
brane protrusions that receive most of the excitatory inputs in the
brain.®® It has also been suggested that excessive neuronal activity
related to stress or seizures promotes A production in the brain.**
16 Together, these studies highlight the crucial role of Ap oligomers
in initiating synaptopathy and early memory loss in AD.Y However,
the signalling molecules that link Af oligomers to synaptic pathology
are not well understood.

Rap proteins, members of the Ras family of small GTPases, play
pivotal roles in neural development and synaptic plasticity in the
brain.'®-?! RAPGEF2 (also named CNrasGEF, nRapGEP, PDZ-GEF1
and RA-GEF-1) is a neural-specific activator of Rap1 and Rap222’23
and associates with the synaptic scaffolding protein S-SCAM.%*
Early studies have shown that RAPGEF2-Rap signalling is involved
in the activity-dependent remodelling of dendritic spines, AMPA
receptor trafficking and synaptic plasticity.?%2°?8 Notably, a re-
cent genetic study identified RAPGEF2 involvement in the patho-
genesis of epilepsy.29 Because a high incidence of seizures is
commonly observed in AD patients and AD mouse models, 3032

and neuronal hyperactivity increases Ap production in vitro and in

contribute to the process of synaptic degeneration observed in
AD.

Here, we report that RAPGEF2 acts as a molecular link between
Ap oligomers and synaptic aberrations. We observed that RAPGEF2
levels were highly upregulated in the post-mortem human AD hip-
pocampus and in multiple AD mouse models, generating high levels
of Ap oligomers. This Ap oligomer-mediated stimulation of RAPGEF2
activated its downstream targets Rap2 and JNK (c-Jun N-terminal
kinases) in vivo. In cultured hippocampal neurons, the treatment of
Ap oligomers increased the fluorescence intensity of RAPGEF2, with
a concomitant reduction in spine numbers and intensities of synap-
tic marker proteins compared to the controls. Importantly, silencing
RAPGEF2 expression prevented Af oligomer-induced synaptic and
cognitive impairments in 3xTg-AD mouse model. Taken together, our
data suggest that early intervention regarding RAPGEF2 expression
may be a potential strategy that helps mitigate synaptic and cogni-
tive dysfunctions in AD.

MATERIALS AND METHODS
Antibodies and reagents

The following antibodies were used in this study: mouse mono-
clonal GFP (#ab1218, Abcam), mouse monoclonal p-amyloid, 1-16
antibody 6E10 (#803002, BioLegend) and mouse monoclonal Rap2
(#610216, BD Biosciences). The antibodies and their recognition
domains against RAPGEFs are listed in Table 1. The specificity of
these RAPGEF2 antibodies were tested in hippocampal neurons and
heterologous cells overexpressing RAPGEF2 and the highly homolo-
gous protein RAPGEF6 (Figure S1). Antibodies against phospho-p38
(#4511), p38 (#9212), phospho-JNK (#9255), JNK (#9252), Rapl
(#2399) and B-tubulin (#2146) were purchased from Cell Signaling
Technology. The rabbit polyclonal GFP antibody (#A11122) and
Alexa 488, 594 and 555 conjugated goat/donkey anti-mouse/rabbit
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secondary antibodies were obtained from Invitrogen. The JNK in-
hibitor SP600125 was purchased from Calbiochem.

Oligomeric Ap preparation

To prepare AB oligomers, lyophilised B-amyloid (1-42) peptide
powder was purchased from AnaSpec. According to the manufac-
turer's protocol, the B-amyloid peptide was dissolved in 20 mM
HEPES/150 mM NaCl (pH 7.2) at a concentration of 50 pM and
sonicated until completely solubilised. Oligomers were acquired
by diluting the AB peptide solution to 25 pM with phenol red-free
DMEM-F12 (Caisson Labs) and incubating this diluted AB solution
at 4°C for 24 h.

Primary neuron culture and transfection

Primary rat hippocampal cultures were prepared from embryonic
day (E) 18-19 Sprague-Dawley fetal rats as previously described.?
For mouse cortical and hippocampal neuron cultures, brains from
E 16-18 mouse embryos were isolated. Briefly, after dissecting out
the hippocampal tissue, trypsinised cells were dissociated by gently
triturating with flame-polished Pasteur pipettes. Cells were seeded

TABLE 2 Post-mortem human hippocampal samples

Appl

on a precoated plate with poly-D-lysine (100 pg/ml, Sigma-Aldrich)
and laminin (2 pg/ml, Roche) at a density of 4-5 x 10* cells/well. The
neurons were grown in Neurobasal medium (Gibco) supplemented
with SM1 (Stem Cell Technologies), 0.5 mM glutamine, and 25 uM
glutamate for 18-21 days in vitro (DIV). For transfections, DNA con-
structs were transfected into hippocampal neurons (18-21 DIV) using
Lipofectamine 2000 reagent (Thermo Fisher Scientific) for 2-3 days.

Human brain tissue preparation

The human hippocampal tissue samples used in this study were
obtained from the Netherlands Brain Bank (Project #1009).
Experiments using human tissue were approved by the Institutional
Review Board of the Korea Brain Research Institute (201610-BR-
004-01). The hippocampal samples were stored at -80°C until use.
Information about the human tissue used in this study is provided
in Table 2.

Western blot analysis

Cultured hippocampal neurons and brain tissue from mice and hu-
mans were lysed in ice-cold RIPA buffer (150 mM NaCl, 10 mM

ApoE (Presence of

Group No. Clinical Diagnosis Gender Age Amyloid Braak ApoE alleles)
Controls 1 Nondemented control M 89 0 2 Unknown
2 Nondemented control F 92 0 3 43
3 Nondemented control F 78 A 1 33
4 Nondemented control F 60 0 0 32
5 Nondemented control F 93 0 2 33
6 Nondemented control F 82 A 1 33
7 Nondemented control M 73 A 2 33
8 Nondemented control F 72 A 1 33
AD patients 1 Alzheimer's disease F 85 C 6 44
2 Alzheimer's disease M 60 C 6 43
3 Alzheimer's disease M 84 C 6 43
4 Alzheimer's disease M 74 C 6 43
5 Alzheimer's disease F 61 C 6 44
6 Alzheimer's disease F 71 C 6 44
7 Alzheimer's disease F 91 C 6 42
8 Alzheimer's disease M 81 C 6 43
9 Alzheimer's disease F 88 C 6 43
10 Alzheimer's disease F 78 C 6 43
11 Alzheimer's disease F 90 C 6 44
12 Alzheimer's disease M 78 C 6 43

Note: This table shows the characteristics of the human (control and AD) individuals whose brain tissues were analysed in this study. [Amyloid]: O,
absent; A, mild (basal frontal and temporal lobes); B, moderate (association neocortex and hippocampus); C, severe (primary cortices, subcortical

nuclei and cerebellum).
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Na,HPO,, pH 7.2, 0.5% sodium deoxycholate and 1% Nonidet P-40)
containing a protease inhibitor cocktail (GenDepot) and a phos-
phatase inhibitor cocktail (Sigma-Aldrich). The lysates were centri-
fuged at 15,000x%g at 4°C for 20 min. Protein concentrations of the
supernatants were determined using BCA reagent (Thermo Fisher
Scientific). The samples were separated on 8%-12% polyacrylamide
gels, transferred to a nitrocellulose membrane (GE Healthcare Life
Sciences) and blocked with 5% non-fat dry milk or 3% bovine serum
albumin (Sigma-Aldrich) in 1x TBS buffer solution containing 0.1%
Tween-20. Blots were incubated with primary antibodies at 4°C
overnight, followed by horseradish peroxidase-conjugated second-
ary antibodies (Cell Signaling Technology) or infrared dye-conjugated
secondary antibodies (Li-Cor Bioscience) at room temperature for
1 h. Blots were visualised using a Fusion Fx7 ECL system (Vilber) or
an Odyssey CLx Infrared Imaging System (Li-Cor Bioscience). Protein
band intensities in the western blot were quantitatively measured
using ImagelJ software (National Institutes of Health).

Active Rap pull-down assay

Mouse cortical tissue was homogenised in ice-cold RIPA buffer con-
taining a protease inhibitor cocktail (GenDepot) and a phosphatase
inhibitor cocktail (Sigma-Aldrich). After collecting supernatants from
the brain homogenates by centrifugation, the lysates (1.5 mg) were
incubated with 40 ul RalGDS RBD agarose beads (Abcam) at 4°C
for 3 h. Pellets were washed three times and resuspended in 40 pl
2x reducing SDS sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS,
10% glycerol, 0.1% bromophenol blue and 0.5% B-mercaptoethanol).
GTP-bound active Rapl and Rap2 levels were detected by western
blotting.

Immunocytochemistry

Primary cultured hippocampal neurons were fixed with 4% para-
formaldehyde (PFA)/4% sucrose for analysis of the spine or with 4%
PFA/4% sucrose followed by methanol (-20°C) for immunofluores-
cent labelling of RAPGEF2. Neurons were incubated with primary
antibodies in a GDB solution (30 mM phosphate buffer, pH 7.4, con-
taining 0.1% gelatine, 0.3% Triton X-100, 450 mM NaCl) at 4°C over-
night and then with Alexa 488- and Alexa 594-conjugated secondary
antibodies (Thermo Fisher Scientific) at room temperature for 1 h;
neurons were then mounted on a glass slide with VECTASHIELD
mounting solution (Vector Labs).

To quantify the immunofluorescence intensity of RAPGEF2,
VGLUT1 and PSD-95, we selected at least two dendritic segments
(30 pm in length each) in the individual GFP-positive neurons. The in-
tegrated intensity was measured at a constant threshold value using
the region measurement tool of MetaMorph Software (Molecular
Devices). For the analysis of dendritic spine structures, we focused
on linear secondary dendritic segments of pyramidal neurons (at
least 30 um in length). Images were acquired with a TI-RCP confocal

microscope (Nikon). Z-stack images were collected at 0.4 pm inter-
vals and then compressed into a 2D image with maximal intensity

projection.

Animals

All mutants and their corresponding control mice were purchased
from the Jackson Laboratory. The 3xTg-AD transgenic mice (MMRRC
Stock No: 34830-JAX) were maintained as homozygotes. The
5xFAD mice (MMRRC Stock No: 34840-JAX) were maintained as
hemizygotes by crossing with wild-type (WT) mice ona C57BL/6 J X
SJL background strain. To generate rTg (TauP301L) 4510 mice, tetO-
MAPT*P301L mice (FVB-Fgf14Tg(tetO-MAPT*P301L)4510 Kha/
JlwsJ, Stock No. 015815) were crossed with mice from the CaMKII-
tTA mouse line (B6.Cg-Tg(Camk2a-tTA)1Mmay/DboJ, Stock No.
007004). All mice were housed 4 to 5 per cage in a room maintained
at 21 = 1°C, with an alternating 12/12 h light/dark cycle and free ac-
cess to food and water.

shRNA constructs and virus production

The following oligonucleotides (5’-3') were inserted into the pLL 3.7
vector, which simultaneously expresses RNAi-inducing shRNAs and
GFP under the U6 and CMV promoters, respectively (Rubinson et al.,
2003):scrambled shRNA, GCAAACGCTCGACATTAA; rat RAPGEF2-
shRNA, GGACCCAACATTCATAGA (NM_001107684.1; 709-
726 bp) and mouse RAPGEF2-shRNA, GCTGGAACCATTGTGTTA
(NM_001099624.3; 520-537 bp). Lentiviral particles were produced
according to the manufacturer's instructions (ViraPower Lentiviral
Expression System, Thermo Fisher Scientific). Briefly, a mixture of
plasmids was transfected into HEK293FT packaging cells. The virus-
containing medium was harvested 48 or 72 h after transfection and
subsequently precleaned with 3000xg centrifugation and 0.45 pm
filtration (Merck Millipore). The virus-containing medium was over-
laid on sucrose-containing buffer and centrifuged at 120,000xg at
4°C for 2 h. After ultracentrifugation, the supernatants were care-

fully removed and resuspended in phosphate buffered saline.

Stereotaxic virus injection

Two-month-old non-transgenic B6129SF2/J control and 3xTg-AD
transgenic mice were anaesthetised with isoflurane, and 1 ul (pll3.7,
8.9 x 10710 IU/ml; shRAPGEF2, 8.3 x 10710 IU/ml) of the viral solu-
tion was injected bilaterally into the hippocampal CA1 region with
a glass pipette at a flow rate of 0.2 ul/min according to stereotaxic
coordinates (Bregma: antero-posterior -2.0 mm, medial-lateral
+1.5 mm, dorsoventral -1.4 mm from the dura). Glass pipettes used
for microinjection were kept in place for 5 min after the injection had
been completed to ensure complete absorption of the viral particles.
After recovery in a heated chamber, the mice were returned to their
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home cages. Behavioural tests were performed 8 weeks after virus
injections. Mice that had incorrect injection sites were excluded

from the behavioural data analysis.

Behavioural testing

Mouse behaviours were recorded using the video tracking software
SMART 3.0 (Panlab). For contextual fear conditioning, the sound-at-
tenuating apparatus was equipped with a stainless steel foot-shock
grid and interchangeable walls to allow context changes. All mice were
habituated in the conditioning chamber for 3 min to reduce basal freez-
ing levels. On the conditioning day, 24 h after habituation, all subjects
were placed back into the same chamber. Mice were allowed to ex-
plore the chamber for 3 min, and then, they received three electric foot
shocks (0.5 mA, 2 s) at intervals of 1 min as an unconditioned stimulus
(US). After the last shock, the mice were removed from the chamber.
On the contextual test day, all subjects were placed in the same cham-
ber and were exposed to the same context without exposure to the
adverse stimulus. The duration of freezing behaviours was automati-
cally calculated for 5 min (freezing criterion: 1 s). Mice with freezing

ratio values of 5 or less were excluded.

Transmission electron microscopy

Four-month-old male WT and 3xTg-AD mice transduced with lenti-
virus expressing either control or RAPGEF2-shRNA (n = 3 per group)
were perfused with 2% PFA and 2.5% glutaraldehyde in 0.15 M caco-
dylate buffer (pH 7.4). Using a vibratome, 150-um coronal sections
were obtained, and the hippocampal CA1 stratum radiatum was dis-
sected out. Tissue blocks were prepared using standard procedures
for TEM as described previously.33 Briefly, tissue was post-fixed in
2% OsO4 for 1 h, en bloc stained with 1% uranyl acetate, dehydrated
and then embedded in Epon 812 resin (EMS). Seventy-nanometre-
thick sections were collected on 200-mesh grids and stained with
uranyl acetate followed by lead citrate. For each animal, 30 images
were recorded on a Tecnai F20 TEM (FEI) (2500x magnification,
120 kV). The counting frame (6 x 6 pmz) was placed on each image,
and synapses with a clear PSD and presynaptic vesicles were identi-
fied. Synapses were classified into either asymmetric (excitatory) or
symmetric (inhibitory) types based on their distinct PSD shapes. All

analyses were performed blinded to the experimental conditions.

Statistical analysis

All data represent the mean + SEM of at least three independent ex-
periments, unless otherwise indicated. For two-sample comparisons,
two-tailed unpaired Student's t-tests were used. For four-sample
comparisons, one-way ANOVA, two-way ANOVA and Tukey's mul-
tiple-comparisons test were used as explained in the figure legends.
Statistically significant differences were determined as p < 0.05.

Appl

RESULTS

RAPGEF2 is upregulated in human and mouse AD
brains

RAPGEF2 expression is highly enriched in the hippocampus,?23*
and is critical for learning and memory making it especially vulner-
able to damage in the early stages of AD. To test whether RAPGEF2
is involved in the pathophysiological mechanisms of AD, we ex-
amined the expression levels of RAPGEF2 in the lysates of post-
mortem human AD hippocampal tissue using western blot analysis
(Figure 1A,B). Compared to non-AD controls, RAPGEF2 levels were
upregulated in hippocampal lysates from AD patients (Figure 1A).
The quantitation of RAPGEF2 band intensity normalised to house-
keeping GAPDH signals displayed a significant increase in the lev-
els of RAPGEF2 in human AD brains by approximately twofold
(Figure 1B).

To identify whether RAPGEF2 levels were also altered in the
transgenic mouse models of AD, we performed western blot anal-
ysis of the cortical and hippocampal lysates obtained from 3- and
12-month-old 3xTg-AD mice (Figure 1C,D and Figure S2), one of the
most well-characterised and widely used AD mouse models that
overexpresses three mutations associated with familial AD [APP
Swedish, microtubule-associated protein tau (MAPT) P301L, and
presenilin-1 (PSEN1) M146 V].° The neuropathological phenotypes
of this model include extracellular Ap deposits in the frontal cor-
tex by 6 months and neurofibrillary tangles in the hippocampus by
12 months and then later in the cortex.®%> Hippocampus-dependent
synaptic and cognitive deficits are observed at 4-6 months of
age.3>% Intriguingly, we found a significant increase in RAPGEF2 lev-
els in 3-month-old 3xTg-AD mouse brains (Figure 1C,D). RAPGEF2
levels in 12-month-old mutants also showed an increasing trend
without statistical significance, possibly due to the high variability
of RAPGEF2 levels in older 3xTg-AD mice (Figure S2). These obser-
vations suggest that the upregulation of RAPGEF2 before the onset
of synaptic and cognitive impairments may contribute to the early
pathogenic mechanisms of AD.

To corroborate these results and to narrow down the genetic
mutations responsible for the upregulation of RAPGEF2, we next
employed two additional AD mouse models expressing mutations
associated with familial AD (5xFAD for APP and PSEN1 mutations;
rTg4510 for MAPT P301L).%38 |n 5xFAD mice, intraneuronal Ap
was observed in cortical pyramidal neurons at 1.5 months of age,
and extracellular amyloid plaques were detected in the hippocam-
pus and cortex of 2-month-old animals.®’ Evidence of synaptic
deficits in 5xFAD mice was obtained at 2-3 months using electro-
physiology,40 Furthermore, the loss of synapses and some cognitive
impairments were observed at 3-6 months in the 5xFAD mice.*!
However, rTg4510 mice expressing human P301L mutant tau in the
forebrain by the CaMKIla (calcium/calmodulin-dependent protein
kinase type Il subunit alpha) promoter developed progressive neu-
rofibrillary tangles by 4-5.5 months, impaired CA1 long-term poten-
tiation at 4.5 months, loss of hippocampal and cortical neurons by
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FIGURE 1 Elevated levels of RAPGEF2 in the post-mortem human AD hippocampus and AD mouse brains. A, Post-mortem human
hippocampal tissue from non-patients (controls) and AD patients was subjected to western blot analysis for the RAPGEF2 levels. B,
Quantification of RAPGEF2 levels normalised to GAPDH (control, n = 8; AD patients, n = 12). C, RAPGEF2 expression levels were analysed
at 3 months of age in the hippocampus (HPC) and cortex (CTX) of wild-type (WT) and 3xTg-AD mice (TG). D, Quantification of RAPGEF2
levels in the HPC and CTX of 3-month-old WT (n = 4; males), and TG mice (n = 4; males). E, RAPGEF2 expression levels were analysed in the
cortical lysates of 1.5-month-old WT and 5xFAD (TG) mice. Note that the levels of APP are markedly higher in the TG mice. F, Quantification
of RAPGEF2 levels normalised to f-actin (n = 5; 4 males, 1 female). All data are shown as the mean + SEM. **p < 0.01, *p < 0.05; two-tailed

unpaired Student's t-test

>5.5 months, and behavioural impairments between 2 and 6 months
of age. 374244

Western blot analysis revealed significantly increased RAPGEF2
levels in the cortical lysates of the 1.5-month 5xFAD mice (Figure 1E-
F). In contrast, there were no differences in the RAPGEF2 levels in
the cortex and hippocampus between 2.5 and 5.5 months in the
rTg4510 and age-matched control animals (Figure S3). These data in-
dicate that amyloid, but not tau, pathology contributes to enhanced
RAPGEF2 expression in 3xTg-AD brains. Taken together, these re-
sults demonstrate that RAPGEF2 levels are commonly upregulated
in sporadic human AD and APP transgenic mouse brains and suggest
that RAPGEF2 may participate in the early pathological mechanisms
of AD.

Oligomeric Ap induces the upregulation of RAPGEF2

Because amyloid plaques and neurofibrillary tangles have not yet
been identified in 3-month-old 3xTg-AD mice or in 1.5-month-old
5xFAD mutants,®*® we speculated that either full-length APP or
Ap oligomers may trigger the upregulation of RAPGEF2 expression.
Indeed, western blot analysis using the 6E10 antibody (anti-Ap, also
recognises APP) showed formation of oligomeric Af in the cortical
lysates of the 1.5-month-old 5xFAD mice (Figure S4A).

To further provide direct evidence, we next generated A oligomers
by incubating the AB peptide for 24 h (Figure 2A) and then examined
the RAPGEF2 levels in cultured neurons treated with Ap oligomers
(1 uM) for 6 h. Both western blotting and immunofluorescence staining
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confirmed heightened levels of endogenous RAPGEF2 in the cortical
and hippocampal neurons following Af oligomer treatment (Figure 2B-
E). In contrast, we observed an inverse relationship between the amount
of full-length APP (APP770) and RAPGEF2 levels in heterologous cells
(Figure S4B), supporting the role of oligomeric Af rather than full-length
APP in the upregulation of RAPGEF2. Thus, our results indicate that

Ap oligomers are sufficient to elevate RAPGEF2 expression in neurons.

Oligomeric Ap-mediated upregulation of RAPGEF2
activates the Rap2-JNK pathway

The small GTPases Rap1 and Rap2 are well-established downstream
effectors of RAPGEF2.222% At neuronal synapses, Rapl and Rap2
are involved in different forms of synaptic plasticity through the
regulation of specific signalling pathways.28 To test whether Ap ol-
igomer-induced RAPGEF2 may selectively activate its downstream
signalling targets, active Rap pull-down assays were performed on
cortical lysates of 2.5-month-old 3xTg-AD mice using RalGDS-RBD
agarose beads that pull down active GTP-bound Rap.

We found a significant increase in the levels of active Rap2 in the
3xTg-AD mice compared to the WT animals. In contrast, active Rap1
levels were not significantly different between genotypes, due to

the high variability of active Rap1 levels (Figure 3A-D). Because JNK

2,228 \ye next investigated

is a known downstream effector of Rap
the phosphorylation status of JNK in the 3xTg-AD and 5xFAD mice.
As expected, JNK phosphorylation levels were significantly higher
in the cortex of the 2.5-month-old 3xTg-AD and 1.5-month-old
5xFAD mice than in the WT controls (Figure 3E,G; Figure S5A-B). In
contrast, the phosphorylation and total levels of p38 MAPK (mito-
gen-activated protein kinase), a downstream target of Rap1, did not
change in the 3xTg-AD mice compared to the controls (Figure 3F,H).
Additionally, decreased phosphorylation levels of ERK were ob-
served in the 1.5-month-old 5xFAD mice, in agreement with a pre-
vious finding showing that active Rap2 also reduced extracellular
signal-regulated kinase (ERK) signalling?’ (Figure S5C-D).

To examine if RAPGEF2 knockdown could decrease JNK activa-
tion in neuronal cultures from 3xTG-AD mice, we transduced lentivi-
ral particles expressing either GFP (plI3.7) or GFP plus shRAPGEF2
(validated in Figure 4A,B and Figure Sé) into cultured cortical neu-
rons at DIV 7. After 8 days, cell lysates from WT and 3xTg-AD mice
were used for western blot analysis of RAPGEF2 and MAPK lev-
els. Again, we found that neurons cultured from the 3xTg-AD mice
showed increased levels of RAPGEF2 and phosphorylated JNK com-
pared to cultures from the WT animals (Figure 4A-C). Knockdown of
RAPGEF2 in the 3xTg-AD neurons significantly reduced the elevated
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FIGURE 2 Oligomeric Ap increases RAPGEF2 levels. A, SDS-PAGE analysis of oligomeric Af. Oligomers were separated by western
blotting on a 4%-12% gradient Bis-Tris gel and immunoblotted with the 6E10 antibody. Oligomeric Ap (ABO) consisted of monomers

(~4 kDa), dimers, trimers, tetramers and high molecular weight (MW) oligomers. No fibrils (>75 kDa) were detected. B, Cultured cortical
neurons (DIV 21) treated with vehicle or ABO (1 pM) for 6 h and immunoblotted for RAPGEF2. C, Relative fold change in RAPGEF2 levels
(n = 7). D, Representative RAPGEF2 fluorescence images of cultured hippocampal neurons. Neurons (DIV 21) treated with vehicle or
oligomeric ABO (1 uM) for 6 h and immunolabelled for GFP and RAPGEF2. Scale, 100 um. E, Quantification of the integrated intensity of
RAPGEF2 in proximal dendrites (n = 12). All data are shown as the mean + SEM. *p < 0.05; two-tailed unpaired Student's t-test
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6 males, 3 females). E and F, Cortical lysates from 2.5-month-old wild-type (WT) and 3xTg-AD (TG) mice were collected and subjected to
western blotting for activation (phosphorylation) of JNK (E) and p38 (F). G and H, Quantification of pJNK (G, n = 6; 5 males, 1 female) and
p-p38 (H, n = 6; 5 males, 1 female) levels normalised to total expression. All data are shown as the mean = SEM. *p < 0.05, ***p < 0.001; two-

tailed unpaired Student's t-test

levels of phosphorylated JNK (Figure 4A,C). Interestingly, silencing
of RAPGEF2 in cultures from the WT animals did not change JNK
activation, possibly reflecting very low levels of active JNK in basal
conditions to prevent synapse loss. In addition, the phosphorylation
of p38 and ERK were largely unaffected by silencing RAPGEF2 in
neurons from both the WT and 3xTG-AD mice (Figure 4D-E). These
results further support our finding that RAPGEF2-mediated activa-
tion of JNK may contribute to the early pathogenesis of AD.

Silencing of RAPGEF2 prevents Ap oligomer-induced
spine loss

Ap oligomer activates JNK before synaptopathy in hippocampal
neurons, and the inhibition of JNK blocks spine loss induced by
Ap oligomer.d's'46 Moreover, transgenic mice expressing constitu-
tively active Rap2 had shorter and fewer dendritic spines in the

hippocampus.?” Thus, we reasoned that the Ap oligomer-mediated
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FIGURE 4 Knockdown of RAPGEF2 decreases JNK activation in 3xTg-AD mice. A, Lentiviral particles expressing either shRAPGEF2 or
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3xTg-AD (TG) mice were used for western blot analysis of RAPGEF2 and MAPK levels (n = 3). B-E, Quantification of RAPGEF2 (B), pJNK (C),
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upregulation of RAPGEF2 may participate in the early synaptic pa-
thology of AD.

To test whether silencing of RAPGEF2 could prevent Ap oligo-
mer-induced synaptopathy, hippocampal neurons (DIV 18) were
transfected with either scrambled shRNA (scrambled) or shRAP-
GEF2 for 3 days and treated with oligomeric Ag (ABO, 1 uM) for
10 h before immunostaining. As expected, the results showed that
AP oligomers significantly reduced spine density, length and size
in the control neurons. In contrast, knockdown of RAPGEF2 pre-
vented AB oligomer-mediated reduction in spine number and mor-
phology. In addition, silencing of RAPGEF2 in the absence of Ap
oligomer had no effect on dendritic spine morphology (Figure 5),
possibly reflecting very weak RAPGEF2 expression under basal
conditions (Figure 5).

To further examine whether AP oligomer with or without
RAPGEF2 knockdown affects the pre- and post-synaptic structure,
we performed immunocytochemistry using the presynaptic marker
VGLUT1 as well as the postsynaptic marker PSD-95. Our results
showed that AB oligomer treatment significantly decreased the
fluorescence intensity of both VGLUT1 and PSD-95 in the control
neurons, while silencing of RAPGEF2 halted the Ap oligomer-medi-
ated reduction of these pre- and post-synaptic markers (Figure S7).
Together, these results demonstrate that RAPGEF2 knockdown
blocks AB oligomer-mediated synaptic impairments in hippocampal
neurons.

We next examined whether the JNK inhibitor SP600125 could
block the loss of dendritic spines in hippocampal cultures from
3xTg-AD mice. We found that either knockdown of RAPGEF2 or

inhibition of JNK was sufficient to prevent a reduction in synaptic
density in cultures from the 3xTg-AD mice (Figure S8). Furthermore,
silencing of RAPGEF2 in the presence of SP600125 failed to further
increase the number of spines, indicating that RAPGEF2 and JNK
operate by overlapping mechanisms.

RAPGEF2 knockdown alleviates synaptic and
cognitive deficits in the AD hippocampus

We then examined whether the in vivo silencing of RAPGEF2 in
the hippocampus could prevent synaptic and cognitive impair-
ments in 3xTg-AD mice. Lentiviral particles expressing RAPGEF2-
shRNA were bilaterally delivered to the hippocampal CA1 regions of
2-month-old 3xTg-AD mice using stereotaxic surgery (Figure 6A,B).
At 8 weeks after the viral injections, the mice were subjected to a
hippocampus-dependent contextual fear-conditioning test.*®4?
Following the behavioural test, the extent of RAPGEF2 downregula-
tion was evaluated using western blot analysis with lysates from the
hippocampal CA1 area. We found that viral expression of RAPGEF2
shRNAs for 2 months significantly reduced the levels of RAPGEF2 in
both the WT and 3xTg mice (Figure 6C,D). Notably, in vivo silencing
of RAPGEF2 in the 3xTg-AD mice induced no compensatory changes
in the levels of other RAPGEFs (Figure S9). In separate groups of
animals, we observed a significant deficit in freezing behaviour in
the relatively young 4-month-old 3xTg-AD mice compared to their
matched WT animals (Figure 6E). More importantly, the knock-
down of endogenous RAPGEF2 expression successfully blocked the
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impairment of context-dependent freezing behaviour in the 3xTg-
AD mice (Figure 6F), implying that modulation of RAPGEF2 expres-
sion prior to synaptic dysfunction is sufficient to retain long-term
fear memory in 3xTg-AD mice. The WT animals with RAPGEF2
knockdown displayed comparable freezing ratio with the WT con-
trols (Figure 6F).

Finally, we examined whether RAPGEF2 knockdown-me-
diated fear memory retention in 3xTg-AD mice could be due to
synaptic preservation in the hippocampal CA1 area. Transmission
electron microscopy revealed that the density of excitatory
(asymmetric) synapses, but not inhibitory (symmetric) synapses,
was significantly decreased in the CA1 stratum radiatum of the
3xTg-AD mice compared to the WT animals (Figure 7A-D). In
contrast, the knockdown of RAPAGEF2 in 3xTg-AD mice blocked
the reduction in excitatory synaptic density (Figure 7B,C). Again,
the number of inhibitory synapses was not affected by the mod-
ulation of RAPGEF2 expression (Figure 7B,D). These results
demonstrate that the loss of the RAPGEF2 protein halts Ap oligo-
mer-mediated reduction in excitatory synapses in vivo without
altering inhibitory synapses. Collectively, our data suggest that
early intervention regarding RAPGEF2 expression could prevent
Ap oligomer-mediated synaptic and behavioural dysfunction in
the AD hippocampus.

DISCUSSION

The accumulation of soluble Ap from the sequential proteolytic
processing of APP and the hyperphosphorylation of tau is a pri-
mary hallmark of AD pathogenesis.**” In this study, we discovered
that RAPGEF2 acts as a novel signalling component involved in
Ap oligomer-mediated synaptic and cognitive impairments in AD.
Using multiple AD mouse models and post-mortem human AD hip-
pocampal tissue, our results indicate that Ap oligomers trigger the
upregulation of RAPGEF2 levels in AD brains. Increased RAPGEF2
expression induces the loss of synapses via activation of the Rap2-
JNK pathway. Furthermore, the in vivo knockdown of endogenous
RAPGEF2 prevented oligomeric A-induced synaptic and cognitive
dysfunction. This scenario showing the involvement of RAPGEF2 in
the early synaptopathy of AD is summarised in Figure 8.

One of the best-characterised familial AD models is the 3xTg-AD
mouse model, which develops Ap deposits prior to tangle forma-
tion, consistent with the amyloid cascade hypothesis.® Interestingly,
we observed heightened levels of RAPGEF2 in 3xTg-AD mice at
3 months of age before the onset of synaptic and cognitive deficits
(Figure 1). A similar result was found in 1.5-month-old 5xFAD mice
expressing APP and PSEN1 mutations (Figure 1) but not in rTg4510
tau mutants at 2.5 and 5.5 months of age (Figure S3). These results



RAPGEF2 MEDIATES OLIGOMERIC AB-INDUCED SYNAPTIC LOSS AND COGNITIVE

DYSFUNCTION IN THE 3XTG-AD MOUSE MODEL OF ALZHEIMER'S DISEASE Neuropathology and 635
Applied Neurobiology—\A/| LEYJ—

(A) (B)
2 months 4 months

! !

virus injection  contextual fear
conditioning test

—
(©) D)
HPC, 3xTg-AD (4 months) 9 * 3 pli3.7
sk sk sk sk Hl shRAPGEF2
WT TG —_—
pli3.7 shRAPGEF2 pli3.7 shRAPGEF2 3
*
250- —
™ 8 P e o | RAPGER2 .1 _.J—E_

o | ¢ e | APP-FL

RAPGEF2 / B-tubulin

25| . .oy oe @9 - @ GFP

[ ]
1 — o o
L 2
50 -| wt &% M4 o S % v e s B-tubulin 0 ﬁ E_
- T
WT

TG
(E) (F)
3xTg-AD (4 months) 3xTg-AD (4 months)
120 = 120 5 % 1 pli3.7
Il shRAPGEF2
® ) =
90 - * 90 o eqe
9 : 3 oo O
ik ¥ Lo <
[®)] (®)]
S 60 - |®e S 60 -
3 3
2 . o
30 - 30 =
0 T 0 |
WT TG WT

FIGURE 6 Knockdown of RAPGEF2 rescues fear memory deficits in 4-month-old 3xTg-AD mice. A, Time course of stereotaxic delivery
of lentiviral particles and behavioural tests. B, Representative image of GFP expression in the hippocampal CA1 area. Lentiviral particles
simultaneously expressing shRAPGEF2 and GFP were bilaterally injected into the hippocampal CA1 area. Hoechst dye was used to

stain neuronal nuclei (blue). Scale, 10 um. Right, higher magnification image enclosed in rectangles at the left. A dotted line indicates the
CA1 (mo: molecular layer in dentate gyrus). 53% + 0.9% area of CA1 region was GFP-positive (virus transduced) (n = 3). Scale, 200 pm.

C, Virus-mediated knockdown extent of RAPGEF2 in vivo. Lentiviral particles expressing either shRAPGEF2 or a control empty vector
(pl13.7) were transduced into hippocampal CA1 area in 2 months of wild-type (WT) and 3xTg-AD (TG) mice. After 2 months, hippocampal
lysates were used for western blot analysis for RAPGEF2. APP-FL (full length APP) were used as the marker of TG mice. D, Quantification
of RAPGEF2 levels normalised to f-Tubulin. plI3.7 in WT, n = 6 (5 males, 1 female); sShRAPGEF2 in WT, n = 8 (7 males, 1 female); pll3.7 in
TG, n = 4 (3 males, 1 female); sShARAPGEF2 in TG, n = 8 (7 males, 1 female). E, The contextual fear memory test in 4-month-old wild-type
(WT) and 3xTg-AD (TG) mice (n = 6, males). F, Control (pll3.7) or shRAPGEF2-expressing viral particles were injected into the hippocampal
CA1 area in 2-month-old WT and 3xTg-AD mice. After 2 months, the contextual fear memory test was performed (pll3.7 in WT, n = 15
males; shRAPGEF2 in WT, N = 8 males; plI3.7 in 3xTg-AD mice, n = 22 males; sShRAPGEF2 in 3xTg-AD, n = 17 males). All data are shown
as the mean + SEM. *p < 0.05, **p < 0.01; ****p < 0.0001; two-tailed unpaired Student's t-test (E) and Two-way ANOVA, Tukey's multiple-
comparison test (D and F)
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ANOVA, Tukey's multiple-comparison test

indicate that either full-length APP or its proteolytic product oligo-
meric AB augments RAPGEF2 expression in early AD brains, sug-
gesting a potentially causative role of RAPGEF2 in subsequent
synaptic and cognitive disturbances. Our results revealed that the
Ap oligomer, rather than full-length APP, induced the upregulation
of RAPGEF?2 levels (Figure S4). Furthermore, we provided direct ev-
idence that oligomeric Ap treatment stimulated RAPGEF2 expres-
sion in cultured hippocampal neurons (Figure 2).

Importantly, augmented RAPGEF2 levels were also identified in
the post-mortem human AD hippocampus (Figure 1). Because most
cases of AD are sporadic (late-onset) and ~5% of cases are genetic
(early onset) in origin,48 we assume that the increased RAPGEF2 lev-
els in the human AD hippocampus may reflect the relatively slow
and gradual increase in Ap oligomers in sporadic AD compared to
familial AD. Although it is unclear when RAPGEF2 expression be-
gins to be stimulated in human AD patients, our data show that
RAPGEF2 levels are commonly induced in the brains of early- and
late-onset AD brains.

It is noteworthy that cross-reactivity with the highly homologous
protein RAPGEF6 may occur with some RAPGEF2 antibodies.*” We
also found that some anti-RAPGEF2 antibodies used in this study
exhibited a very weak but discernible cross-reactivity in cells over-
expressing RAPGEF6 (Figure S1A). Nonetheless, this cross-reactivity
issue is unlikely to affect our conclusion that RAPGEF2 mediates Ap-
induced synapse loss, as Ap oligomer treatment did not significantly
change the levels of other RAPGEFs in the hippocampal neurons
(Figure S1B). Similarly, in vivo silencing of RAPGEF2 in 3xTg-AD mice
induced no compensatory changes in the levels of other RAPGEFs
(Figure S9).

Rapl and Rap2, the downstream effectors of RAPGEF2, are
members of the Ras family of small GTPases.?? Rap1 and Rap2 share
close to 60% sequence homology,® but they seem to exert distinct
functions by activating different signalling pathways. For instance,
Rap1 and Rap2 regulate the synaptic removal of AMPA-type glu-
tamate receptors via the activation of p38 MAPK during long-term

depression and JNK in synaptic depotentiation respectively.zo'z‘s'28
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Furthermore, the activation of Rap2 causes the loss of excitatory
synapses, whereas Rapl has no effect on axonal or dendritic mor-
phology in spiny neurons.?! In line with these findings, our data
show that the Ap oligomer-mediated stimulation of RAPGEF2 ex-
pression selectively activates Rap2-JNK (Figure 3), suggesting the
distinct roles of Rap proteins in the pathogenetic mechanisms of AD.

The activation of JNK, a downstream target of Rap2, has been re-
ported in human AD brains.”® Our results also revealed that phosphor-
ylation levels of JNK were significantly higher in cortical lysates from
the 3xTg-AD and 5xFAD mice during the same period of RAPGEF2
upregulation (Figure 3E; Figure S5A), which is consistent with the Ap-
mediated activation of the JNK pathway in the cultured cortical neu-
rons.*>>2 Conversely, JNK phosphorylates APP at the Thr688 residue
and facilitates Ap aggregation,53’54 and the inhibition of JNK reduces
soluble Ap oligomers.>® Thus, it is likely that Ap-RAPGEF2-JNK could
create a reciprocal activation circuit that further exacerbates Ap pa-
thology. In line with this hypothesis, the knockdown of RAPGEF2 or
inhibition of JNK in neuron cultures from the 3xTg-AD mice were suf-
ficient to restore the elevated JNK activity to control levels and to halt
the Ap-induced spine loss (Figure 4 and Figure S8).

Which upstream molecules trigger the upregulation of
RAPGEF2? Polo-like kinase 2 (PIk2) could be one of the candidates
involved in AB-mediated synaptopathy, as PIk2 has been shown to
promote RAPGEF2 activity in the hippocampus.?® In support of this
idea, increased levels of PIk2 were also observed in the APP-SwD1
AD mouse brain and in the human AD brain.*® Furthermore, the
pharmacological inhibition of Plk2 function ameliorates synapse loss

|56

and memory decline in an AD mouse model.”® Thus, these findings

suggest that PIk2 may act as an upstream regulator in RAPGEF2-
mediated synaptic dysfunction and cognitive deficits. Further
studies are warranted to identify additional upstream signalling mol-
ecules that trigger the upregulation of RAPGEF2.

Previous studies have reported that constitutively active Rap2 re-
duces the number and length of dendritic spines in CA1 hippocampal
neurons,?’” and JNK inhibition rescues Ap oligomer-mediated spine
loss.*® Thus, it has been speculated that the Ap oligomer-mediated
upregulation of RAPGEF2 levels may induce changes in the number
and morphology of dendritic spines by activating the Rap2-JNK sig-
nalling cascade. Indeed, we found that the knockdown of RAPGEF2
prevented the Ap oligomer-mediated reduction in spine numbers,
length, head size and intensities of synaptic marker proteins such
as VGLUT1 and PSD-95 (Figure 5 and Figure S7). In neuron cultures
from 3xTg-AD mice, silencing of either RAPGEF2 or pharmacological
inhibition of JNK also halted the loss of dendritic spines (Figure S8).
Ap oligomers may induce multiple signalling pathways that act in
parallel to affect distinct morphological aspects of dendritic spines.
Considering that a recent study showed that the Pyk2-Graf1-RhoA
pathway also plays a role in AB-mediated dendritic spinopathy,57
it would be of interest to investigate how these multiple signalling
pathways interact with each other in follow-up studies.

Surprisingly, in vivo silencing of RAPGEF2 in the hippocampal CA1
area was sufficient to preserve contextual fear memory retention
(Figure 6), which requires the intact functioning of the dorsal hippocam-
pus.58 Notably, electron microscopy analysis revealed that RAPGEF2
knockdown was sufficient to block the reduction in excitatory synapses
in the hippocampal CA1 stratum radiatum of 3XTG-AD mice (Figure 7).
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In summary, our results demonstrate that RAPGEF2 mediates
Ap oligomer-induced synaptic and cognitive deficits in the AD hip-
pocampus. Therefore, early intervention regarding RAPGEF2 ex-
pression might be a potential therapeutic option to help mitigate Ap
oligomer-induced synaptic and behavioural impairments in AD.
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