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Abstract

Aims: Early dysfunction in Alzheimer’s disease (AD) is characterised by alterations of
synapse structure and function leading to dysmorphic neurites, decreased spine density,
impaired synaptic plasticity and cognitive deficits. The class Il member HDAC4, which
recently emerged as a crucial factor in shaping synaptic plasticity and memory, was
found to be altered in AD. We investigated how the modulation of HDAC4 may contrib-
ute to counteracting AD pathogenesis.

Methods: Using a cytoplasmic HDAC4 mutant (HDAC4°P), we studied the recovery of
synaptic function in hippocampal tissue and primary neurons from the triple-transgenic
mouse model of AD (3xTg-AD).

Results: Here, we report that in wild-type mice, HDAC4 is localised at synapses and
interacts with postsynaptic proteins, whereas in the 3xTg-AD, it undergoes nuclear
import, reducing its interaction with synaptic proteins. Of note, HDAC4 delocalisation
was induced by both amyloid-p and tau accumulation. Overexpression of the HDAC4P
mutant in CA1 pyramidal neurons of organotypic hippocampal slices obtained from
3xTg-AD mice increased dendritic length and promoted the enrichment of N-cadherin,
GluA1, PSD95 and CaMKIl proteins at the synaptic level compared with AD neurons
transfected with the empty vector. Moreover, HDAC4 overexpression recovered the
level of SUMO2/3ylation of PSD95 in AD hippocampal tissue, and in AD organotypic
hippocampal slices, the HDAC4°P rescued spine density and synaptic transmission.
Conclusions: These results highlight a new role of cytoplasmic HDAC4 in providing a
structural and enzymatic regulation of postsynaptic proteins. Our findings suggest that
controlling HDAC4 localisation may represent a promising strategy to rescue synaptic

function in AD, potentially leading to memory improvement.
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INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative pathology that
leads progressively to an irreversible decline of cognitive function
[1]. Less than 5% of AD cases manifest an early onset with either
sporadic or genetic origin, caused by mutations in the amyloid pre-
cursor protein (APP), presenilin-1 (PSEN1) and presenilin-2 (PSEN2)
genes [2]. The majority of AD patients, instead, present with
late-onset AD that is sporadic and determined by a number of
environmental and genetic risk factors [3]. Both AD forms are
characterised by the accumulation of fibrillar aggregates of hyper-
phosphorylated tau [4] and amyloid-p (Ap) proteins, derived by aber-
rant APP processing [5], which, especially in the oligomeric soluble
form, exerts detrimental effects on synapse structure and function
causing dysmorphic neurites, decrease in spine density, reduced syn-
aptic plasticity and memory impairment [6]. Of note, synapse dys-
function is considered one of the earliest events in AD that strongly
correlates with disease severity. Accordingly, targeting synaptic pro-
teins and their regulators could be a valuable therapeutic option to
prevent and/or slow the progression of AD.

Histone deacetylases (HDACs) regulate protein function by
deacetylating target lysines. Removal of acetyl groups from histone
proteins induces chromatin condensation and gene repression,
whereas modification of non-histone proteins is a key event for
their function and regulation of cellular signalling pathways [7].
Mammalian HDACs are grouped into four different classes based
on their structure and function as follows: class | (HDAC1, HDAC2,
HDAC3 and HDACS), class Il (llaz HDAC4, HDAC5, HDAC7 and
HDACY9; llb: HDAC6 and HDAC10), class Il (SIRT1-SIRT7) and
class IV (HDAC11). In contrast to class | HDACs, which show
nuclear localisation, class Il HDACs exhibit nucleocytoplasmic
shuttling, which is dynamic and phosphorylation dependent [8].
Specifically, the activity of N-methyl-p-aspartate (NMDA) receptors
induces activation of Ca?*/calmodulin-dependent protein kinase II
(CaMKIl) that regulates class Il nuclear export by phosphorylation
at serine 632 and 246 in the brain [9]. On the contrary, dephos-
phorylation promotes nuclear accumulation and repression of target
genes [10].

Several works have highlighted the key role of HDAC4, a class lla
member, in neuronal function [11-13]. Under physiological condi-
tions, phosphorylation of HDAC4 by CaMKIl maintains HDAC4 in the
cytoplasm preventing its nuclear accumulation [13]. HDAC4 nuclear
import is implicated in the control of activity-dependent transcrip-
tional programmes by transient repression of early response genes,
such as Fos and Arc [14]. However, constitutive nuclear gain-of-
function HDAC4 mutant showed repression of many genes belonging
to presynaptic and postsynaptic proteins, a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) receptors, scaffolds and
intracellular molecules implicated in plasticity and memory [13],
suggesting that prolonged pathological HDAC4 nuclear localisation
may contribute to neurodegeneration. Along this line, HDAC4
nuclear import has been associated with cognitive impairment in

neurodegenerative diseases and in mental disorders [15-17] including

Key Points

e HDAC4 localises at dendritic spines and interacts with
postsynaptic proteins.

e In AD mice, HDAC4 interaction with synaptic proteins is
reduced.

e Overexpression of a cytoplasmically restricted HDAC4
mutant regulates synaptic protein enrichment by
triggering post-translational modifications and providing
a scaffolding platform.

e Overexpression of a cytoplasmically restricted HDAC4
mutant recovers dendritic spine density and neuronal
function.

e Strategies aimed at restoring the cytoplasmic role of

HDAC4 may represent a new therapeutic approach.

AD where HDAC4 nuclear accumulation has been observed in both
genetic and sporadic AD mouse models [18, 19].

Conversely, other studies have shown that conditional brain-
specific HDAC4 deletion determines impairment in learning and mem-
ory as well as in long-term synaptic plasticity [12] indicating a positive
functional role of HDAC4 in neurons. These results possibly underline
the complex mechanism of action of HDAC4 that may rely on distinct
and opposite cytoplasmic and nuclear functions, which are to date not
completely understood.

In the nucleus, HDAC4 exhibits low deacetylase activity [20];
thus, it represses target genes not only by deacetylating histones
but also by deacetylase-independent functions interacting with
HDAC3 and HDACS5 and modulating the activity of co-repressors and
transcription factors [21].

In contrast to its nuclear function, the cytoplasmic function of
HDAC4 has not been characterised yet. Indeed, HDAC4 in neurons is
mainly cytoplasmic with a pool present at dendritic shafts and spines,
but which is of unknown function [22]. However, whether loss of spe-
cific HDAC4 cytoplasmic functions may contribute to synaptic dys-
function in AD is still unknown.

Accumulating evidence indicates that the positive effect of
HDAC4 on memory formation [12] might not involve deacetylase
activity, but that it depends on the ability of HDAC4 to regulate other
post-translational modifications (PTMs) such as SUMOylation [23].
Three different Small Ubiquitin-like MOdifier (SUMO) proteins
(SUMO1, SUMO2 and SUMOZ3) can be reversibly conjugated to lysine
residues of target proteins by a sequential enzymatic cascade includ-
ing SUMO activation, transfer and conjugation involving Aos1/Uba2
enzyme (E1), the UBC9 enzyme (E2) and a SUMO ligase (E3), respec-
tively [24]. SUMOylation of target proteins regulates stability, activity,
subcellular localisation and protein-protein interactions [25]. Many
synaptic proteins, receptors and ion channels are SUMO targets as

well as other important regulators of neuronal function, whose
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alteration is associated with synaptopathies [26]. Of note, the global
pattern of SUMOylated proteins in mouse models of AD is altered,
with increased or decreased levels of SUMO1- or SUMO2/3-modified
proteins, respectively [27]. So far, the potential role of HDAC4 in the
changes of synaptic protein SUMOylation in AD is unknown.

Here, we report that HDAC4 cytoplasmic localisation and
interaction with postsynaptic proteins are altered in the 3xTg-AD mice.
Ap and tau were found to contribute, at least in part, to HDAC4 misloca-
lisation. Remarkably, we show that the expression of a cytoplasmically
restricted HDAC4 mutant recovers synaptic protein localisation, spine
density and synaptic transmission in the AD mouse model by
deacetylase-independent function. Our findings point to HDAC4 as a
potential new therapeutic tool for synapse function preservation.

MATERIALS AND METHODS
Animal model

3xTg-AD (B6;129-Psen™™P™Tg/APPSwe, tauP301L/1Lfa/Mmjax)
mice, expressing APP, PSEN and tau mutated proteins, were used as
an animal model of AD. In this study, 3xTg-AD adult (7- to 8-month-
old) mice, 4-day-old pups and E18 embryos were compared with
age-matched wild-type (WT) control mice (B6129SF2/J).

Primary cultures of hippocampal neurons

Hippocampal neurons were prepared from WT and AD E18 embryos
according to standard procedures [28]. After isolation of the hippo-
campi, tissues were incubated for 10 min at 37°C in trypsin-EDTA
solution (0.025%/0.01% w/v; Gibco) in PBS and then mechanically
dissociated at room temperature (RT) with a fire-polished Pasteur
pipette. Cell suspensions were harvested and centrifuged at 600 g for
5 min. The pellet was resuspended in MEM (Sigma-Aldrich) containing
5% foetal bovine serum, 5% horse serum, 2 mM glutamine, 1%
penicillin-streptomycin antibiotic mixture (Sigma-Aldrich) and 25 mM
glucose. Cells were plated on poly-L-lysine (0.1 mg/ml; Sigma-Aldrich)
pre-coated wells. The medium was changed the day after (DIV1) (dif-
ferentiation medium: Neurobasal, 2% B27, 1% penicillin-streptomycin
antibiotic mixture [Sigma-Aldrich] and 1 mM L-glutamine) and on Day
4 (DIV4) with glutamine-free differentiation medium. Neurons at
DIV12-DIV14 prepared from WT mice were treated with A4, oligo-
mers (200 nM) prepared as described in Puzzo et al. [29], tau
(100 nm) or LMK-235 (40 uM) for 24 h. Control cells were treated
with solvent (PBS or dimethyl sulfoxide [DMSO]).

Human recombinant tau and synthetic Ap
preparations

Recombinant human tau 4R/2N was prepared as described in Li

Puma et al. [30]. Oligomerisation was achieved via the introduction
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of disulphide bonds through incubation with 1 mM H,O, at RT
for 20 h and assessed by Western blot (WB). Oligomeric A was
prepared as described in Ripoli et al. [31]. Peptides were diluted
to 1mM in 1,1,1,3,3,3,-hexafluoro-2-propanol, to disassemble
preformed aggregates, and stored as dry films at —20°C. Protein
solutions were prepared by dissolving the films at 1 mM in
DMSO, sonicated for 10 min, then diluted to the final concentra-
tion in PBS and incubated for 12h at 4°C to promote protein

oligomerisation.

Cell culture and treatments

The SH-SY5Y neuroblastoma cell line was grown in DMEM/Ham'’s
F12 medium supplemented with 10% inactivated foetal bovine
serum, 1% penicillin-streptomycin antibiotic mixture (Sigma-Aldrich)
and 2mM L-glutamine (Gibco). Transient overexpression of
GFP-HDAC4WT™ or GFP-HDAC4°® was achieved by transfection
with PEI MAX (Polyethylenimine Hydrochloride, Polysciences)
according to the manufacturer's instructions. Two days after
transfection, the cells were treated with A4, oligomers (200 nM)
or tau (100nM) for 24 h and then fixed and processed for

immunofluorescence (IF).

Organotypic hippocampal slice cultures and analysis

Hippocampal organotypic slices (350 pm) were prepared from the
brain of P4 pups through a Mclllwain tissue chopper as described
in Renna et al. [32]. At least four pups for each preparation were
used. Briefly, brains were rapidly excised and kept in ice-cold and
oxygenated cutting solution (2.5 mM KCl, 256 mM NaHCO;,
1.15mM NaH,;P04-2H,0, 11 mM b-glucose, 238 mM sucrose,
1 mM CaCl, and 5 mM MgCl,) until slicing. Slices were plated onto
semi-porous tissue culture inserts (PICMORG50, Millipore) placed in
a six-well culture and cultured at a liquid-air interface in medium
containing 50% MEM (Eagle’s with Earle’s balanced salt solution),
25% heat-inactivated horse serum, 18% HBSS, 2% B27 supplemen-
ted with 4 mM L-glutamine, 50 U penicillin-streptomycin/ml and
6 mg/ml p-glucose. The culture medium was changed on the
second day in vitro (DIV2) and then every other day. Slices were
cultured at 35°C in humidified air with 5% CO, for 2 weeks.
DsRed plasmid, used to identify the transfected neurons, alone or
in combination with HDAC4SP-FLAG plasmid, was biolistically
transfected into slices at DIV10 and DIV11 by using a Gene Gun
(Bio-Rad, CA, USA). DsRed2-labelled neurons in organotypic
hippocampal slice cultures were subjected to electrophysiology (see
below) and spine density count. Secondary dendrites were imaged
using a 100x, oil-immersion objective plus a fivefold zoom. Spine
density was calculated on z stacks of three-dimensional images
quantifying the number of spines per dendritic segment normalised
for 1um. A total length of at least 2 mm was analysed for

each condition.
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Electrophysiology and data analysis

Patch pipettes had a resistance of 4-6 MQ when filled with an inter-
nal solution containing (in mM) K-gluconate 145, MgCl, 2, HEPES
10, EGTA 0.1, Na-ATP 2.5, Na-GTP 0.25 and phosphocreatine 5, pH
adjusted to 7.2 with KOH. After establishing a gigaseal, the patch was
broken by applying negative pressure to achieve a whole-cell configu-
ration. A series resistance lower than 15 MQ was considered accept-
able and monitored constantly throughout the entire recording.
Neurons were held at —70 mV. Recordings were performed using a
MultiClamp 700B/Digidata 1550A system (Molecular Devices,
Sunnyvale, CA) and digitised at a 10,000 Hz sampling frequency. For
evoked and miniature excitatory postsynaptic current (EPSC) measure-
ments, neurons were held at —70 mV. EPSCs were elicited in the CA1
neurons by placing a bipolar concentric stimulating electrode (FHC Neu-
ral microTargeting Worldwide) in the Schaffer collateral pathway. First,
the input-output relationship was assessed in order to find the maximal
response amplitude. Subsequent measurements for paired-pulse facili-
tation (PPF) were performed using stimulation that yielded 30% of the
maximal response. PPF was assessed by delivering pairs of stimuli at dif-
ferent interstimulus intervals (ISls; 20, 50, 100 and 200 ms), repeated at
0.05 Hz. The electrophysiological recordings were analysed using the
Clampfit 10.9 software (Molecular Devices). For miniature EPSC
(mEPSC) recordings, tetrodotoxin (TTX, 0.5 pM, Tocris) and b-
(—)-2-amino-5-phosphonopentanoic acid (D-AP5, 50 uM, Tocris) were
applied to the bath to block action potential-mediated neurotransmitter
release and NMDA receptors. For mEPSC analysis, a template was con-
structed using the ‘Event detection/create template’ function, as previ-
ously described [33], and then miniature inhibitory postsynaptic
currents (mIPSCs) were detected using the ‘Event detection/template
search’ function. All the waveforms detected during a single recording
using template analysis were averaged, and amplitude, rise time and

decay time were calculated.

Mutant generation and lentiviral production

HDAC45P constructs were generated by mutation of serine 246 and
632 to aspartic acid (D) or alanine (A) by direct site mutagenesis from
the GFP-HDAC4WT (Addgene 45636) or the FLAG-HDAC4WT
(Addgene 13821) DNA (QuikChange Il system, Agilent Technologies).
Mutations were verified by complete sequencing. To generate
lentiviral particles for neuron transduction, the HDAC4°® DNA was
cloned into the ECORI/Mlu site on the third-generation lentiviral vec-
tor p-Lenti-C-GFP (OriGene). Lentiviral particles were generated by
transient transfection of HEK293T with transfer plasmid (HDAC4P
or the GFP control vector) and packaging plasmids (pMD2G, Addgene
12259; pRSV-Rev, Addgene 12253; pMDLg/pRRE Addgene 12251).
The medium containing the particles was concentrated by ultracentri-
fugation (virus concentration 1 x 108 TU/ml). Neurons were infected
at DIV3 (MOI 5) in differentiation medium (DIV1) plus polybrene
(8 pg/ml) for 4 h, and then the medium was changed with DIV1 and
the following day with DIV4. Neurons were analysed at DIV14.

Confocal analysis

Confocal analysis was performed as previously described [34]. Cells
were fixed in 4% paraformaldehyde (PFA) for 10 min, permeabilised
for 10 min in 0.3% Triton X-100 in PBS and blocked by incubation
in 5% BSA for 1h. Mice were anaesthetised with a cocktail of
ketamine (100 mg/ml) and xylazine (1 mg/ml) and transcardially per-
fused with PBS (0.1 M, pH 7.4) followed by 4% PFA. Brains were
removed, post-fixed overnight at 4°C, transferred in a solution of
30% sucrose for 2 days and then frozen in OCT. Coronal brain sec-
tions were cut (40 pm thick) with a cryostat (SLEE, Mainz, Germany)
and subsequently stored at 4°C in PBS until processed for IF. Free-
floating sections were subjected to antigen retrieval in citrate/EDTA
buffer pH 6.2 at 50°C for 30 min and then permeabilised and
blocked for 45 min at RT in 5% BSA, 3% normal goat serum and
0.5% Triton X-100 (Sigma-Aldrich) in PBS. Sections or cells were
incubated overnight in primary antibodies at 4°C. The following day,
sections or cells were washed in PBS and secondary antibodies
were added for 1 h and 30 min at RT. After a brief rinse, nuclei
were counterstained with DAPI and slides mounted with prolong
gold antifade. Samples were analysed with a confocal laser scanning
system (Nikon ECLIPSE Ti equipped with a 20x-40x-60x-100x
objective). Confocal settings were the same for all examined
samples to compare fluorescence intensities. 3D images of cells,
derived from the reconstruction of the z series, were used to
calculate the mean fluorescence intensity (MFI) by ImageJ software.
Signals from single regions of interest were used to calculate the
average values for fluorescence intensity. A minimum of three
sections for each animal were analysed. Data are presented as mean
values + standard error of the mean (SEM).

WB, immunoprecipitation (IP) and antibodies

Hippocampi were isolated from brains and used for preparation of
cytosolic fractions (NE-PER Thermo Fisher) or total protein extracts
by RIPA buffer (10 mM Tris-HCI [pH 7.4], 140 mM NaCl, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS and 1 mM EDTA)
supplemented with 1 mM PMSF and protease inhibitor mix. WB
was carried out according to standard procedures, and ECL signals
were acquired and analysed with the UVITEC imaging system.
Optical density values of specific proteins were normalised to that
of tubulin, p-actin or GAPDH, which in our experimental settings
were unchanged. Results are expressed as fold change vs
WT/control samples, which were considered equal to 1. Representa-
tive WBs are shown in the figures, and graphs show the mean of at
least three independent experiments + SEM. The following anti-
bodies were used: anti-HDAC4 (WB 1:1000, IF 1:300, polyclonal,
Abcam, Ab12172), anti-phospho-S632-HDAC4 (WB 1:1000, poly-
clonal, Novusbio, NB-100-92689), anti-tau (WB 1:1000, monoclonal,
Invitrogen, HT7), anti-H3 (WB 1:2000, polyclonal, Abcam, ab1791),
anti-GAPDH (WB 1:2000, monoclonal, Abcam, ab8245), anti-GFP
(WB 1:1000, polyclonal, Santa Cruz, sc-8334), anti-CaMKII
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(WB 1:1000, monoclonal, Santa Cruz, sc-5306), anti-Nup50
(WB 1:1000, polyclonal, Abcam, Ab85915), anti-PSD95 (WB 1:1000,
polyclonal, Cell Signaling, 3550), anti-GluR1 (WB 1:1000, monoclo-
nal, Cell Signaling, MB2263), anti-N-cadherin (WB 1:1000,
polyclonal, Abcam, Ab18203), anti-pan-14-3-3 (WB 1:1000, mono-
clonal, Santa Cruz), anti-phospho-Thr286-CaMKIl (WB 1:1000,
Santa Cruz), anti-tubulin (WB 1:4000, monoclonal, Abcam, ab7291)
and anti-p-actin  (WB 1:2000, polyclonal, Abcam, ab8227).
Co-immunoprecipitation (co-IP) experiments were performed using
3 pg of antibody for 400 pug of protein extract. Ademtech’s Bio-
Adembeads paramagnetic bead system was used to immunoprecipi-
tate the specific proteins. Negative controls were performed with
the same amount of protein extract sample immunoprecipitated
with the corresponding purified 1gG (Santa Cruz). Total sample
inputs were run in the WB as loading controls. In co-IP experiments,
the relative association between proteins was performed according
to Burckhardt et al. [35] calculating the band OD ratio between the
target proteins and the bait (HDAC4).

In vitro SUMOylation assay

Samples were extracted in RIPA buffer containing 1% SDS plus a
protease inhibitor mix and 50 mM N-ethylmaleimide (NEM) to
block SUMO proteases. Lysates (500 ug of total protein) were
subjected to IP using anti-PSD95 antibody (3 pg/sample) cross-
linked to paramagnetic beads (Bio-Adembeads) overnight. The
immune complexes were washed and eluted according to the
manufacturer's instruction, and an equal amount of WT and AD
immunoprecipitates were used in the in vitro SUMOylation assay
(Abcam Ab139470). Where indicated, the GFP-HDAC4°P expressed
in SH-SY5Y or IgG-control purified by IP with paramagnetic
beads were added to the AD sample in the in vitro SUMOylation
reaction. The products of the enzymatic reaction were processed
by WB (8% SDS-PAGE under non-reducing conditions) using
anti-SUMO2/3 (Cytoskeleton monoclonal ASM24), anti-PSD95
(Cell Signaling polyclonal 3550) and anti-HDAC4 (Abcam polyclonal
Ab12172) antibodies to detect the immunoprecipitated proteins.
SUMO-RanGAP was used as a positive control of the enzymatic

reaction.

A dot blot

Ap oligomers were evaluated by dot blot experiments in which 5 pl
(15 pg of proteins) of lysate was spotted directly on the membrane.
After blocking (5% milk in TBST), membranes were probed with the
anti-B-amyloid (WB 1:1000, monoclonal, BioLegend, 803014-6E10).
o.n. and then the signal revealed by secondary antibody and ECL reac-
tion as in the WBs. Optical density values of the AB signal were nor-
malised to red Ponceau staining to verify the total protein loading.
Results are expressed as fold change vs WT/control samples, which

were considered equal to 1.

Applied Neurobiology
Cellular fractioning

Neuronal cultures or brains from sacrificed mice were washed in ice-
cold PBS and suspended in 10% (w/v) of 0.32 M sucrose-HEPES
buffer along with protease inhibitor and homogenised with 10 up-
and-down even strokes, and then the homogenates were centrifuged
at 4°C for 10 min at 600 g. The pellet, containing the nuclear fraction,
was washed in PBS and lysed in RIPA buffer plus 1% Triton X-100
and protease inhibitors. The supernatant was diluted 1:1 with 1.3 M
sucrose-HEPES to obtain a final concentration of 0.8 M sucrose-
HEPES. This suspension was further centrifuged three times at
12,000 g for 15 min at 4°C washing with HEPES buffer and discarding
the supernatant each time to remove sucrose-HEPES buffer contami-
nation. The pellet consisting of synaptosomes was suspended in RIPA
buffer supplemented with protease inhibitor and PMSF along
with 0.2% Triton X-100 and rotated at 4°C for 1 h to resuspend
the proteins.

Statistics

SigmaPlot 14.0 software was used to calculate significance. Sample
size (n) is indicated in the main text and represents independent
experiments from different cell culture preparations or animals. A
comparison of two groups was performed by t test for normally dis-
tributed samples or by the Mann-Whitney rank-sum test for non-
normally distributed samples. Multiple comparisons were carried out
by one-way analysis of variance (ANOVA) followed by the Bonferroni
post hoc test for normally distributed samples. In the other cases,
non-parametric tests (ANOVA on ranks followed by post hoc tests), as
indicated in the text, were applied. p values <0.05 were considered
significant in all tests. For all analyses, the observer was blind to the

identity of the samples.

RESULTS

HDAC4 cytoplasmic localisation and synaptic
interactions are altered in the 3xTg mouse model
of AD

To address the role of the HDAC4 pool specifically localised at synap-
ses and its impact on AD pathology, we investigated HDAC4 binding
partners by co-IP in cytoplasmic lysates of hippocampal tissues from
WT and 3xTg-AD mice. This analysis revealed that in WT mice,
HDAC4 co-immunoprecipitated with several postsynaptic proteins
such as the GluA1 subunit of AMPA receptor (AMPAR), the postsyn-
aptic density protein 95 (PSD95) and CaMKII (Figure 1A). In the AD
hippocampal extracts, the amount and association of HDAC4 with
GluA1, PSD95 and CaMKIl were significantly reduced (fold changes
AD vs WT: GIuA1/HDAC4, 0.73 +0.07, p < 0.01, t test; PSD95/
HDAC4, 0.69 + 0.06, p < 0.05, t test; CaMKII/HDAC4, 0.61 + 0.18,
p < 0.05, Mann-Whitney rank-sum test; n = 4; Figure 1A,B). Of note,
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FIGURE 1 HDAC4 is delocalised from the synaptosomal compartment in AD mice. (A) Representative co-IP experiment showing HDAC4
interaction with synaptic proteins in WT and AD cytoplasmic hippocampal tissues. HE, high exposure; LE, low exposure. (B, C) Band density
analysis of the relative interaction between HDAC4 and GluA1, PSD95 and CaMKII and of the levels of these proteins normalised to actin (n = 4).
(D) Representative images showing HDAC4 localisation in hippocampal regions (CA1 and CA3) from WT and AD mice (scale bar 10 pm). Nuclei
were counterstained with DAPI. (B4, B,) Higher magnification images are shown in the insets (scale bar 5 um). (E) Graph showing the HDAC4
mean fluorescence intensity measured in the nuclei from the two regions of WT and AD mice (n = 3 mice). (F) Western blotting analysis of total
and p-HDAC4 (S632) in WT and AD mice. The graph shows the densitometric analysis of p-HDAC4 normalised to GAPDH loading control and
total HDAC4 content (n = 4 mice). (G, H) Cellular fractioning showing HDAC4 distribution in the nuclear (nu.f.) and synaptosomal compartments
(synapt.f.) in extracts from WT and AD mice and their densitometric analyses (h = 4 mice). (I, J) Quantification of CaMKIl and PSD95 in the two
fractions relative to actin loading control. CaMKII, PSD95, actin and H3 expression were used as controls for fraction purity and separation.

p <0.05; 'p < 0.001 vs WT

the protein levels of the synaptic proteins analysed by WB showed a
decreasing trend that was not statistically significant (HDAC4,
p = 0.115, Mann-Whitney rank-sum test; GluAl, p = 0.114, t test;
PSD95, p = 0.119, t test; CaMKIl, p = 0.124, Mann-Whitney rank-
sum test; n = 4; Figure 1C). To test whether the decreased HDAC4/
synaptic target interaction depended on its delocalisation from the
synaptic compartment and sequestration into the nucleus, we ana-
lysed HDAC4 localisation in the CA3-CA1 hippocampal regions by
confocal microscopy. In WT brain sections, HDAC4 was mainly loca-
lised in the projections and outside the nucleus, whereas it accumu-
lated in the nuclei of the CA1 and CA3 hippocampal neurons of AD
mice (Figure 1D,E) as indicated by the semi-quantitative analysis of
MFI (MFI CA1: WT 31,717.42 4+ 503.43, AD 45,876.88 + 896.68;
MFI CA3: WT 26,461.02 + 1049.66, AD 48,118.13 =+ 2003.9;
p < 0.001, ANOVA with Bonferroni’s test; n = 3).

Because HDAC4 cytoplasmic retention is positively regulated by
phosphorylation, we analysed by WB possible changes in the level of
p-HDAC4 (S632) in tissues from WT and AD mice. We found that p-
HDAC4 levels were significantly reduced in AD extracts when com-
pared with WT lysates (fold decrease AD vs WT: 0.66 =+ 0.04,
p < 0.01, t test; n = 4; Figure 1F).

Because CaMKIl phosphorylates HDAC4 and promotes its
nuclear export and localisation in the cytoplasm [8], we reasoned that
lower levels of p-HDAC4 could be due to reduced activation of CaM-
KIl. We found that the level of p-Thr286-CaMKlIl, used as a readout
of its activation, was diminished in AD tissue compared with WT one
(fold change AD vs WT: 0.39 4 0.049, p <0.001, t test; n=3;
Figure S1A). Furthermore, treatment of hippocampal neurons with
synaptotoxic concentrations of human synthetic A (200 pM) or
recombinant human tau 2N/4R (100 nM) [30, 31] for 24 h also
reduced p-CaMKIl levels indicating the contribution of the two AD
hallmarks to CaMKIl inhibition (p-CaMKII fold change vs control: AB,
0.65 + 0.10, p < 0.05; tau, 0.44 + 0.06, p < 0.01, ANOVA with Bon-
ferroni’s test; n = 3; Figure S1B).

Other important players in the cytoplasmic retention of HDAC4
are the 14-3-3 proteins, a family that acts as adaptor or anchoring
proteins. 14-3-3 p and ¢ have been reported as HDAC4 regulators.
These proteins bind to the serine phospho-sites and retain phosphor-
ylated HDAC4 in the cytoplasm [36, 37]. As expected, in total
extracts, the pan-antibody for 14-3-3 detected several isoforms run-
ning between 28 and 30kDa in both WT and AD extracts

(Figure S1C). Co-IP experiments showed that, in agreement with
reduced p-HDAC4 levels in AD tissue and HDAC4 nuclear import, the
interaction between HDAC4 and the faster running isoforms of
14-3-3 (possibly 14-3-3 B and &) was reduced (fold change AD vs WT:
HDAC4/14-3-3, 0.64 + 0.07, p < 0.05, t test; n = 3; Figure S1C).

To further characterise the presence of HDAC4 at the synapse,
we performed biochemical fractioning tests. This assay revealed a
substantial decrease in HDAC4 levels in the synaptosomal fraction of
AD animals compared to WT mice (fold decrease AD vs WT:
0.62 +£0.08, p<0.05 Mann-Whitney rank-sum test; n=4;
Figure 1G,H) that was paralleled by an enrichment of HDAC4 in the
nuclei of AD mice (fold increase AD vs WT: 2.14 + 0.36, p < 0.05,
t test; n = 4), thus confirming HDAC4 subcellular delocalisation in
AD. Immunoblotting with CaMKII, actin, PSD95 and histone H3 were
used as markers of the synaptosomal and nuclear fractions, respec-
tively. Moreover, quantification of CaMKIl and PSD95 protein levels
revealed that their amount in the synaptosomal fraction was reduced
(fold decrease AD vs WT: CaMKIl, 0.66 + 0.11; PSD95, 0.68 + 0.12;
p < 0.05, t test; n = 4), whereas protein levels were unchanged in the
nuclear fraction (Figure 11,J). We also treated cultured hippocampal
neurons from WT mice with AB or tau for 24 h to determine the con-
tribution of these species to HDAC4 delocalisation. Confocal analyses
showed that either Ap or tau treatments induced HDAC4 nuclear
accumulation (MFI: CTRL 41,816 4+ 3477; AB 68,311 + 2332; tau
69,041 + 1193, p < 0.001, ANOVA with Bonferroni’s test, n = 5;
Figure 2A,B) that was paralleled by a decrease in HDAC4 fluorescence
intensity at the level of dendrites (MFI: CTRL 6452.79 4 710.87; A
2434.33 + 140.88; tau 1946.91 + 206.70, p < 0.01, p <0.001,
ANOVA with Bonferroni’s test; n = 3; Figure 2C,D).

Biochemical fractioning of neuronal cultures showed that HDAC4
synaptosomal localisation in control cells was lost in favour of a
nuclear import in Ap- or tau-treated cells (fold decrease treatment vs
control, synapt.f.. AB, 0.75 + 0.05; tau, 0.54 + 0.09, ANOVA with
Bonferroni’s test, n = 4; fold increase nu.f. AB, 1.43 + 0.11; tau,
1.53 +0.13, p <0.05 for all comparisons, ANOVA on ranks with
Student-Newman-Keuls’ test; n = 4; Figure 2E,F).

Next, we investigated whether a direct interaction of HDAC4
with AB or tau occurred in extracts from WT and AD mice. Co-IP anal-
ysis showed a binding between HDAC4 and AP only in extracts from
AD mice (Figure 2G), suggesting a potential negative effect of Ap on
HDAC4 localisation and function. Analysis of the interaction of
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FIGURE 2 Role of Ap and tau in HDAC4 delocalisation. (A) HDAC4 distribution was analysed by confocal analysis in MAP2* hippocampal
neurons treated for 24 h with Ap or tau (scale bar 20 um). (B) The graph shows the mean fluorescence intensity (MFI) for nuclear HDAC4 (n = 5
preparations). (C, D) Evaluation of HDAC4 mean fluorescence intensity in MAP2" dendrites in the above conditions (n = 3). (E, F) Cellular
fractioning showing HDAC4 distribution in the nuclear and the synaptosomal compartments in extracts from WT cultured neurons treated with
Ap or tau for 24 h (a non-specific band for HDAC4 was also present in the WB). (F) Densitometric analysis of HDAC4 distribution in the two
fractions (n = 4 preparations). CaMKI|, actin and Nup50 were used as controls for fraction separation and Nup50 and actin for nuclear and
synaptosomal normalisation, respectively. (G) Representative images of co-IPs showing the association between HDAC4 and A or tau in WT and
AD extracts (n = 3). 'p < 0.05 vs control. Equal loading between samples is indicated by similar levels of tubulin or actin.

HDAC4 and tau revealed no specific binding between the two pro-
teins in AD extracts.

The cytoplasmic form of HDAC4 promotes protein
localisation at the postsynapse in AD neurons

Misplacement of HDAC4 from synapses could affect protein proper
localisation/anchoring to the membrane and/or their function. To
investigate the role of cytoplasmic HDAC4, we overexpressed an
HDAC4 phosphomimetic mutant with cytoplasmically restricted
localisation deriving from the substitution of serine in positions
246 and 632 with aspartic acid (HDAC4%P). This construct was
validated in the SH-SY5Y human neuroblastoma cell line, which
does not express endogenous HDAC4. Thus, the HDAC43P or the
HDAC4WT constructs were overexpressed in SH-SY5Y, which then
were treated for 24 h with Ap and tau. Although HDAC4™T was
primarily localised in the cytoplasm but accumulated in the nucleus
after AB and tau treatments, HDAC4°® mutant was localised in the
cytoplasm and its localisation was unaffected by Ap or tau treatments
(Figure S2A-D).

Cultured hippocampal neurons were transduced with the
HDAC4°P mutant (AD) or the GFP control vector (WT and AD) at
DIV3 (Figure S2E). Morphological analysis performed at DIV14 by IF
staining against the neuronal marker MAP2 revealed that WT-GFP
neurons exhibited longer dendrites than AD-GFP neurons (Figure 3A).
Of note, overexpression of HDAC4P in AD neurons recovered den-
dritic length to control values (WT-GFP 122.63 4+ 5.72 pm, AD-GFP
75.21 + 3.38 pm, AD-SD 112.92 + 4.53 um, p < 0.001, AD-GFP vs
AD-SD, ANOVA with Bonferroni's test; n = 5), suggesting structural
changes (Figure 3A,B).

Thus, we first addressed the potential role of cytoplasmic HDAC4
in providing a scaffold for proper protein localisation by analysing the
presence of several postsynaptic proteins in the synaptosomal frac-
tions isolated from DIV14 AD neuronal cultures transduced with lenti-
viruses coding for HDAC4P or a control vector. Overexpression of
HDAC4%® in AD neurons was associated with an enrichment of N-
cadherin (NCAD), GluA1, PSD95 and CaMKII compared with AD con-
trol cells (fold increase: HDAC4, 5.17 4+ 0.83; NCAD, 2.25 + 0.46;
GluAl, 1.59 +£0.13; PSD95, 2.19 +0.18; CaMKIl, 1.61 + 0.19;
p < 0.05, p < 0.01, ANOVA with Bonferroni's test; n = 4; Figure 3C).
Of note, the recovery of postsynaptic proteins in AD-SD transduced
neurons, at the level of the synapse, was similar to WT neurons

(no significant differences between WT and AD-SD in protein level
for CaMKIl, PSD95, GluAl, ANOVA on ranks with Student-New-
man-Keuls' test; n = 4; Figure S4). To test the involvement of the
HDAC4 deacetylase activity in protein localisation, we analysed the
synaptosomal protein content in WT hippocampal neurons treated
with the HDAC4-specific inhibitor LMK-235 (40 uM) for 24 h.

Reduction of deacetylase activity was monitored by measuring
the level of total acetylated proteins that were increased in LMK-
treated neurons (fold increase vs control: acetyllysine, 2.93 + 0.77,
p < 0.05, ANOVA with Bonferroni's test; n = 4; Figure 3D). However,
no significant changes were found in the levels of PSD95, GIuA1 and
CaMKll in the synaptosomes between WT neurons untreated or trea-
ted with LMK-235 (Figure 3D), suggesting that HDAC4-dependent
deacetylation may not be the main mechanism responsible for the
synaptic localisation of these proteins. Because HDAC4 may regulate
other PTM such as SUMOylation [23], we investigated the
SUMO2/3ylation level of PSD95, a key protein at the postsynapse, by
the in vitro SUMOylation assay in WT and AD tissues. We found that
the SUMO2/3-PSD95 level was diminished in extracts from AD mice
(fold decrease vs WT: 0.35 + 0.05, p < 0.001, ANOVA with Bonferro-
ni's test; n = 3; Figure 3E). The involvement of HDAC4 in the regula-
tion of PSD95 SUMOZ2/3ylation was confirmed by repeating the
in vitro SUMOylation assay in WT and AD extracts in the absence or
in the presence of HDAC4°P or IgG purified by IP as control. The level
of SUMO2/3-PSD95, which was reduced in AD extracts compared
with WT extracts, was recovered by the addition of HDAC4P (fold
change SUMO2/3-PSD95: AD, 0.46 + 0.02; AD-SD, 1.28 + 0.19,
p < 0.05, ANOVA with Bonferroni's test; n = 3; Figure 3F).

To understand whether the enrichment of postsynaptic proteins
due to HDAC4SP expression positively impacted structural changes at
dendritic spines, we used organotypic hippocampal slice cultures
obtained from WT or AD mice that maintain the hippocampal archi-
tecture. These slices were cultured on porous membranes for 2 weeks
to allow accumulation of the AD markers Ap and tau in samples iso-
lated from 3xTg-AD mice (fold increase AD vs WT: AB, 16.56 + 2.74,
p <0.05, ANOVA on ranks with Dunn's test; n=5-6; tau,
4.02 +£0.32, p < 0.001, ANOVA with Bonferroni's test; n = 6-7;
Figure S2A,B). We biolistically transfected organotypic hippocampal
slice cultures with a DsRed plasmid, for stable whole-cell labelling and
morphological analysis, alone (WT and AD) or in combination with
HDAC45P (AD) to analyse spine density by confocal microscopy. The
number of spines measured in AD neurons was significantly lower

than in WT cells, but it was recovered by the overexpression of
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FIGURE 3 HDAC4 cytoplasmic mutant recovers synaptic protein localisation and spine density in AD mice. (A) Representative confocal
images showing WT-GFP, AD-GFP and AD-SD cultured neurons (transduced with HDAC43P or the GFP control vectors) labelled with MAP2
antibody. Nuclei were stained with DAPI (scale bar 25 um). (B) The graph shows the analysis of dendritic length in WT, AD and AD-HDAC®P-
transduced neurons at DIV14 (n = 5 preparations). (C) Evaluation of protein content (HDAC4, CaMKII, PSD95, N-cadherin and GIuA1) in the
synaptosomal fraction isolated from AD neurons transduced with HDAC4°P or control lentiviruses. The graph shows the densitometric analysis
(n = 4 preparations), and tubulin was used as the loading control. (D) Analysis of PSD95, GluA1 and CaMKII protein levels in the synaptosomes
isolated from WT neurons untreated and treated with the HDAC4 inhibitor LMK235. Acetylation of histone H3 at lysine 14 was used as a
readout of LMK235 activity. Densitometry is shown on the right (n = 4 preparations), and actin was used as the loading control. (E) Evaluation of
SUMO2/3-PSD95 level in WT and AD hippocampal tissues. The relative amount of SUMO2/3-PSD95 is shown in the graph (n = 3 mice) and was
normalised vs the immunoprecipitated total PSD95. (F) In vitro analysis of SUMO2/3-PSD95 level in AD extracts in the presence of purified I1gG
or GFP-HDAC45P compared with WT extracts. Densitometry is shown in the graph (n = 3 mice). SUMO-RanGAP was used as a positive control
of the enzymatic reaction, whereas the negative control was run without the target protein and the Mg-ATP co-factor. (G) Representative images
of organotypic hippocampal slice culture (a) and a CA1 neuron (b) analysed for spine density after transfection by Gene Gun with plasmids to
express DsRed alone or in combination with Flag-HDAC4°P or Flag-HDAC4%* (scale bar 250 and 100 um). Red fluorescence identifies
transfected neurons. (c) Right panels show representative dendrites and the assessment of spine density in WT, AD, AD-HDACSP- and AD-
HDAC-transfected organotypic slices (n = 7-8 neurons for each experimental condition; scale bar 5 pm). ‘p < 0.05, "p < 0.01 and ""p < 0.001

HDAC4®P (fold change spine/um: WT, 0.43 + 0.03; AD control,
0.29 + 0.02; AD-HDAC4°P, 0.48 + 0.03, p < 0.05, p < 0.001, ANOVA
with Bonferroni's test; n = 7-8 neurons; Figure 3G). As a further con-
trol, we transfected AD organotypic hippocampal slices with the
HDAC4%® mutant (serine 246/S632 substitution to alanine
246/A632) that cannot be phosphorylated and shows a prevalent
nuclear localisation (Figure S2A-D). In this condition, we did not
observe an additional decrease of spine density compared with AD
control neurons (fold change spine/um: AD control, 0.29 + 0.02; AD-
HDAC4%%, 0.27 4+ 0.02, ANOVA with Bonferroni’s test; n = 8 neu-
rons; Figure 3G).

Functional recovery induced by the cytoplasmic form
of HDAC4 in AD organotypic slices

Our data suggest that HDAC4°P expression in hippocampal neurons
from AD mice may restore synaptic function. To corroborate these
findings, we next compared basal synaptic transmission at CA3-CA1
glutamatergic synapses in organotypic hippocampal slices from WT
and AD mice transfected with DsRed alone or in combination with
HDAC4P. To this aim, we performed patch-clamp (whole-cell config-
uration) recordings of synaptic currents in DsRed-expressing CA1
pyramidal neurons and optimised the electrical stimulation of Schaffer
collaterals to estimate AMPAR-mediated EPSCs evoked by different
stimulus intensities. The input-output relationship of AMPAR-
mediated EPSCs in HDAC4°P-transfected neurons was significantly
increased as compared with those recorded in DsRed-transfected
neurons (current stimulation 300 pA: AD-SD, 2.14 + 0.42 nA, n = 12;
AD, 1.05+ 0.26 nA, n =10, one-way ANOVA, F; 22 = 4.64; fol-
lowed by Dunn’s post hoc test, p < 0.05; Figure 4A). Noteworthy,
EPSC amplitudes in AD neurons overexpressing HDAC4® were simi-
lar to those recorded in CA1 neurons from WT mice (current stimula-
tion 300 pA: WT, 1.80+0.32nA, n=13, one-way ANOVA,
Fi2, 25y =0.5; followed by Dunn’s post hoc test, p >0.05). To test
whether the increased AMPAR-mediated EPSCs in HDAC4°°-
transfected neurons were mediated by a postsynaptic mechanism, we

studied the PPF. No significant differences in PPF ratio were found
between DsRed- and HDAC4%P-transfected AD neurons (one-way
ANOVA, F(3, 26)=0.7; followed by Dunn’s post hoc test, p > 0.05;
Figure 4B).

We also examined mEPSCs in HDAC4°P- and DsRed-transfected
AD neurons and found a significant difference in their amplitude
(26.2 + 2.2 vs 19.0 £ 0.9 pA; one-way ANOVA, Fo 24 = 9.6; fol-
lowed by Dunn's post hoc test, p < 0.05; n = 14 for both groups;
Figure 4C,D). Instead, the mEPSC rise time, decay time and frequency
showed no significant differences (rise time: 1.05 £ 0.05 vs
1.07 + 0.11 ms; one-way ANOVA, F,, 25 = 0.2; followed by Dunn’s
post hoc test, p > 0.05; decay time: 6.2 + 0.2 vs 4.9 4+ 0.4 ms; one-
way ANOVA, F 25 =0.1; followed by Dunn’s post hoc test,
p > 0.05; frequency: 0.32 +£0.03 vs 0.33 £ 0.06 Hz; one-way
ANOVA, F(5, 28)= 0.2; followed by Dunn’s post hoc test, p < 0.05;
n = 14 for both groups; Figure 4C-G). Collectively, these findings sug-
gest that HDAC4°P expression in hippocampal neurons from AD mice
restores glutamatergic synaptic transmission that was impaired at the

postsynaptic level.

DISCUSSION

In this study, we investigated the role of the cytoplasmic HDAC4 pool
in the postsynaptic compartment under physiological conditions and
in the 3xTg mouse model of AD.

We found that HDAC4 localisation at the synapse and its interac-
tion with synaptic proteins were significantly reduced in AD mice that
exhibited HDAC4 accumulation in the nucleus. Amyloid-$ and tau
were found to contribute, at least in part, to HDAC4 delocalisation in
neurons. Overexpression of a cytoplasmically restricted mutant form
of HDAC4 in AD neurons induced (i) enrichment of synaptic
proteins, (ii) recovery of spine density, (iii) dendrite elongation and
(iv) ameliorated synaptic transmission. Our results reveal a new cyto-
plasmic role of HDAC4, so far unexplored, and open the way for
potential therapeutic approaches based on the regulation of HDAC4
localisation boosting synaptic function.
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FIGURE 4 HDAC4 cytoplasmic mutant recovers synaptic function in AD mice. (A) Input-output (I-O) curve showing the average amplitudes
of synaptic AMPAR-mediated currents recorded in CA1 pyramidal neurons from AD organotypic slices transfected with DsRed alone or in
combination with HDAC45P. I-O curve recorded in slices from DsRed-transfected WT mice is also shown (AD, n = 10 neurons; AD-HDAC45P,

n = 12 neurons; WT, n = 13 neurons). ANOVA revealed a significant effect of HDAC4P expression on AMPAR current amplitudes compared
with AD, across stimulation intensities (p < 0.05). Inset: Representative traces of AMPAR-mediated currents in the different experimental

conditions shown in (A). (B) Mean paired-pulse ratio values in pyramidal neurons from WT, AD and AD-HDAC

45P hippocampal slices transfected

with DsRed are shown for different interstimulus intervals. Note that paired-pulse ratio values were not significantly different in all the
experimental conditions (AD, n = 12 neurons; AD-HDAC4°®, n = 14 neurons; WT, n = 11 neurons). (C) Representative traces of mEPSCs
recorded in organotypic CA1 pyramidal neurons from WT, AD and AD-HDAC4°P slices. Mean values for mEPSC amplitude (D), frequency (E), rise
time (F) and decay time (G) in the different experimental conditions. Note that a significant effect of HDAC4°P expression was found only for
mEPSC amplitudes (AD, n = 12 neurons; AD-HDAC4°P, n = 14 neurons; WT, n = 11 neurons). p < 0.05 vs WT; *p < 0.05 vs AD. ‘ns’ means not

significant.

Previous studies have shown that inhibition of HDAC3 or
HDAC6 was beneficial for AD by improving memory and cognition
[38, 39]. Mechanistically, inhibition of both HDAC3 and HDACé
reduced AP metabolism and tau hyperphosphorylation lowering
their accumulation. Our results expand knowledge of the role of
HDACs in AD uncovering HDAC4 as a new player. In contrast
to HDAC3 and HDAC6, whose activation negatively affects
AD-related pathology, HDAC4 exerts a regulatory function at the
synaptic level possibly acting as a scaffold for the different post-
synaptic density proteins, thus strengthening synaptic transmission.
Our findings also highlight that neurodegeneration and synaptic
dysfunction in AD may derive not only from HDAC4 nuclear import
and consequent plasticity-related gene repression but also from the
loss of the positive function played by HDAC4 at the dendritic

spines. As such, selective HDAC4 inhibition could be only partially
beneficial in the absence of the recovery of its cytoplasmic
function. On the other hand, the expression of the cytoplasmic
HDAC4 mutant in AD neurons ameliorated spine density and
neuronal function, even in the presence of the endogenous HDAC4
protein localised in the nucleus suggesting a dominant positive
effect of the HDAC4 mutant.

Looking at the possible mechanisms affecting HDAC4 delocalisa-
tion, we found that both AP and tau were able to drive HDAC4
nuclear import. In addition to the toxic extracellular action of A,
including negative signalling to synaptic dysfunction through receptor
binding [40], it also accumulates intracellularly, at the level of den-
drites and spines [41], where it can interact with several proteins

belonging to energy metabolism, cytoskeleton, gene expression and
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signal transduction [42-44]. Although we did not investigate here the
effects of AB-HDAC4 interactions, we can speculate that this binding
may affect HDAC4 association with synaptic proteins and may favour
its shuttling to the nucleus.

Previous work performed in in vitro experiments with recombi-
nant proteins showed tau binding with several HDACs but not with
HDAC4 [45]. In the present paper, we investigated the HDAC4/tau
association in WT and AD tissues and found a low and not specific
binding for AD. These results suggest that direct HDAC4/tau interac-
tion may not be the main mechanism for HDAC4 alteration. In this
context, the finding that in AD tissue as well as in Ap- and tau-treated
neurons the phosphorylation of CaMKIl is reduced indicates that AD
hallmarks may affect the CaMKIl downstream signalling to HDAC4.
Indeed, CaMKII-dependent phosphorylation of HDAC4 promotes its
nuclear export and retention in the cytoplasm [8]. Thus, the reduction
of CaMKIl activation (i.e., its reduced phosphorylation) in AD tissue,
possibly due to the toxic effect of AB and tau, may be responsible for
the lower p-HDAC4 levels that we found in AD tissues. Consequently,
the binding of the anchoring protein 14-3-3 to the HDAC4 serine
phospho-sites is affected in AD and concurs with HDAC4
delocalisation.

One of the earliest features of AD is dendritic spine loss and con-
sequent reduction of spine density that correlates with functional
impairment. Dendritic spines include several functionally distinct
microdomains that ensure efficient changes in spine structure and
function. For example, PSD, which also receives direct signals from
the presynaptic termini, consists of a submembranous protein mesh
that gathers scaffolding factors, signalling molecules and cytoskeletal
proteins.

We found that HDAC4 is part of this network and exerts a
scaffolding action allowing the enrichment and localisation of sev-
eral proteins at synapses. Indeed, its cytoplasmic-restricted mutant
overexpressed in these specific microdomains promoted, in AD
neurons, the enrichment of PSD95, GluA1l, CaMKIl and NCAD, all
proteins important for synapse structure and function. These data
were paralleled by the recovery of spine density in AD neurons
after HDAC4P overexpression suggesting an important structural
role for HDAC4. Of note, accumulation of PSD95 is required
for spine stabilisation [46], and both PSD95 and CaMKIl promote
the stabilisation of young synapses [47]. NCAD, which we also
found enriched after HDAC4°® overexpression, is an integral
membrane protein that ensures the adhesion between synaptic
membranes interacting with actin. Recent studies have highlighted
that synaptic adhesion molecules regulate synapse development
and maintenance at different steps facilitating the contact
between the presynaptic and postsynaptic termini, promoting the
formation of young synapses and providing stability and maturation
of synapses [48].

CaMKll is one of the key players at the PSD implicated in synaptic
transmission and activity-dependent processes and plasticity [49].

Among the numerous effects, it exerts at the glutamatergic synapses
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and regulates phosphorylation of AMPA receptors [50, 51], as well as
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their insertion and anchoring to the membrane [52, 53].
In our experiments, the accumulation of PSD95 and CaMKII was

by the AMPAR
GluAl. Electrophysiological data showing increased EPSCs in

paralleled increase  of the subunit
HDAC4°P-transfected AD neurons are in agreement with
enhanced AMPA receptors at the postsynaptic level. Thus, the
HDAC4-dependent recovery of key functional proteins at the
postsynapse could be the basis of the restoration of synaptic function
at CA3-CA1 synapses that we observed in organotypic slices from
3xTg-AD mice. Nevertheless, we cannot exclude any effects of
HDAC4 at the presynaptic compartment that were not specifically
investigated in the present work.

Previous studies have shown that HDAC4 has a SUMO E3 ligase
activity, which is dependent on its cytoplasmic localisation and deter-
mines protein stability or activity of its targets (e.g., IkBa and MEF2)
[54-57]. Other studies demonstrated that in Drosophila, HDAC4 regu-
lates memory formation and long-term memory (LTM) induction
through the interaction with the SUMO-conjugating enzyme Ubc9
[58], and its nuclear accumulation impairs neuronal development and
LTM [59]. Based on these findings, we investigated the role of
HDAC4 in the regulation of synaptic protein SUMOylation analysing
the modification of PSD95, the key scaffold molecule at the synapse
that has been recently shown to colocalise with SUMO2/3 and Ubc9
in hippocampal neurons [60]. Our results suggest that in addition to a
structural role, HDAC4 may promote synaptic protein function and
localisation through their SUMOylation. Indeed, because SUMO and
ubiquitin may modify the same acceptor lysine, SUMO modification
can prevent ubiquitination and protein targeting to degradation
favouring protein stabilisation and accumulation at the synapse.
Whether HDAC4 may serve as an E3 SUMOylation enzyme for other
synaptic proteins is to date unknown. Because the SUMOylation/
deSUMOylation balance is increasingly considered crucial in synaptic
protein regulation and AD pathophysiology, the potential role of
HDAC4 in this process represents an important field of research that
deserves further investigation.

Overall, our findings indicate that a pool of HDAC4 is localised
at the dendritic spines and controls postsynaptic proteins providing
a scaffolding platform for proper membrane localisation and func-
tion, thus favouring spine formation and stabilisation (Figure 5A).
This function is altered in AD mice due to HDAC4 delocalisation
(Figure 5B). This anchoring role of cytoplasmic HDAC4 is based on
a structural function and may require a deacetylase-independent
function.

Although the accumulation of extracellular amyloid plaques, a
hallmark of AD, does not correlate with the severity of the disease,
structural injury involving abnormal spine morphology, decreased
spine density and reduced levels of synaptic proteins well correlates
with soluble AB oligomer accumulation [61] and with changes in tau
PTMs [62]. Our data show that synaptic deterioration may indeed

derive from the toxic effect of A and tau on HDAC4 localisation
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FIGURE 5 Cartoonillustrating the potential HDAC4 role at synapses. (A) Under physiological conditions, HDAC4 is localised at the dendritic
spines and positively controls synaptic proteins by SUMOylation and providing a scaffolding platform for proper membrane localisation and
function, thus favouring spine formation and stabilisation. (B) In AD neurons, AB- and tau-dependent mechanisms decrease HDAC4 localisation at
synapses contributing to synaptic protein dysfunction and impaired synaptic transmission.

(Figure 5B). Although further studies will be required to thoroughly
investigate the role of HDAC4 on synaptic function, our results indi-
cate that recovery of HDAC4 proper localisation and function may
preserve a healthy and strong neuronal network, thus protecting syn-

apses from the negative effect of Ap and tau in AD.
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