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Nondegradative ubiquitin chains attached to specific targets via
Lysine 63 (K63) residues have emerged to play a fundamental role
in synaptic function. The K63-specific deubiquitinase CYLD has
been widely studied in immune cells and lately also in neurons. To
better understand if CYLD plays a role in brain and synapse
homeostasis, we analyzed the behavioral profile of CYLD-deficient
mice. We found that the loss of CYLD results in major autism-like
phenotypes including impaired social communication, increased
repetitive behavior, and cognitive dysfunction. Furthermore, the
absence of CYLD leads to a reduction in hippocampal network
excitability, long-term potentiation, and pyramidal neuron spine
numbers. By providing evidence that CYLD can modulate mecha-
nistic target of rapamycin (mTOR) signaling and autophagy at the
synapse, we propose that synaptic K63-linked ubiquitination pro-
cesses could be fundamental in understanding the pathomechan-
isms underlying autism spectrum disorder.
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YLD is a deubiquitinating (DUB) enzyme first identi-

fied as being mutated in familial cylindromatosis, an
autosomal dominant genetic predisposition to multiple
tumors called cylindromas (1, 2). CYLD is located in the
cytoplasm, and its C-terminal catalytic domain mediates the
cleavage of tetra-ubiquitin to tri-, di-, and monoubiquitin
with a preference for Lysine 63 (K63)- or Metl-linked poly-
ubiquitin chains from several substrates (3). The N
terminus comprises three cytoskeletal-associated protein—
glycine-rich (CAP-Gly) domains, which can bind microtu-
bules facilitating cytoskeleton formation (4).

Although CYLD is highly expressed in the brain (1, 5), sur-
prisingly only few data are available on its role there. Specifi-
cally, CYLD was identified in the postsynaptic density (PSD) as
detected by mass spectrometry analysis, immunoblotting, and
immunoelectron microscopy (6, 7). In addition, immunogold
labeling of dissociated hippocampal cultures under basal and
depolarizing conditions showed that CYLD expression signifi-
cantly increases at PSDs upon neuronal depolarization (7). It
was further shown that CYLD recruitment to the PSD is
dependent on the activation of Ca**/calmodulin-dependent
protein kinase II upon membrane depolarization and N-
methyl-D-aspartate (NMDA) receptor activation (8). Thus,
CYLD is recruited to synapses in an activity-dependent manner
and involved in the regulation of several signaling pathways. In
addition, CYLD was shown to control synapse organization by
localizing and compartmentalizing specific synapse targets by
deubiquitinating PSD-95, which functions as a major scaffold
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protein organizing the structure of the PSD (9). Moreover,
CYLD was shown to positively regulate dendritic growth by
promoting both a-tubulin acetylation in mouse hippocampal
neurons and through the interaction of its first CAP-Gly
domain with microtubules (10).

Recently, several neuropsychiatric disorders such as autism
spectrum disorder (ASD) have been linked to molecular changes
in synaptic connections. Interestingly, the proteome analysis of
striatal synaptosomes from two mutant lines for Shank3, a major
ASD candidate gene, revealed that the amount of synaptic CYLD
is significantly increased and reduced in the striatum of Shank3
overexpressing and Shank3-deficient mice, respectively (11, 12).

In this study, we investigated the role of CYLD in synaptic
dysfunction related to ASD. We show that Cyld "~ mice exhibit
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major autism-like phenotypes including impaired social com-
munication, increased repetitive behavior, and cognitive dys-
function. In addition, we associate the behavioral phenotypes
with reduced basal synaptic transmission, impaired network
excitability, and reduced long-term potentiation (LTP) in
Cyld™'~ hippocampi. Furthermore, the presence of K63-linked
polyubiquitin substrates at the synapse and the abundance of
CYLD in the PSD fraction suggest that CYLD is a primary
DUB for multiple synaptic proteins. Based on our data, we sug-
gest that CYLD controls mechanistic target of rapamycin
(mTOR) signaling and the regulation of autophagic processes.
Indeed, the deletion of Cyld resulted in increased hippocampal
mTOR activity correlating with decreased levels of the autoph-
agy marker LC3B-II within hippocampal synaptosomes.

Materials and Methods

Mice. Cyld™'~ mice were generated with a targeting construct in which the
ATG-containing exon 4 of the Cyld gene was disrupted with a /acZ reporter
and a neomycin gene (13). Both Cyld™~ and Cyld '~ are fertile, have a normal
life span, and do not spontaneously develop tumors (13).

Shank3b (Shank3'™?9™9) mice were generated by replacing exons 13
through 16 of the Shank3 gene with a neomycin resistance (neo) cassette,
leading to the deletion of major Shank3 isoforms (14). Shank3b mice were
acquired from Jackson Laboratory (Stock No. 000664 - B6.129-Shank3t™25f9))),
Both Shank3b*'~ and Shank3b ™'~ are viable and fertile.

Heterozygous Cyld*"~ mice were crossed to obtain Cyld~'~ and Cyld*'* lit-
termate controls. Homozygous Cyld~~ mice were crossed with homozygous
Shank3b~'~ mice in order to generate heterozygous mice for both Cyld and
Shank3 (Cyld"'~Shank3b*"). Cyld*’~Shank3b™'~ mice were crossed to obtain
double-mutant mice.

Only male mice of each line were used in all experiments performed. Since
female mice were excluded, our conclusions might be somewhat limited
regarding potential sex differences. Mice were housed and bred under specific
pathogen-free conditions. Experiments were performed according to guide-
lines of the central animal facility institution (TARC, Mainz University Medical
Center, under animal permit TVA G17-1-093) with mice of 5 to 14 wk of age
on a C57BL/6J background who were housed under a 12-h light/dark schedule
and had access to food and water. Behavioral experiments were performed at
8to 14 wk; miniature excitatory postsynaptic current (mEPSC) recordings, mor-
phological, synaptic, and Western blot analysis at 6 wk; and multielectrode
array (MEA) recordings at 5 wk.

Behavioral Tests. The mice tested were housed at four to five per cage in a
room with a 12-h light/dark cycle (lights on at 0700 hours) and had free access
to tap water and food. The mice were single housed for at least 10 d before
performing the ultrasound vocalization test. Regarding Cyld '~ behavioral
analysis, only one cohort of mice was analyzed compared to Cyld*'* controls.
In the case of Cyld~'~, Shank3~'~, and Cyld~’~Shank3~'~ double-mutant mice,
four different cohorts of animals were sequentially analyzed compared to
Cyld*™™* Shank3*'* control littermates. All experiments were conducted in a
blinded fashion. The order of behavioral tests performed is the following:
open field (OF), elevated plus maze (EPM), three-chamber sociability and
social memory, object recognition, rotarod, marble burying, grooming, Morris
water maze (MWM), and vocalization.

OF. Spontaneous activity in the OF was tested in a gray Perspex arena (120 cm
in diameter, 25 cm high; illumination 120 Ix) as described earlier (15). The mice
were placed in the center and allowed to explore the OF for 10 min. The
behavior was recorded by an overhead video camera and a personal computer
(PC) equipped with “Ethovision XT 8.5” software (Noldus, Inc.) to calculate
velocity, distance traveled, and time spent in central, intermediate, or periph-
eral zones of the OF.

EPM. EPM analysis of anxiety-like behavior was performed as described earlier
(15). The plus maze is made of gray plastic with a 5 x 5 cm central platform,
30 x 5 ¢cm open arms and 30 x 5 x 15 cm closed arms; illumination 120 Ix. The
behavior was recorded for 5 min by an overhead video camera and a PC
equipped with “Ethovision XT 8.5” software version 8.5.614 (Noldus, Inc.) to
calculate the time spent in open or closed arms, distance traveled,
and velocity.

Three-chamber sociability and social memory. Sociability and social memory
were evaluated as described earlier (15, 16). The social testing arena was a
rectangular, three-chambered box, illumination <50 Ix. Each chamber was
20 x 40 x 22 cm in size. Dividing walls were made from clear Plexiglas with
rectangular openings (35 x 35 mm) allowing access into each chamber.
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Overhead cameras recorded the test and analysis made in a PC equipped with
“Ethovision XT 8.5” (Noldus Inc.). There was no delay between the analysis of
sociability and social memory: testing mice were removed from the testing
arena, the object was replaced with a new stranger mouse, and the testing
mice were subsequently placed back in the testing arena. The duration was
the following: 5 min habituation to central chamber, 10 min sociability, and
10 min social memory. The stimulus mice were C57BL/6J males and 3 wk old.
Based on the amount of time spent in each chamber, a “social index” and a
“social memory index” (with a value of 50 meaning no preference) were cal-
culated according to the following formulas:

Social index = (timestranger 1/(timestranger 1 + timeempty)) - 100

Social memory index = (timestranger 2/(timestranger 2 + timestranger 1)) - 100

Object recognition. The object recognition test performed is an adaptation of
the traditional novel object recognition test previously described (15). The
object recognition test consists of three phases. In the first phase, the animal is
presented to an empty test arena (white box with 40 x 40 x 40 cm dimensions)
for 10 min in order to be familiarized with the test environment, which differs
from the home cage. Following the habituation phase, the animal is returned
to the home cage for a minimal time, which is necessary to place an object
into the arena. In the second phase, the animal is returned to the test arena
and presented to the object for 5 min. The time spent exploring the object
(interaction time) is recorded by “Ethovision XT 8.5” (Noldus, Inc.). Exploration
is defined as approaching the object with the nose closer than 2 cm. A total of
1 h after the first object exploration, the animal is returned to the testing
arena where it is again presented to the same object for 5 min. The recogni-
tion memory readout is the reduction of exploration during the second time
of exposure to the same object.

Rotarod. The rotarod test was performed as described earlier (15) using a
rotating drum (Ugo Basile) whose speed accelerates from 4 to 40 rpm over a
5-min time period. After 24 h of habituation on the stationary rotarod drum,
the mice were placed individually on the accelerating drum, and the latency
of falling off the drum was recorded using a stopwatch.

Marble burying. The marble burying test examines repetitive motor behav-
iors (17). The mice are placed individually in a 45 x 25 x 20 cm box, which was
previously filled with 5 cm of fresh bedding and 20 marbles evenly distributed
on the bedding, for 30 min. Afterward, the number of marbles buried by the
mice is measured. A marble is considered to be buried if at least 2/3 of the mar-
ble is covered with bedding.

Grooming. Grooming is also a measure of repetitive motor activity (18). The
mice were placed in a glass cylinder container 20 cm in diameter with no bed-
ding. There was no habituation, and the measuring started 10 s after the
mouse was placed in the container. Grooming behavior was measured for 15
min. Face wiping, scratching/rubbing of head and ears, and full-body groom-
ing were counted as grooming behavior. The total duration of grooming
was evaluated.

MWM. The MWM test was performed as described earlier (19, 20). The swim-
ming activity of each mouse was monitored via an overhead video recording
by “Ethovision XT 8.5” (Noldus, Inc.), which relays information including
latency to the platform, total distance traveled and trajectory of swimming,
time and distance spent in each quadrant, and swim speed.

Ultrasound vocalization. Rodent communication in the ultrasonic range was
recorded as previously described (20) using the recording software Avisoft-
SASLab Pro version 4.33 at a sampling frequency of 300 kHz. The microphone
(UltraSoundGate CM16) was connected to a preamplifier (UltraSoundGate
116), which was connected to a computer (Avisoft Bioacoustics). For the test,
male mice were first habituated to the test arena. Subsequently, an unfamiliar
C57BL/6J female mouse in estrous was put into the same box, and the vocali-
zation behavior of the male was recorded for 5 min. In Fig. 1, Cyld’~ and
Cyld*'* littermate controls were analyzed only once in the presence of the
same C57BL/6J female. We then considered only the mice who emitted at least
one call in the presence of the C57BL/6J female. In Fig. 2, we tested each single
mouse four times in four different test phases in the presence of four different
C57BL/6) females. We then averaged, for each mouse, the number of calls
emitted in the presence of n females who induced the vocalization in that pre-
cise male. The latency until the first call of the male test mouse and the total
number of calls were counted by manual scoring.

Electrophysiology.

Acute brain slices. The animals were deeply anesthetized with isoflurane,
decapitated, and the brain quickly removed and transferred to a 4°C cold
choline-based cutting solution containing 87 mM NacCl, 25 mM NaHCOs, 37.5
mM choline chloride, 2.5 mM KCl, 1.25 mM NaH,PO,4, 0.5 mM CaCl,, 7 MgCl,,
and 25 mM glucose (pH 7.4) and oxygenated with carbogen (95% O,, 5%
CO,). Next, the brain was cut into 200-um thick coronal slices for patch-clamp
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Fig. 1. Cyld~~ mice display autism-like phenotypes including an impairment of social communication, increased repetitive behavior, and cognitive dys-
function. (A and B) Vocalization analysis of the number of calls emitted in the presence of a female mouse and latency to first call. (C) Social index of
social interaction analysis in the three-chamber test. (D and E) Repetitive behavior assessment with both marble burying test and time of grooming. (F)
Analysis of the exploratory behavior with the time of the first and the second exposure to the same object. For experiments in A and B, n = 8 for Cyld*'*
controls (11 excluded, no vocalization) and n = 10 for Cyld~'~ (five excluded, no vocalization); for experiments in C through F, n = 19 for Cyld*'* controls
and n = 15 for Cyld~’~. All n values used for statistics refer to the number of mice used after identification of possible outliers with Grubbs' method.

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.001 calculated by unpaired nonparametric Mann-Whitney U test. Graphs are mean + SEM.

recordings and 400-um thick hippocampal slices for MEA recordings with a
Leica VT1200 S vibratome. The slices recovered in the cutting solution for 20
min at 37 °C before they were transferred to standard artificial cerebrospinal
fluid (ACSF) at 37°C: 125 mM NaCl, 25 mM NaHCOs3, 1.25 mM NaH,PO,, 2.5
mM KCl, 2 mM CaCl,, TmM MgCl, and 25 mM glucose (pH = 7.4).
Patch-clamp recordings. For patch-clamp recordings, single slices were trans-
ferred to a submerged recording chamber mounted on top of an upright
microscope (Olympus BX51WI, Olympus) and equipped with 4x (Plan N,
numerical aperture [NA] 0.1, Olympus) and 40x (LUMPlan FI/IR, NA 0.8 w,
Olympus) objectives. The recording electrode (borosilicate glass, outer diame-
ter 2.0 mm; wall thickness 0.5 mm) was pulled using a micropipette puller
(P1000, Sutter Instrument Company) and had a resistance of 5 to 6 MQ. Electri-
cal signals were acquired at 10 kHz by an EPC10 amplifier (HEKA) and
recorded with Patchmaster software (HEKA). The data were analyzed semiau-
tomatically using pClamp 10.4 software.

mEPSCs. Cells were recorded in voltage-clamp mode (21). To measure mEPSCs,
50 pM (2R)-amino-5-phosphonovaleric acid (D-APV = NMDAR antagonist,
NB-48-0302, Biotrend), 10 uM 4-(6-imino-3-(4-methoxyphenyl)pyridazin-1-yl)
butanoic acid hydrobromide (gabazine = GABAR-antagonist, 217808, Bio-
trend), and 1 uM tetrodotoxin (TTX = voltage gated sodium channel blocker,
H1035, Hello Bio) were added to ACSF. The intracellular solution contained
120 mM Cs-gluconate, 10 mM CsCl, 8 mM NacCl, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes), 10 mM phosphocreatine-Na, 0.3 mM
guanosine triphosphate (GTP), 2 mM Mg?*-ATP, and 0.2 mM ethyleneglycol-
bis(B-aminoethyl)-N,N,N',N'-tetraacetic acid, pH 7.3 adjusted with CsOH. To
study the morphology of the cells after recording, 0.1 to 0.5% biocytin
(Sigma-Aldrich) was added to the intracellular recording solution and soni-
cated for 15 min. Cells were clamped to —70mV. The resting membrane poten-
tial was tested in current clamp mode directly after the membrane was rup-
tured. The access to the cell was constantly monitored by a hyperpolarizing
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the test pulse of 5 mV for 5 ms. The liquid junction potential was not cor-
rected. The average of the amplitude, event frequency, and interevent inter-
val was calculated from more than 30 mEPSCs events per cell.

MEA recordings. Extracellular recordings of field excitatory postsynaptic
potentials (fEPSPs) were acquired with a two-chamber MEA system (MEA2100
System, Multi Channel Systems MCS GmbH). MEA chips consisted of 60 electro-
des, an electrode diameter of 30 um, and an interelectrode distance of 200 um
(60MEA200/30iR; Multi Channel Systems MCS GmbH) and were continuously
perfused with oxygenated (95% O, and 5% CO,) ACSF. The temperature in
the chambers was set to 32°C. Acute hippocampal slices were placed on top
of the MEA chips and incubated for 30 min prior to the recordings. fEPSPs
were recorded using the Multi Channel Experimenter 2.16 (Multi Channel Sys-
tems MCS GmbH) with a 50-kHz sampling rate.

Input-Output (//O) curves were generated by the application of a stimulus
from 500 to 5,000 mV in 500-mV steps to the stratum radiatum close to the
CA3 area. One recording electrode was selected in Cornu Ammonis 1 (CA1)
(2). Prior to LTP induction, control fEPSPs were recorded at 30% of the maxi-
mum fEPSP amplitude for 10 min (one stimulus per minute). LTP was induced
by a 1x 100-Hz high frequency stimulation (HFS). Next, control fEPSPs were
evoked for 1 h. An independent control pathway was recorded using a second
stimulation electrode located in the direction of the subiculum. LTP traces
were normalized to the mean of 10 min of the baseline control recordings.

Events were detected and analyzed using the Multi Channel Analyzer 2.16
(Multi Channel Systems MCS GmbH), Microsoft Office Excel (Microsoft), and
GraphPad Prism (GraphPad Software).

Morphological Analysis of Neurons and Dendritic Spines.

Immunofluorescence staining of biocytin-filled neurons. Electrophyiologi-
cally patched neurons were filled with biocytin (see intracellular solution) for
about 10 min and then transferred into 4% Histofix (Carl Roth) at 4°C
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Fig. 2. Behavioral analysis of Cyld~~, Shank3~'~, and Cyld~'~Shank3~'~ double-mutant mice. (A and B) The vocalization analysis of the number of calls
emitted in the presence of a female mouse and latency to first call. (C and D) The repetitive behavior assessment with both marble burying test and time
of grooming. (E) The analysis of the exploratory behavior with the time of the first and the second exposure to the same object. (F-/) The analysis of spa-
tial memory by MWM test with measures of total distance traveled and latency to the platform during the hidden training phase and reverse phase. For
experiments in A and B, n = 15 for Cyld*"*Shank3*"* controls (one excluded, no vocalization), n = 22 for Cyld~~ mice (four excluded, no vocalization),
n = 17 for Shank3~'~ (one excluded, no vocalization), and n = 14 for Cyld”’Shankj"” mice (three excluded, no vocalization) from four independent
cohorts. For experiments in C through E, n = 16 for Cyld*"*Shank3*'* controls, n = 26 for Cyld~'~ mice, n = 18 for Shank3™~, and n = 17 for Cyld™"~
Shank3~'~ mice from four independent cohorts. For experiments in F through /, n = 15 for Cyld*"*Shank3*"* controls, n = 22 for Cyld~'~ mice, n = 17 for
Shank3~'~, and n = 13 for Cyld~"~Shank3~'~ mice from four independent cohorts. All n values used for statistics refer to the number of mice used after
identification of possible outliers with Grubbs' method. Statistics were calculated by ordinary one-way ANOVA followed by Tukey’s multiple comparisons
test (A-D) by unpaired nonparametric Mann-Whitney U test (E) or by two-way repeated-measures ANOVA with Dunnett’'s multiple comparisons test
(F-H). *P < 0.05, **P < 0.01, graphs are mean + SEM.
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overnight. The slices were incubated for 1 to 2 h in 1x phosphate-buffered
saline (PBS)/0.2% Triton. A total of 20% bovine serum albumin (Sigma-Aldrich)
was added to prevent unspecific binding of the antibody. The slices were then
incubated at 4°C overnight in fresh blocking solution together with a
streptavidin-coupled Alexa 594-conjugated antibody (1:1.000, S32356, Life
Technologies). The slices were mounted onto a microscope slide (Thermo Sci-
entific) in Prolong Gold Antifade (P10144, Life Technologies). The images
were taken with an SP8 confocal microscope (Leica) at the Imaging Core Facil-
ity of Mainz University Medical Center using the Leica LAS Software (Leica). To
detect the streptavidin-coupled Alexa 594-conjugated antibody, a 552-nm
laser was used. Whole cell neurons were imaged with a 20x oil-immersion
objective (Leica) and had the following voxel sizes: xy = 0.314 pm and z = 1
pm. Medium spiny neuron dendrites (S4) were imaged with a 63x oil-
immersion objective (Leica) and a voxel size of the following: x/y = 0.048 um
and z = 0.5 pm. The same parameters were used for pyramidal cells of the CA1
layer in the hippocampus. Here, we distinguished between apical and
basal dendrites.

Dendritic tree analysis. The images of biocytin-filled striatal medium spiny
neurons and CA1 pyramidal neurons (PNs) were reconstructed through three-
dimensional Imaris analysis. The stacks were opened with Imaris 8.4 and proc-
essed using the AutoPath (no loops) algorithm, which prevents looping back
on neuronal processes. To quantify dendritic tree complexity, Sholl analysis
and total dendritic length measurement from Imaris were used on recon-
structed cells. The starting radius was defined as 1 pm from the center, with
increments of 1 um.

Dendritic spine analysis. In order to yield a better resolution of the spines on
the dendrite images, a blind deconvolution was performed using the Light-
ning tool of the LAS software (Leica). The spines were then analyzed using
Neuronstudio (CNIC, Mount Sinai School of Medicine).

Immunofluorescence Staining of Striatal Synapses.

Tissue fixation and processing. The mice were perfused intracardially with
cold PBS and 4% paraformaldehyde (PFA). PFA-perfused central nervous sys-
tem tissue was postfixed in 4% PFA overnight at 4°C and embedded in paraf-
fin. After antigen retrieval and unspecific binding blocking, PFA-fixed sections
were incubated with primary antibodies. Bound antibodies were visualized
with appropriate species-specific Cy2- or Cy3-conjugated secondary antibod-
ies. The nuclei were stained with DAPI (Invitrogen). Immunostained sections
were scanned using the confocal microscope LSM 800 (Zeiss), with objective
magnification of 63%, sampling tiles from dorsal and ventral (bits 16, pixel size
0.06 mm).

Antibodies. The Mouse anti-VGIuT1 (Synaptic Systems, 135 011) was 1:500,
the Rabbit anti-VGIuT2 (Synaptic Systems, 135 408) was 1:500, the Chicken
anti-Homer-1 (Synaptic Systems, 160 006) was 1:500, the Goat anti-chicken
Alexa Fluor 647 (Thermo Fisher, A-21449) was 1:200, the Goat anti-mouse
Alexa Fluor 555 (Thermo Fisher, A-21127) was 1:200, and the Goat anti-rabbit
Alexa Fluor 488 (Thermo Fisher, A-11008) was 1:200.

Quantification of synaptic terminals. To evaluate the number of excitatory
presynaptic (VGIuT1 and VGIuT2) and postsynaptic terminals (Homer-1), posi-
tive signals were quantified using a custom-made script based on Cognition
Network Language (Definiens Cognition Network Technology; Definiens
Developer XD software). The total tissue area was normalized using DAPI™ sig-
nal to ensure similar cellular numbers in the field of view. White matter tracts
within striatum were excluded during analysis.

Western Blotting.

Preparation of homogenates from brain tissue. To obtain lysates, dissected
tissue was homogenized with a manual homogenizer in cold lysis buffer (2%
sodium dodecyl sulfate [SDS], 95 mM NaCl, 10 mM ethylenediaminetetraacetic
acid, Protease Inhibitor Mixture Complete [Roche], and Phosphatase inhibitor
mixtures PhosSTOP [Rochel), boiled for 5 min, centrifuged at 14,000 rpm at
16 °C, and the supernatant collected for protein estimation. The supernatants
were then aliquoted and stored at —20 °C until used.

Isolation of crude synaptosomes from brain tissue. Tissue was homogenized
with 800 uL homogenization buffer (0.32 M sucrose in 5 mM Hepes buffer pH
7.4 + Protease Inhibitor Mixture Complete [Roche] and Phosphatase inhibitor
mixtures PhosSTOP [Roche], 1 tablet of each for 50 mL + 0-PA 5 mM + N-ethyl-
maleimide 5 mM) per hippocampus or striatum using a manual homogenizer
with appropriate vessel and pistil. After 12 strokes (12 times down and up),
the homogenate was transferred to a 1.5-mL Eppendorf cup. Samples were
subsequently spun at 1,000 x g for 10 min at 4°C. The supernatant S1 was col-
lected, and the pellet P1 was rehomogenized in 600 pL homogenization
buffer in the Eppendorf cup with an Eppendorf pellet pestle. The sample was
spun again at 1,000 x g for 10 min at 4°C, and supernatants ST and S1 were
combined. Combined supernatants were centrifuged at 12,000 x g for 20 min
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at 4°C. Supernatant S2 was collected; pellet P2 was resuspended in 800 pL
homogenization buffer with an Eppendorf pellet pestle. The resuspended P2
was spun at 12,000 x g for 20 min at 4 °C. Supernatants S2 and S2 were com-
bined. The remaining pellet P2 is the crude synaptosomal fraction, which can
be resuspended in specific lysis buffer.

Sample preparation and immunoblotting procedure. For brain tissue, pro-
tein concentrations were determined by the bicinchoninic acid (BCA) method
(Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, Inc.); samples (10 to 30
nug protein) were fractionated by SDS-polyacrylamide gel electrophoresis
(PAGE) and blotted onto nitrocellulose using the Trans-Blot Turbo Transfer
System (BioRad). Membranes were blocked in 4% milk in Tris-buffered saline
with Tween-20 (TBST) 0.05%, Triton X-100 in Tris-buffered saline (24.2 g/L
Trizma Base, 87.6 g/L NaCl in water, pH 7.5) for 1 h. Appropriate regions were
excised and incubated with specific primary antibody at 4°C overnight. Sec-
ondary fluorescent antibodies conjugated with 680 or 800 were incubated
with membranes for 1 h at room temperature. The membranes were then
washed three times in TBST 0.05% and two times in PBS 1x and developed
with Odyssey.

Co-immunoprecipitation. Precleared whole-cell lysate (300 pg) from a Cyld*"
hippocampus was incubated with rabbit anti-CYLD (Cell Signaling, 8462) or
control rabbit IgG (Sigma-Aldrich, 12 to 370) at 4 °C overnight with gentle agi-
tation. Protein G agarose beads (Roche, 11719416001) (20 pL) were added,
and the samples were incubated for 2 h at 4°C. The immunocomplexes were
then pelleted, washed multiple times at 4 °C, and subjected to SDS-PAGE and
Western blotting.

Antibodies. The Guinea pig anti-GIuA2 (Synaptic Systems, 182 105) was
1:1,000, the Mouse anti-GAPDH (Invitrogen, AM4300) was 1:5,000, the Mouse
anti-PSD-95 (Synaptic Systems, 124 011) was 1:1,000, the Mouse anti-rpS6é (Cell
Signaling, 2317) was 1:1,000, the Rabbit anti-CYLD (Cell Signaling, 8462) was
1:1,000, the Rabbit anti-GluA1 (Synaptic Systems, 182 003) was 1:1,000, the
Rabbit anti-Homer-1b/c (Synaptic Systems, 160 023) was 1:1,000, the Rabbit
anti-LC3B (Sigma-Aldrich, L7543) was 1:1,000, the Rabbit anti-mTOR (Cell Sig-
naling, 2983) was 1:1,000, the Rabbit anti-p-mTOR (Cell Signaling, 2971) was
1:1,000, the Rabbit anti-p-rpS6 (Cell Signaling, 2215) was 1:1,000, the Rabbit
anti-p-S6K (Cell Signaling, 9234) was 1:1,000, the Rabbit anti-Shank3 (Sigma-
Aldrich, HPA003446) was 1:1,000, the Rabbit anti-S6K (Cell Signaling, 2708)
was 1:1,000, the Donkey anti-Guinea pig IgG (H + L) IRDye 800CW (Licor) was
1:10,000, the Goat anti-Mouse IgG (H + L) IRDye 680RD (Licor) was 1:10,000;
and the Goat anti-Rabbit IgG (H + L) DyLight 800 4X PEG Conjugate (Cell Sig-
naling, 5151) was 1:10,000.

Statistical Analysis. Statistical analysis was performed with Prism (GraphPad,
Version 9). Results are shown as the mean + SEM. The number of experiments
and the number of mice used for each experiment are indicated in the corre-
sponding figure legends. P < 0.05 was taken as the limit of statistical signifi-
cance. All behavioral tests, electrophysiological analysis, neuronal reconstruc-
tion, and analysis of dendritic tree and spine morphology were performed in
a blinded manner.

Results

CYLD Deletion Leads to Social Deficits, Repetitive Stereotypic
Movements, and Cognitive Impairment. As CYLD is highly
expressed in neurons and its synaptic protein levels depend on
the dosage of the major ASD gene Shank3 (12), we set out to
understand if it is involved in brain function by analyzing the
autism-like behavior of Cyld '~ mice. Cyld '~ mice show nor-
mal motor function and anxiety behavior. In detail, Cyld /"~
mice did not show any difference compared to controls in the
latency to fall from the accelerating rod in the rotarod and in
total distance traveled in both OF and EPM (SI Appendix, Fig.
S1 A-C). Moreover, Cyld '~ mice did not exhibit any difference
compared to the control animals in the time spent in the differ-
ent OF arena areas and in the time spent in both closed and
open arms of EPM (SI Appendix, Fig. S1 E-G). Within the
social domain, one of the core diagnostic domains of ASD, we
detected an impairment in social communication, which in
rodents is reflected by calls in the ultrasonic range. We found
that, in comparison to control mice, Cyld ~/~ male mice vocalize
significantly less, without any difference in the latency to the
first call produced (Fig. 1 4 and B). However, Cyld '~ mice do
not show any impairment in either social interaction or social
memory in the three-chamber test (Fig. 1C and SI Appendix,
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Fig. S1D). Importantly, repetitive, stereotypic movements,
which represent the second core diagnostic feature of ASD,
are also affected in Cyld~’~ mice. Cyld™’~ mice show an
increase in the number of buried marbles in the marble burying
test (Fig. 1D) and a reduction in self-grooming behavior com-
pared to controls (Fig. 1E). The third domain we found affected
in Cyld~'~ mice is cognition. Altered intellectual abilities are a
major comorbid feature of ASD, and, to measure these altera-
tions, we used the object recognition test. This test is based on the
ability of the animal to memorize an object for a period of 60
min, leading to a reduction in exploration time during the second
exposure of the same object. We found that indeed the control
mice exhibit a significant reduction in exploration time between
the first and second exploration (Fig. 1F). In contrast, Cyld '~
mice did not show any difference in exploration time among the
two exposures to the same object (Fig. 1F), suggesting a deficit in
recognition memory.

CYLD Deletion Does Not Modify Autism-Like Behavioral Phenotypes
in Shank3-Deficient Mice. Recently, it has been shown that synap-
tic CYLD is coregulated within the brain of Shank3 mutant
mice (11, 12). Thus, we crossed Cyld '~ and Shank3~'~ mice
and analyzed the neurobehavioral phenotype of the resulting
Cyld~'~Shank3™'~ double-mutant mice in order to clarify if
CYLD deletion can modify the autistic phenotype of Shank3 ™/~
mice. We found that similarly to the Cyld’/ ~ mice, the Shank3-
deficient mice and the double-mutant animals also display an
impairment in social communication, showing reduced numbers
of calls in the presence of a female compared to controls (Fig.
2A4). In contrast, the reduced number of calls was not associ-
ated with a change in the latency to the first call emitted (Fig.
2B). However, the occurrence of repetitive, stereotypic move-
ments affects CYLD and Shank3-deficient mice in opposite
ways. Cyld '~ mice show an increase in the number of buried
marbles and a reduction in self-grooming behavior, and
Shank3™'~ mice show a decreased number of buried marbles
and an increased duration of grooming (Fig. 2 C and D), while
the double-mutant mice performed exactly like Shank3 ™'~
mutant mice in both the marble burying test, with a reduction
of buried marbles under cage bedding and in overgrooming
(Fig. 2 C and D).

The analysis of cognitive functions with the object recogni-
tion test highlighted an impairment of memorizing an object in
Cyld™'~, Shank3™'~, and Cyld~'~Shank3~'~ mice. Differently
from control littermates, the single-deficient or double-deficient
mice did not show a reduction in the exploration time during
the second exposure to the same object (Fig. 2E). To further
explore cognitive features, we decided to extend our analysis
using the MWM test. The analysis of both escape latency and
distance traveled during hidden platform training in the MWM
test showed a worse performance of Cyld~'~, Shank3~'~, and
Cyld~'~Shank3~'~ mice in reaching the platform compared to
controls, with a significant difference in the distance at day 2
between control and Shank3~'~ mice, at day 3 between control
and Cyld~'~Shank3™'~ mice, and in the latency at day 4
between control and Cyld~~ mice (Fig. 2 F and G). During the
probe trial, we did not observe any difference in the percentage
of time spent in the target quadrant among the four different
genotypes (SI Appendix, Fig. S24). At the end of the hidden
phase training, Cyld~'~, Shank3~'~, Cyld~'~Shank3~'~, and
controls reach the same level of performance. In the reversal
learning phase, we found that the plasticity needed in order to
localize the new place of the hidden platform within the pool
was impaired in Cyld’/’, Shank3~'~, and Cyld’/’ShankS’/’
mice compared to controls. A significant difference in the
latency to reach the platform was detectable at day 2 between
control and Cyld~~ mice and at day 3 between control and
Shank3~'~ mice. At day 3 of reversal learning, we could also
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detect a significant difference in the distance traveled between
Cyld™'"~, Shank3™'~, Cyld~'~Shank3~'~, and controls (Fig. 2 H
and 1), respectively. To sum up, Cyld '~ and Shank3~'~ mutants
show similar impairments in the social and cognitive domains
but opposite phenotypes in the repetitive domain. Neither phe-
notype is restored nor exacerbated in Cyld~/~Shank3~'~ double
mutants whose repetitive behavioral profile rather resembles
the one of single Shank3~'~ mutants.

CYLD Function Modulates Hippocampal Plasticity. Dysregulation of
neuronal morphology and cytoarchitecture in the hippocampus
are typical for ASD (22). Furthermore, a disruption of hippo-
campal circuits often underlies cognitive impairment, a major
comorbid ASD feature present in Cyld '~ mice. To elucidate a
possible dysfunction of CYLD-deficient hippocampal neurons,
we performed an electrophysiological analysis. The evaluation
of CA1 PNs showed that the mean amplitude of a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor—
mediated mEPSCs was significantly decreased in Cyld '~ mice
when compared to controls, suggesting alterations of basic syn-
aptic properties of CA1 PNs upon loss of CYLD (Fig. 3 4 and
B). No difference was detected in the mean of mEPSC fre-
quency between Cyld '~ mice and controls (Fig. 3 C). An anal-
ysis of striatal medium spiny neurons (MSNs) was also per-
formed since behavioral tests showed alterations of repetitive
stereotypic movements in Cyld '~ mice. However, the analysis
of mEPSCs of striatal MSNs did not show any difference in
amplitude and frequency in both dorsal and ventral striatum
among Cyld~'~ mice and controls (SI Appendix, Fig. S3 A-F).
The unaffected basal synaptic properties of striatal MSNs are
in line with the unchanged numbers of corticostriatal and thala-
mostriatal connections, as we did not find any difference among
genotypes in the density of presynaptic contacts stained with
VGIuT1 (corticostriatal inputs), VGIluT2 (thalamostriatal
inputs), or corresponding postsynaptic specializations on MSN
dendrites stained with Homer-1 in both the dorsal and ventral
striatum (SI Appendix, Fig. S4 A-L).

In order to investigate further mechanisms linked to the
autism-like phenotypes detected in CYLD-deficient mice, we
extended our electrophysiological analysis by measuring neuro-
nal network activity in acute hippocampal slices using MEA
recordings. First, we evaluated the excitability of CA3 to CAl
synapses (Schaffer collaterals) in acute slices to understand if
the lack of CYLD already implies changes in excitability. One
stimulation electrode (filled red dot, Fig. 3D) was used to stim-
ulate afferent fibers of the Schaffer collaterals to record an I/O
relation of CA1 PNs. The amplitudes of fEPSPs (purple circle,
Fig. 3D) showed an impaired excitability in Cyld '~ tissue
compared to controls (Fig. 3 E and F), with a significant differ-
ence in the highest stimulation range (4,500 to 5,000 mV).

Next, we characterized neuronal long-term synaptic plasticity in
Cyld~'~ mice by performing classical LTP experiments in CAl.
Baseline fEPSPs were electrically induced at an intensity that
evoked 30% of the maximum response evoked by the I/O curve
(1,500 mV). Input specificity was controlled by a second indepen-
dent stimulation (control pathway, empty red circle, Fig. 3D, gray
dots in Fig. 3G). Following 10 min of stable baseline recordings,
HFS was applied for 1 s at a frequency of 100 Hz. The stimulation
induced LTP at CA3 to CAl synapses in control animals, while
the level of LTP was much lower in slices from Cyld '~ mice, indi-
cating an impaired hippocampal LTP in mice lacking CYLD
(Fig. 3G). The mean amplitudes of fEPSPs recorded from
Cyld~'~ mice were significantly reduced 50 to 60 min after LTP
induction when compared to control tissue (Fig. 3H).

CYLD Deletion Disrupts Neuroanatomical Properties of CA1 PNs.
Next, we set out to investigate if CYLD deletion affects den-
dritic tree and spine changes in the young adult brain. To this
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Electrophysiological analysis of CA1 mEPSCs and fEPSPs highlighted an impaired excitability in Cy/d™

Time (min)

"~ mice. (A-C) Representative traces of AMPA-

mediated mEPSCs and quantification of mEPSC frequency and amplitude in the hippocampal CA1 region of Cyld~~ mice and Cyld*'* controls at P42. (D)
Representative picture of the location of an acute hippocampal slice on top of the MEA chip. The red-filled dot indicates the stimulation electrode, the
violet circle marks the recording electrode, and the empty red circle marks the second stimulation electrode of the independent control pathway. (E) Rep-
resentative traces of fEPSP at gradually increasing stimulus intensity generate 1/O curves in both experimental groups. (F) The 1/0 curves show decreased
fEPSP amplitudes in Cyld ~'~ mice (*P < 0.05). (G) LTP induction of Schaffer collaterals using a 100 Hz HFS. Black dots correspond to the data from Cyld**
(10 slices of four mice), violet dot from Cyld ~/= (11 slices of four mice), and the gray dots were recorded from the independent control pathway (11 slices).
(H) The relative strength of the potentiation of fEPSPs 50 to 60 min after HFS was significantly lower in Cyld ~/~ (****P < 0.001). For experiments in A
through C, n = 32 neurons from Cyld*™’* controls and n = 32 neurons from Cyld ~/~ mice. Statistics were calculated by unpaired Student's t test (A-C). Non-
parametric Mann-Whitney U tests were used to compare two groups displaying a nonnormal distribution. Two-way ANOVA was used to compare the /O

curve progression, and responses to single intensities were compared using Fisher’s Least Significant Difference. *P < 0.05, graphs are mean + SEM.

end, we filled neurons with biocytin and analyzed neuronal and
spine morphology. Using Imaris, we detected a decrease of
dendrite total length in CYLD-deficient mice as compared to
control animals (Fig. 4 A and B), while a Sholl analysis of
branching complexity did not highlight any significant differ-
ences among genotypes (Fig. 4C). Moreover, we counted the
number of spines at the basal and apical dendrites of CA1 PNs
and found a significant decrease in the total number of basal
spines (Fig. 4 D and E) and a trend toward a reduction of api-
cal spines (Fig. 4F) in Cyld '~ mice compared to controls.

In contrast to hippocampal PNs, a morphological analysis of
biocytin-filled striatal MSNs in the dorsal and ventral striatum
did not highlight differences regarding neuronal dendritic
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complexity and total dendritic length (SI Appendix, Fig. S5
A-F). Moreover, the total spine number among MSN dendrites
was also unchanged within the dorsal and ventral striatum of
Cyld~'~ and control mice (ST Appendix, Fig. S5 G-I).

CYLD Deletion Results in Altered Autophagy and mTOR Signaling.
To elucidate a possible molecular mechanism by which the deu-
biquitinating function of CYLD is able to regulate the normal
protein homeostasis of synapses, we performed a biochemical
characterization of major PSD proteins that have already been
molecularly linked to CYLD (9, 11, 12). To isolate the crude
synaptosome fraction, we followed a well-established protocol
(SI Appendix, Fig. S6 A and B) which allows the enrichment of

PNAS | 7of11
https://doi.org/10.1073/pnas.2110755118

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110755118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110755118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110755118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110755118/-/DCSupplemental

6000

5000+

o

IN
S
S
=3
1

a

3000+

2000+

number of intersections
o

dendrite total length (um)

1000+

D Cy/d ++
Hl cyid-

204

CAT1 basal spines/10um
I

CAT1 apical spines/10pym

4 T T T
(o 100 200 300

T
400

50C

distance from soma (um)

Cyld+/+

Fig. 4. CYLD deletion results in reduced total dendrite length and basal spine number of CA1 hippocampal PNs. (A) Representative pictures of recon-
structed biocytin-filled PNs by Imaris of Cyld~~ mice and Cy/d*’* controls at P42 in CA1. (B and C) Measurement of dendrite total length and Sholl analysis
of CA1 PNs. (D) Representative pictures of apical and basal spines of Cy/d~'~ and Cyld*"* PNs. (E and F) Quantification of basal and apical spines. For
experiments in A through C, n = 19 neurons from Cyld*’* controls and n = 17 neurons from Cyld~'~ mice. For experiments in D through F, n = 4 for
Cyld*’+ controls and n = 3 for Cyld’/’ mice. The statistics were calculated by unpaired Student’s t test (B, E, and F) and two-way repeated ANOVA with
Sidak’s (C) post hoc tests. Graphs are mean + SEM. (Error bars in A: 40 pm; error bars in D: 5 um.)

synapse-associated proteins (23). In particular, we analyzed by
Western blotting Shank3 and PSD-95 protein levels in these
fractions from both hippocampus and striatum and did not find
any change between Cyld~~ mice compared to controls (SI
Appendix, Fig. ST A-F).

Given the electrophysiological impairment in hippocampal
CA1 upon loss of CYLD, we further evaluated the levels of the
two major subunits of the AMPA receptor GluAl and GluA2,
both crucial for functional plasticity (24). Interestingly, the
amount of GluAl in the hippocampal synaptosome fraction
was significantly higher in Cyld~~ mice compared to controls,
while GluA2 protein levels remain unchanged (Fig. 5 A-C).
Because of recent evidence implicating CYLD in the
autophagic-lysosomal pathway and the fact that autophagy
significantly contributes to AMPA receptor internalization
(25-27), we decided to analyze changes in autophagy-associated
proteins in isolated synaptosomes. Indeed, the quantification of
the autophagosome marker LC3B (microtubule-associated pro-
teins 1A/1B light chain 3B) showed a significant reduction specifi-
cally for its lipidated form LC3B-II, but not its unlipidated form
LCB-1, in Cyld~~ hippocampal synaptosomes under steady state
conditions (Fig. 5 D-F), indicative for dysregulated autophagic
activity. In striatal synaptosomes, we did not find any change in
either AMPA receptor subunits GluA1 and GIuA2 or in the auto-
phagosome marker LC3B in line with both electrophysiological
and morphological analyses performed (SI Appendix, Fig. S7 G-L).

Mechanistically, autophagosome formation is induced by an
upstream blockage of mTOR activity (28). Thus, we investigated
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whether mTOR signaling was affected in the hippocampus of
Cyld~'~ mice. Strikingly, we detected a significant increase in total
mTOR protein levels, resulting in a significant overactivation of
the signaling cascade further downstream reflected by increased
p-S6K and p-rpS6 in Cyld~'~ mice compared to controls, while
total levels of S6K and rpS6 did not change (Fig. 5 G-M). It has
been shown that the K63-specific ubiquitination of mTOR leads
to its activation and modulation of the autophagic flux (29). To
address the potential function of CYLD in the regulation of
mTOR signaling, we further analyzed whether CYLD interacted
with the mTOR complex. For this, we specifically immunoprecipi-
tated CYLD and detected mTOR in a wild-type hippocampus
homogenate by immunoblotting (Fig. SN), suggesting that CYLD
functions as a DUB for mTOR.

Discussion

Evidence that CYLD is an important regulator of synapse
homeostasis has increased over the last decade (30). Our
behavioral analysis of CYLD-deficient mice shows that CYLD
is essentially regulating three main behavioral domains
impaired in ASD: social communication, repetitive behavior,
and cognition. Since genotypes differed during the acquisition
but not the recognition phase of the object recognition test,
these findings might alternatively be explained by a differential
response to novelty among genotypes. Nevertheless, the MWM
data support the presence of cognitive impairment upon loss of
CYLD.
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Fig. 5. The loss of CYLD leads to an increase of the AMPA receptor subunit GIuA1, dysregulates autophagic flux, and causes mTOR signaling
up-regulation within the hippocampus. (A-C) Western blot analysis of the AMPA receptor subunits GIuA1 and GIuA2, each normalized to GAPDH in the
hippocampal P2 fraction. (D-F) Western blot analysis of LC3B-I and LC3B-ll, each normalized to GAPDH in the hippocampal P2 fraction. (A-G) Western
blot analysis of mTOR signaling cascade and relative quantification in hippocampus homogenate. p-mTOR, p-S6K, and p-rpS6 were normalized to total
mTOR, S6K, and rpS6, respectively. Total mTOR, total S6K, and total rpS6 were normalized to GAPDH. Lysates (20 pg proteins for A and D and 30 pg pro-
teins for G) of Cyld~’~ mice and Cyld*’* controls were run on a 4 to 15% gradient gel. (H) CYLD immunoprecipitation from wild-type hippocampus
homogenate run on a 4 to 15% gradient gel and blotted for mTOR and CYLD. For experiments in A through F, n = 6 for Cyld*’* controls and n = 6 for
Cyld~'~ mice at P42. For experiments in G through M, n = 4 for Cyld*"* controls and n = 4 for Cyld~"~ mice at P42. Statistics were calculated by unpaired
Student’s t test and show a significant increase in GluA1, a significant decrease in LC3B-Il protein levels, and a significant increase in total mTOR, p-S6K,
and p-rpS6 in Cyld~'~ hippocampi. Graphs are mean + SEM.
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Furthermore, by behaviorally investigating the recently pro-
posed molecular relationship between Cyld and Shank3 gene
dosage (11, 12), we found that deleting CYLD in mice deficient
in Shank3 neither ameliorates nor exacerbates the behavioral
profile of the latter. We therefore conclude that the decrease of
synaptic CYLD in Shank3™'~ animals is a consequence of
imbalanced synaptic activity and corresponding molecular syn-
aptic network composition caused by the loss of Shank3. Since
CYLD is actively recruited to the PSD upon synaptic activity
(7, 8), a possibility could be that CYLD cannot enter the syn-
apse in Shank3-deficient mice anymore because of a disrupted
postsynaptic scaffold.

We further characterized CYLD-deficient mice to delineate
the circuits linked to the behavioral phenotype, focusing on
regions relevant to ASD such as the striatum and the hippo-
campus. We found that CA1 PNs within the hippocampus of
Cyld~'~ mice exhibit impaired basal synaptic properties, dis-
rupted network excitability, and reduced LTP. This dysfunction
is accompanied by reduced total dendrite length and spine
numbers, analogous to what has previously been described
upon CYLD knockdown in primary hippocampal cultures (10).
In contrast, we did not see any difference in several functional
and morphological parameters of striatal MSNs, although
CYLD is highly expressed in this region (1, 5). Furthermore,
the number of corticostriatal and thalamostriatal inputs was not
affected. These data suggest that the function of synaptic
CYLD is region/circuit specific and affects only certain popula-
tions of neurons. CYLD deletion does not lead to a broad but
rather specific cellular outcome. Particularly, we reckon that
CYLD fine tunes synapse function by deubiquitinating specific
synaptic target molecules and that the unbalanced regulation of
these molecules finally leads to the functional, morphological,
and behavioral phenotypes of Cyld~'~ mice. It will be crucial in
the future to obtain a detailed understanding of the neuronal
populations and associated circuits underlying these pheno-
types and to identify the possibly circuit-specific synaptic deubi-
quitination targets of CYLD.

Interestingly, the cellular hippocampal phenotypes we
observed were accompanied by increased levels of the
AMPA receptor subunit GluAl in the synaptosomal frac-
tion of Cyld”'~ hippocampus. Decreased LC3B-II levels
were also detected in the same synaptosomal fraction, sug-
gesting that the removal of CYLD affects autophagic activ-
ity at hippocampal synapses. A limited number of studies
with contrasting results have addressed how AMPA recep-
tor endosomal trafficking converges with autophagy (26,
27). Shehata et al., for example, show that in hippocampal
neurons, autophagy is involved in AMPA receptor degrada-
tion after chemical long-term depression (LTD) induced by
stimulating neurons with brief low-dose NMDA (26). Thus,
increased autophagy leads to LTD and correlates with
increased LC3-II levels, mTOR dephosphorylation, and
degradation of GluA1l (26). Instead, Shen et al. suggest that
autophagy inhibition causes a reduction of endocytic recy-
cling and is required for AMPA receptor internalization
and degradation, promoting synaptic LTD (27). In our
study, we also show that a dysregulated autophagic flux with
reduced levels of the LC3B-II autophagosome marker cor-
relates with an increase in GluA1l AMPA receptor subunit.
Further elucidation on how exactly CYLD regulates
autophagy and AMPA endosomal trafficking is crucial to be
addressed in future studies.

We further noted the hippocampal up-regulation of mTOR
signaling upon deletion of CYLD in mice. Recently, CYLD has
been proposed to inhibit autophagic degradation at the stage of
autolysosome efflux in cardiomyocytes by blocking mTOR reac-
tivation (25). Controversially, in the same study of Qi et al., it
has been shown that knockdown of CYLD in mouse embryonic
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fibroblasts leads to increased autophagic flux, while CYLD
overexpression in cardiomyocyte leads to decreased mTOR sig-
naling, measured via decreased pS6K levels, which also implies
increased autophagosome formation (25). In addition, in vitro
overexpression of a specific gain-of-function mutation of
CYLD identified in amyotrophic lateral sclerosis (ALS)/fronto-
temporal dementia impairs autophagosome maturation (31).
mTOR is known to contribute to synaptic plasticity and mem-
ory through the regulation of protein synthesis, and mutations
in components of its pathway have been extensively associated
with neurodevelopmental disorders (32-34). For example,
peripheral blood mononuclear cells of individuals affected by
mild and severe idiopathic autism show an increased activity of
mTOR signaling, suggesting it as a molecular signature of clini-
cal ASD severity (32). Furthermore, mTOR signaling is also
one of the modulators of autophagy, and its activation inhibits
autophagy at an early step in autophagosome formation (35).
Tang et al. show that Ts¢2"/~ mice, in which mTOR is constitu-
tively hyperactive, are characterized by postnatal spine pruning
defects, ASD-like social behaviors, and decreased levels of the
autophagic marker LC3-II (36). Yan et al. demonstrate that
hippocampal neurons from Fmrl '~ mice modeling fragile X
syndrome are characterized by reduced autophagy, down-
regulation of LC3-1I, and overactivation of mTOR (37). Fur-
thermore, they show that Fmrl '~ neurons exhibit an accumu-
lation of ubiquitinated protein aggregates, indicating that
autophagy is involved here (37). Our analysis of hippocampal
tissue and synaptosome preparations recapitulate the pheno-
type described in both Tsc2*'~ mice and Fmrl '~ neurons, with
an overactivation of mTOR signaling and a decrease in LC3B-
II protein levels.

In addition to phosphorylation, K63 polyubiquitination is
also a posttranslational modification regulating mTOR activity.
Linares et al. described how the E3 ubiquitin ligase TRAF6 is
required for mTOR activation via K63 polyubiquitination, and
TRAF6 knockdown in cells leads to higher levels of LC3-II and
enhanced autophagic flux (29). Our data now indicate that
CYLD and mTOR interact in mouse hippocampi, which
strongly suggests that CYLD is a DUB for mTOR. It has been
previously proposed that TRAF6 and CYLD may contribute to
synaptic homeostasis in a precise equilibrium in order to regu-
late the K63 polyubiquitination status of specific synaptic tar-
gets (9). Thus, if TRAF6 is the E3 ubiquitin ligase responsible
for K63 polyubiquitination and activation of mTOR, CYLD
might regulate K63 deubiquitination and inactivation of
mTOR. One open question remains as to how K63 polyubiqui-
tination and phosphorylation concert mTOR activity and how
CYLD is specifically involved in these processes.

In summary, our study sheds light on the role of DUBs in
the context of neurodevelopmental disorders. We provide
strong evidence that CYLD is crucial to maintain synaptic
homeostasis in the hippocampus and, consequently, cognitive
function. It will be essential to identify the specific targets of
CYLD at the synaptic level in the future to better clarify its
precise molecular function within the neuronal circuitry under-
lying autism-like phenotypes. This will certainly pave a new way
to target the K63 ubiquitination machinery at the synapse for
the development of novel autism therapies.

Data Availability. All study data are included in the article and/or S/ Appendix.
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