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Cellular/Molecular

USP8 Deubiquitinates SHANK3 to Control Synapse Density
and SHANK3 Activity-Dependent Protein Levels

Meghan Kerrisk Campbell and “Morgan Sheng

Department of Neuroscience, Genentech, South San Francisco, California 94080

Mutations or altered protein levels of SHANKS3 are implicated in neurodevelopmental disorders such as Phelan-McDermid syndrome,
autism spectrum disorders, and schizophrenia (Guilmatre et al., 2014). Loss of SHANK3 in mouse models results in decreased synapse
density and reduction in the levels of multiple synaptic proteins (Jiang and Ehlers, 2013). The family of SHANK scaffolding molecules are
among the most heavily ubiquitinated proteins at the postsynaptic density. The ubiquitin-dependent proteasome degradation of SHANK
is regulated by synaptic activity and may contribute to activity-dependent synaptic remodeling (Ehlers, 2003; Shin et al., 2012). However,
the identity of the specific deubiquitinating enzymes and E3 ligases that regulate SHANK ubiquitination at synapses are unknown.
Here we identify USP8/UBPY as a deubiquitinating enzyme that regulates SHANK3 and SHANK]1 ubiquitination and protein levels. In
primary rat neurons, USP8 enhances SHANK3 and SHANK1 protein levels via deubiquitination and increases dendritic spine density.
Additionally, USP8 is essential for changes in SHANK3 protein levels following synaptic activity modulation. These data identify USP8 as

a key modulator of SHANK3 downstream of synaptic activity.
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ignificance Statement

SHANKS3 to ameliorate disease.

Precise regulation of the protein levels of the postsynaptic scaffolding protein SHANK3 is essential for proper neurodevelopment.
Mutations of SHANK3 have been identified in Phelan-McDermid syndrome, autism spectrum disorders, and schizophrenia
(Guilmatre et al., 2014). In this research, we identify USP8 as a key enzyme that regulates SHANK3 protein levels in neurons. USP8
acts to deubiquitinate SHANKS3, which prevents its proteasomal-mediated degradation and enhances overall dendritic spine
stability. In the future, the modulation of USP8 deubiquitinating activity could potentially be used to titrate the protein levels of
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Introduction

The ubiquitin—proteasome system (UPS) is a central mechanism
for protein degradation and turnover. Proteins are tagged for
degradation through a series of enzymatic reactions culminating
with the covalent attachment of K48 polyubiquitin chains to
specific lysine residues of target proteins via E3 ligases. This
polyubiquitination acts as a molecular tag to direct proteins to
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the proteasome for proteolysis (Bhattacharyya et al., 2014). Ubiq-
uitin is also used to regulate numerous nonproteolytic cellular
functions via conjugation as mono-ubiquitin or non-K48 link-
ages (Swatek and Komander, 2016). Due to its important roles in
fundamental cellular processes, the ubiquitination of proteins is
counterbalanced by a set of deubiquitinating enzymes (DUBs)
that remove ubiquitin from target proteins and thus inhibit their
degradation (Nijman et al., 2005).

In neurons, the UPS is an important mechanism used to reg-
ulate activity-dependent protein turnover and structural changes
at excitatory synapses (Ehlers, 2003; Bingol and Schuman, 2005;
Shin et al., 2012). The morphology of dendritic spines, the post-
synaptic actin-based protrusions that house excitatory synapses,
changes bidirectionally in response to synaptic activity, and the
size and shape of dendritic spines correlates with their synaptic
strength (Matsuzaki et al., 2004; Négerl et al., 2004; Sheng and
Hoogenraad, 2007; Araki et al., 2015). Postsynaptic density (PSD)
scaffolding molecules, particularly the SHANK and GKAP/SAPAP
family of proteins, are some of the most highly ubiquitinated pro-
teins at synapses, and their protein levels are controlled bidirec-
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tionally by synaptic activity (Ehlers, 2003; Hung et al., 2010; Shin
et al., 2012). Blocking synaptic activity results in a reduction of
SHANK ubiquitination and enhanced SHANK protein levels, while
increasing excitatory synaptic activity leads to heightened ubiquiti-
nation and loss of SHANK protein via proteasomal degradation
(Ehlers, 2003). SHANK proteins are abundant and highly concen-
trated in the PSD, where they interact with GKAP and PSD-95 family
members. Together, these scaffolds undergird the structure of the
PSD and coordinate intracellular responses to extracellular cues by
binding to multiple membrane receptors including NMDA and
metabotropic glutamate receptors, as well as intracellular cytoskel-
etal modulators and signaling enzymes including cortactin and
CaMKII (Naisbitt et al., 1999; Tu et al., 1999; Sheng and Hoogen-
raad, 2007; MacGillavry et al., 2016). Based on its central position
and functional effects, the SHANK family has been hypothesized to
play a master regulatory role in PSD organization and protein turn-
over at synapses (Sala et al., 2001; Shin et al., 2012).

The SHANK family of proteins consists of three members,
SHANK]1, SHANK?2, and SHANK3. Notably, multiple mutations
in SHANKS3 (heterozygous gene deletions, gene duplications, and
missense mutations) have been identified in neurodevelopmental
disorders, including Phelan-McDermid syndrome, autism spec-
trum disorders (ASDs), and schizophrenia (Guilmatre et al., 2014).
Recently, SHANK1 and SHANK?2 mutations have also been impli-
cated in neurodevelopmental disorders (Berkel et al., 2010, 2012;
Sato et al., 2012; Leblond et al., 2014). The human genetics findings,
together with numerous SHANK3 knock-out and transgenic mouse
studies (Pecaetal.,2011; Han etal., 2013; Lee et al., 2013; Schmeisser,
2015; Mei etal., 2016; Reim et al., 2017), highlight the importance of
the regulation of SHANK3 protein levels in vivo. However, the en-
zymes that regulate SHANK3 protein levels through ubiquitination
are poorly understood (Hung et al., 2010).

Due to the strong link to human disease and the known reg-
ulation of SHANKS3 turnover by UPS, we performed an unbiased
screen of DUBs that might regulate the protein level of SHANK3.
Weidentified USP8/UBPY as a regulator of SHANK3 ubiquitination
and protein levels in heterologous cells and neurons. USP8 con-
trols SHANK3 and SHANKI1 protein levels (but not GKAP or
PSD-95) via deubiquitination, which in turn controls dendritic
spine density in neurons. Furthermore, the knockdown of USP8
in neurons prevents bidirectional changes in SHANK3 protein
levels induced by altered synaptic activity. Together, these data
identify USP8 as a critical enzyme that deubiquitinates PSD scaf-
fold proteins SHANK3 and SHANK]1, thereby regulating synapse
number and size.

Materials and Methods

Animal use. All rodent experiments were approved by the Genentech
Animal Care and Use Committee and following the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

DNA constructs. A FLAG-tagged library of 114 human DUB cDNAs
was used for the DUB overexpression screen in pRK5 vectors, as de-
scribed previously (Bingol et al., 2014). The USP8 dead vector was gen-
erated using QuikChange II XL (Agilent Technologies) to introduce the
point mutation C786S. Human SHANK3 cDNA was synthesized at
GENEWIz into the phosphorylated (p) CDNA/FRT/TO (Invitrogen) for
stable cell line generation and into pCDNA vector with a TdTomato
tag for overexpression and immunofluorescence in cultured neurons. SHANK 1
HA-tagged pGW1 was provided by Dr. Eunjoon Kim’s laboratory at the
Korea Advanced Institute of Science and Technology (Daejeon, South
Korea). Human SHANK2 Myc-tagged pCMV, human GKAP pCMV,
and Myc-tagged rat USP8 cDNAs were purchased (OriGene Technolo-
gies). B-galactosidase (BGAL) and PSD-95 cDNA was described previ-
ously (Bingol et al., 2014). Rat USP8 shRNA constructs were purchased
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from OriGene Technologies and targeted the following sequences: USP8_A
(ATCTTGACCTGTCACAGTATGTTATTGGC), USP8_B (TTCGGA
CATCTCCGTGTCTTCTGTGAGGT), USP8_C (ATGAGAACTGGC
TCCTGTGCTATCCACAG), USP8_D (TCCGCCTGAGATGGCTCCT
TCGTCTGTGC), and nontargeting shRNA (catalog #TR30008, OriGene
Technologies). For knockdown in HEK293 cells, pools of four human
siRNAs were purchased (Dharmacon), and targeted the following se-
quences: USP8 (TGAAATACGTGACTGTTTA, GGACAGGACAGTA
TAGATA, AAATAAAGCTCAACGAGAA, GGCAAGCCATTTAAGA
TTA), SHANK3 (GATACAAGCGGCGAGTTTA, GGGCTTCACCTG
ACTACAA, CGAGATTAGCTCATTGTTT, CGACAAACCAACTGTG
ATC), and nontargeting pool #1 (D-001206-13-05). For knockdown in
primary cortical neuron cultures, the following Accell siRNAs were
purchased (Dharmacon): nontargeting control pool #1 D-001206, rat
SHANK3 SMARTpool E-080173, USP3 SMARTpool E-101133, UCHL1
SMARTYpool E-089822, USP22 SMARTpool E-083656, HDAC6 SMARTpool
E-095518, ATXN3 SMARTpool E-096577, JOSD1 SMARTpool E-081141,
and USP8 SMARTpool E-092861.

Antibodies and reagents. The following antibodies and reagents were
used: SHANK3 (catalog #162304, Synaptic Systems), guinea pig poly-
clonal antiserum used for immunofluorescence of cultured neurons
1:1000; SHANK3 (Clone S72-16 SAB5200047, Sigma-Aldrich), a mono-
clonal mouse antibody used for immunoblotting 1:500; SHANKI (catalog
#NB300-167 162013, Novus Biologicals), a polyclonal rabbit antibody used
for immunoblot and immunofluorescence at 1:1000; SHANK2 [Clone
N23B/6 75-088, NeuroMab at University of California, Davis (UC Davis),
Davis, CA; RRID: AB_2254586], a monoclonal mouse antibody used for
immunoblotting and immunofluorescence at 1:1000; Pan SHANK
(Clone N23B/49 75-089, NeuroMab UC Davis; RRID:AB_11213314), a
monoclonal mouse antibody used for immunoblotting 1:1000; B-actin-
HRP conjugate (Clone 13E5 5125, Cell Signaling Technology; RRID:
AB_1903890), a monoclonal rabbit antibody used for immunoblotting
1:5000; FLAG (Clone M2 F1804, Sigma-Aldrich; RRID:AB_262044), a
monoclonal mouse antibody used for immunoblotting 1:2000; Myc-tag
HRP conjugate (Clone 9B11, Cell Signaling Technology; RRID:AB_10707162),
mouse monocolonal antibody used for immunoblotting 1:2000; PSD-95
(Clone K28/43, NeuroMab UC Davis; RRID:AB_2292909), a monoclo-
nal mouse antibody used for immunoblotting and immunofluorescence
of cultured neurons 1:1000; GKAP (catalog #13602, Cell Signaling Tech-
nology), a polyclonal rabbit antibody used for immunoblotting 1:2000;
GKAP (Clone S127-31 NBP1-47612, Novus Biologicals; RRID:AB_10010569),
amonoclonal mouse antibody used for immunofluorescence of cultured
neurons 1:1000; HOMERI1A (catalog #8231, Cell Signaling Technology),
a polyclonal rabbit antibody used for immunofluorescence of cultured
neurons 1:1000; USP8 (Clone US872 SAB4200527, Sigma-Aldrich), a
mouse monoclonal antibody used for immunoblotting 1:100; ubiquiti-
nated proteins (Clone FK2 04263, Millipore; RRID:AB_612093), a
monoclonal mouse antibody used for immunoblotting 1:1000; HA-Tag
(Clone C29F4, Cell Signaling Technology; RRID:AB_1549585), a rabbit
monoclonal antibody used for immunoblotting at 1:2000; MG132 (cat-
alog #52619, Selleckchem; DMSO (catalog #D8418, Sigma-Aldrich; te-
trodotoxin (TTX; BML-NA120, Enzo Life Sciences); bicuculline (BICC;
catalog #14343, Sigma-Aldrich); PR-619 (catalog #SI19619, LifeSensors);
1,10-phenanthroline (catalog #519649, LifeSensors); N-ethylmaleimide
(NEM; catalog #E3876, Sigma-Aldrich); papain (catalog #L.S003119,
Worthington Biochemical Corporation); Neurobasal medium (catalog
#21103-049, Invitrogen; poly-p-lysine (catalog #P7280, Sigma-Aldrich);
mouse laminin (catalog #23017-015, Invitrogen); B27 medium (catalog
#17504-044, Invitrogen); GlutaMAX (catalog #35050, Invitrogen); Pen/
Strep (catalog #15140, Invitrogen); Lipofectamine 2000 (catalog
#11668027, Invitrogen); FLAG magnetic beads (catalog #M8823, Sigma-
Aldrich); Pierce Protein A/G Agarose Beads (catalog #20423, Thermo
Fisher Scientific; Tandem Ubiquitin Binding Entity (TUBE) magnetic
beads (catalog #UM402M, LifeSensors); recombinant USP8 (E-520, Bos-
tonBiochem); TRIzol Reagent (catalog #15596026, Thermo Fisher Sci-
entific); iScript cDNA Synthesis Kit (catalog #1708890, Bio-Rad); and
SHANK3 and HPRT1 TagMan Probes (Applied Biosystems).

Generation of stable cell line. Stable SHANK3 doxycycline-inducible
cell lines were generated using Flp-In T-Rex Core Kit (catalog #K6500-
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01, Invitrogen). Briefly, pOG44 Flp-recombinase pCDNA and SHANK3
human pCDNA/FRT/TO were transfected into HEK293 Flp-In T-REx
cells at a 9:1 ratio. Forty-eight hours post-transfection, cell lines were
transferred to selection media containing 50 pg/ml hygromycin and 15
pg/ml blasticidin. Media were exchanged every 3—4 d for ~2 weeks before
the development of cell foci. These foci were placed into independent cul-
tures, expanded, and tested for dox-inducible expression of SHANK3. Pos-
itive clones were picked and maintained in selection media. A single stable
clone was used for all experiments presented in this article.

Deubiquitinating enzyme overexpression screen. Stable SHANK3 HEK293
cells were plated in 24 wells with doxycycline, and each well was trans-
fected with a separate DUB from the library. BGAL was transfected as a
baseline control, and BGAL-transfected cells were treated with 1 um
MG132 for 24 h as a positive control. Cell lysates were collected 76 h
post-transfection and resolved via SDS-PAGE, then were analyzed by
immunoblotting for SHANK3, FLAG-DUB, and ACTIN. Band intensity
was measured using ImageLab software (Bio-Rad), and SHANK3 inten-
sity was normalized to ACTIN as a loading control. The screen was run
twice with two technical replicates each time, and data were pooled,
resulting in 11 SHANK3 DUB hits that significantly increased SHANK3
expression over that of the control. A subsequent, more stringent screen
was run to further narrow down the list of candidate DUBs. The 11
significant DUBs were transfected into stable SHANK3 cells for 24 h and
then assayed as described above for SHANK3 protein expression. The
screen was run three times with two technical replicates each time, and
data were pooled, resulting in seven statistically significant SHANK3
candidate DUBs. To determine whether MG132 and USP8 overexpres-
sion had an additive effect, we transfected USP8 or BGAL control in
stable SHANK3 HEK293 cells for 24 h and then treated them with 1 um
MG132 or vehicle for an additional 24 h. SHANK3 protein expression
levels were then assayed as described above.

RNA extraction, RT-PCR, and TaqMan real-time PCR assay. Stable
SHANK3 HEK293 cells were plated in six-well plates with doxycycline,
and each well was transfected with either BGAL control or USP8 for 48 h.
Total RNA was extracted with TRIzol reagent following the manufac-
turer instructions. Two micrograms of RNA was used for cDNA synthe-
sis using the iScript kit. Then a TagMan gene expression assay was run for
each ¢cDNA sample in triplicate with a standard curve and SHANK3
mRNA levels were normalized to the housekeeping gene HPRT1.

Primary neuronal culture. Embryos from timed pregnant Sprague
Dawley rats were removed at embryonic day 18 and decapitated into cold
HBSS/HEPES buffer. The hippocampus or cortex and hippocampus (as
indicated in figure legends) were dissected and placed into 5 ml of HBSS/
HEPES buffer. Tissue was washed four times before digestion at 37°C for
20 min with papain (0.5 ml at 200 U/ml into 4.5 ml HBSS/HEPES buffer
with tissue). Tissue was washed four times with warm HBSS/HEPES
buffer and once with Neurobasal medium. Dissociated tissue was tritu-
rated and passed through a 70 pum filter before plating on poly-p-lysine/
laminin-coated plates or coverglass with Neurobasal medium supplemented
with B27, Glutamax, and Pen/Strep media. Cells were plated at a density of
120,000 cells/well in 24-well plates with coverglass for imaging or 250,000
cells/well in 24-well plates and 8 million cells/6 cm plate for biochemical
experiments. Media were exchanged 100% 35 h after initial plating and
then exchanged 50% once per week.

Knockdown and analysis of DUBs in primary neuronal cultures. Accell
siRNAs from Dharmacon were added to primary hippocampal neuronal
cultures at day in vitro 10 (DIV10) at a final concentration of 1 um and
refreshed at DIV14. Cultures were lysed at DIV18 and resolved on 4—8%
Tris-acetate gels. Gels were analyzed by quantitative immunoblotting
using ImageLab software (Bio-Rad), and SHANK3 intensity was normal-
ized to actin as a loading control. The quantifications are from four
independent cultures with two to four replicates from each culture.

Transfection, immunofluorescence, and quantification of primary
neuronal cultures. Primary neuronal cultures were transfected between
DIV12 and DIV14 with Lipofectamine 2000. Neurons were transfected
by incubating cells with 2 ul of Lipofectamine, 400—1000 ng of DNA, and
500 pl of Neurobasal medium for 45 min. In some experiments, neurons
were treated with the following drugs before fixation: DMSO (3 or 24 h,
vehicle control used at same volume as drug treatment), MG132 (3 h,
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1 um), TTX (24 h, 1 um), and BICC (24 h, 40 um). Cells were fixed 1-3 d
post-transfection, as indicated in figure legends, using 4% paraformal-
dehyde in PBS for 12 min at room temperature or 4% paraformaldehyde
in PBS for 2 min at room temperature followed by 10 min at —20°C with
100% methanol. Cells were permeabilized and blocked using GDB buffer
(0.2% gelatin, 0.5% Triton X-100, 0.8 M NaCl in PBS) and incubated with
primary antibodies overnight at 4°C. Primary antibodies were visualized
using Alexa Fluor dye-conjugated secondary antibodies. For experiments
using fluorescent tags (GFP, TdTomato), antibodies were not used to visu-
alize these tags. Images were acquired by a single experimenter blinded to
transfection or treatment using a Zeiss LSM780 laser scanning confocal
microscope with a 100X oil-objective (0.5 um confocal z-step size).
Images were quantified by a single experimenter blinded to transfection
or treatment using Image] software. Image z-stacks were collapsed into
maximum projections and thresholded before analysis. In Figure 1A, the
fluorescence intensity of the entire field was quantified (81.92 X 81.92
um). For all other figures, a segment of secondary dendrite (20 X 5 wm)
was selected for analysis. For Figure 1, E and F, and Figure 2, A, B, E, G,
and H, the entire fluorescence intensity was measured in the SHANK3
channel and normalized to the entire fluorescence intensity in the GFP
channel. Spine density was calculated by counting the number of den-
drite protrusions <2 wm in length using the GFP channel. For Figure 3,
Fand G, Figure 44, and Figure 6, A and B, images were processed using
the “Analyze Particles” macro in Image]J to obtain a fluorescence inten-
sity per puncta, size of individual puncta, and puncta number per 20 um.
The cumulative frequency of puncta intensity and size was calculated
using Prism 6 software for Figure 3G.

Tandem ubiquitin binding domain pulldown. Ubiquitination of pro-
teins was determined using a magnetic TUBE pulldown assay. TUBEs
recognize tetra-ubiquitin in the nanomolar range and have been demon-
strated to bind to all seven linkage types. For pulldowns, cells were treated
with 1 um MG132 for 3-5 h before lysis. Cells were lysed (50 mm Tris, pH
7.5,150 mm NaCl, 1 mm EDTA, 1% NP-40, 10% glycerol) with protease,
phosphatase, and DUB inhibitors and lysates were clarified by centrifu-
gation for 10 min at 14,000 X g at 4°C. Input samples were removed
before adding 40 ul of magnetic-TUBE slurry to 1 ml oflysate. Inputs and
pulldowns were rotated overnight at 4°C. Beads were then washed three
times with TBST (20 mwm Tris, pH 8.0, 150 mm NaCl, 0.1% Tween-20),
and samples were resolved with SDS-PAGE, where input lanes contain
1-5% of protein lysate and were analyzed by immunoblotting.

In vitro direct deubiquitination assay. HA-tagged ubiquitin was cotrans-
fected along with SHANK1, SHANK?2, or SHANKS3 in six-well plates of
HEK293 cells using Lipofectamine 2000 for 48 h. Cell were treated with 1
M MG132 for 3-5 h before lysis. Cells were lysed in RIPA buffer with
protease, phosphatase, and DUB inhibitors, and then heated to 85°C for
10 min to kill any remaining DUB activity and to disrupt any protein—
protein interactions. Lysates were then cooled to 4°C and normalized to
total protein concentration. Lysates were precleared with protein A/G
beads for 20 min rotating at 4°C. Beads were removed, and lysates were
incubated overnight at 4°C with 2 ug of PAN SHANK antibody. The
following day, immune complexes were precipitated with protein A/G
beads for 2 h at 4°C followed by washing with RIPA buffer three times and
then reconstituting in 100 ul of DUB buffer (10 mm Tris-HCI, pH 8, 1 mm
dithiothreitol, 1 mm EDTA). Next, immunoprecipitated lysates were incu-
bated with vehicle, 5 um purified recombinant USP8, or 5 um purified re-
combinant USP8 plus a 40 mm N-ethylmaleimide DUB inhibitor rotating
for 37°C for 90 min. Beads were again washed three times and then
incubated in sample loading buffer for 10 min at 100°C before loading on
SDS-PAGE and Western blotting for SHANK and HA-ubiquitin.

Experimental design and statistical analysis. All statistical analyses were
performed using GraphPad Prism 6 software. A p value <0.05 was re-
garded as statistically significant, and specific statistical tests along with p
values are reported within each figure legend. All data are displayed as the
mean with SEM, and significance is represented with asterisks (*) or
hashtags (#) within the figures. One-way ANOVA with post hoc Student’s
ttests were used to analyze the quantification of the DUB screen in Figure
1D-F, and I, and Figure 2, A and B. All imaging data were collected and
quantified by a single experimenter blinded to condition or treatment, and
data were analyzed from three to five independent primary cultures with
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Figure1.  Screen for deubiquitinating enzymes that modulate SHANK3. 4, DIV21 dissociated rat cortical neurons were treated for 3 h with DMSO (vehicle) or T um MG132 (proteasome inhibitor)
and were stained for endogenous SHANK3. SHANK3 immunofluorescence intensity increases with MG132 treatment. Scale bar, 5 wm. n = 10 images; 1 culture; Student’s t test, p = 0.0248.
B, Stable human SHANK3-expressing cell line shows increase in SHANK3 protein levels upon proteasome inhibition with 0.5 um MG132 over time. €, Representative Western blots of SHANK3 and
actin after overexpression of individual FLAG-tagged DUBs from a human cDNA library for 76 h in stable SHANK3-expressing cells. Blots show BGAL control, BGAL with MG132 treatment as a positive
control, the seven DUBs that increase SHANK3 protein levels, and three control DUBs that do not show a difference with control, USPL1, USP1, USP30. D, Quantification of SHANK3/ACTIN intensity
reveals seven DUBs with statistically significant increases compared with BGAL control. BGAL transfected cells treated with MG132 was used as a positive control. n = 5 biological replicates with
n = 2-3 technical replicates per experiment. One-way ANOVA: F = 2.316, p << 0.0001; post hoc Student’s  test, BGAL vs MG132, p = 0.0001; BGAL vs USP3, p = 0.0033; BGALvs USP22,p =
0.0279; BGALvs HDAC6, p = 0.0112; BGALvs ATXN3, p = 0.0332; BGALvs UCHLT, p = 0.0249; BGALvsJOSD1, p = 0.0427; BGALvs USP8, p = 0.021. E-G, DIV15 rat hippocampal neurons were
transfected with GFP, SHANK3-TdTomato, and individual FLAG-tagged DUBs (as indicated) for 24 h. Confocal microscope images were obtained by observers blinded to transfection conditions, and
collapsed z-stack images were quantified by a single blinded experimenter. E, F, Overexpression of USP8 results in a significant increase in SHANK3-TdTomato/GFP intensity (E) and dendritic spine
density (F).n = 3-5independent cultures, ~10 neurons quantified for each condition per culture. Intensity: one-way ANOVA: F = 3.093, p = 0.0146; post hoc Student's t test: BGALvs USP8,p =
0.0002; spine density: one-way ANOVA: F = 4.595, p = 0.0011; post hoc Student’s ¢ test: BGAL vs USP8, p = 0.0068. G, Representative images. Scale bar, 20 .um. H, I, Overexpression of USP8 in
combination with 1 um MG132 treatment (USP8+MG132) for 24 h does not have an additive effect compared with USP8 or MG132 alone. One-way ANOVA: F = 12.18, p = 0.0002; post hoc
Student'st test: BGALvs BGAL + MG132,p = 0.004; BGALvs USP8,p = 0.0061; BGALvs USP8 + MG132, p = 0.0007.J, Quantification by TagMan qPCR of total SHANK3 mRNA relative to HPRT1
mRNA in stable human-SHANK3-expressing HEK293 cells following the overexpression of either BGAL or USP8. Student’s  test, p = 0.077. *p << 0.05, **p << 0.01, ***p << 0.001.
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Figure2. Overexpression of deubiquitinating enzymes in dissociated neurons. 4, B, DIV15 rat hippocampal neurons were transfected with GFP and individual FLAG-tagged DUBs (as indicated)
for 24 h. Confocal microscope images were obtained by an observer blinded to transfection conditions, and collapsed z-stack images were quantified by a single blinded experimenter.
A, B, Overexpression of USP8 results in a significant increase in endogenous SHANK3/GFP intensity (A) and dendritic spine density (B). n = 3—5 independent cultures; ~10 neurons quantified for
each condition per culture. Intensity: one-way ANOVA: F = 8.605, p << 0.0001; post hoc Student’s t test: BGAL vs USP8, p << 0.0001; spine density: one-way ANOVA: F = 2.478, p = 0.018; post hoc
Student's t test: 3GAL vs USP8, p = 0.0008. C, D, Overexpression of catalytically dead mutant USP8 —(786S in the human SHANK3-expressing stable cells does not increase SHANK3 protein levels
like WTUSP8. n = 9independent transfections per construct. One-way ANOVA: F = 16.28, p << 0.0001; post hoc Student's ¢ test: BGAL vs USP8, p << 0.0001; BGAL vs (7865, p = 0.1062; USP8vs
(7865, p = 0.0022. E, F, Overexpression of WT USP81in DIV15 rat hippocampal cultures results in an increase in SHANK3-TdTomato intensity and dendritic spine density compared with BGAL control
or USP8 —(786S (enzyme dead). n = 3 independent cultures, ~10 neurons/culture. Intensity: one-way ANOVA: F = 9.338, p = 0.0002; post hoc Student’s t test: BGAL vs USP8, p = 0.0002; BGAL
vs (7865: p = 0.6652; USP8 vs (7865, p = 0.0176; spine density: one-way ANOVA: F = 7.175, p = 0.0015; post hoc Student's  test: 3GAL vs USP8, p = 0.0079; BGALvs (786S, p = 0.3168; USP8
vs (7865, p = 0.0007. F, Representative images. Scale bar, 5 um. G-I, DIV15 rat hippocampal neurons were transfected with GFP and USP8 or USP8 —(786S (enzyme dead) for 24 h and stained for
endogenous SHANK3. Confocal microscope images were obtained by observers blinded to transfection conditions and collapsed z-stack images were quantified by a single blinded experimenter.
G, H, Overexpression of USP8, but not USP8 —(786S, results in an increase in immunofluorescence intensity of endogenous SHANK3 clusters (G) and in dendritic spine density (H) compared with
control.n = 3independent cultures, ~10 neurons quantified for each condition per culture. Intensity: one-way ANOVA: F = 11.46, p << 0.0001; post hoc Student’s t test: BGALvs USP8, p = 0.0001;
BGALvs (7865, p = 0.6596; USP8 vs (7865, p = 0.0027; spine density: one-way ANOVA: F = 9.888, p = 0.0001; post hoc Student’s t test: BGAL vs USP8, p = 0.0026; BGAL vs (786S, p = 0.2037;
USP8 vs (786, p = 0.0007. I, Representative images. Scale bar, 5 m. *p << 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3.  USP8 regulates SHANK3 protein levels and dendritic spine density in neurons. A, Primary hippocampal neurons were treated from DIV10 to DIV18 with Accell siRNA to knock down
individual DUBs (as indicated) or SHANK3. SHANK3 protein levels were measured by immunoblot and normalized to actin. Knockdown of SHANK3 or USP8 resulted in a significant loss of SHANK3
protein levels relative to control. One-way ANOVA: F = 2.899, p = 0.0051; post hoc Student’s t test: Control vs SHANK3, p = 0.0007; Control vs USP8, p = 0.0046. B, Representative Western blots
from knockdown with control (CTRL) or USP8 siRNA. €, Knockdown of USP8 or SHANK3 with Dharmacon ON-TARGET siRNA pools in stable SHANK3-expressing cells for 72 h significantly reduces
SHANKS3 protein levels. n = 4 independent cultures. One-way ANOVA: F = 137.1, p << 0.0001; post hoc Student’s ¢ test: CTRL vs USP8, p = 0.0006; CTRL vs SHANK3, p << 0.0001; USP8 vs SHANK3,
p <<0.0001. D, HEK293 cells were transfected with MYC-tagged rat USP8 and four shRNA constructs targeting rat USP8 or a scrambled shRNA control for 72 h. Cell lysates were blotted for& MYCand
actin loading control. shRNA constructs A and B efficiently knocked down USP8 65—-90% and were used in all of the following experiments. E, Representative images. Scale bar, 5 um. F, Rat
hippocampal dissociated neurons were transfected at DIV14 with a scrambled shRNA or one of two shRNAs that target rat USP8 (USP8_A, USP8_B) for 72 h. At DIV17, neurons were fixed and stained
for endogenous SHANK3. Collapsed z-stack images were thresholded, and a mask was developed to identify SHANK3 puncta by a single blinded experimenterina 20 X 5 pm region of interest.
Knockdown of USP8 results in decreased SHANK3 punctaintensity, reduced SHANK3 puncta size, and fewer SHANK3 puncta/20 pum of dendrite. n = 3independent cultures, ~ 10 neurons quantified
for each condition per culture. Puncta intensity: one-way ANOVA: f = 15.89, p << 0.0001; post hoc Student’s t test: scrambled vs USP8_A, p << 0.0001; scrambled vs USP8_B, p << 0.0001; USP8_A
vs USP8_B, p = 0.9341; punctasize: one-way ANOVA: F = 19.68, p << 0.0001; post hoc Student's t test: scrambled vs USP8_A, p << 0.0001; scrambled vs USP8_B, p << 0.0001; USP8_Avs USP8_B,
p = 0.9352; puncta count: one-way ANOVA: F = 18.50, p << 0.00071; post hoc Student’s ¢ test: scrambled vs USP8_A, p << 0.0001; scrambled vs USP8_B, p << 0.0001; USP8_A vs USP8_B, p =
0.9943. G, Cumulative frequency of SHANK3 puncta intensity and puncta size was significantly reduced in USP8 knock-down neurons relative to control. Cumulative frequency puncta intensity:
scrambled, n = 374; USP8_A, n = 184; USP8_B, n = 19; Kolmogorov—Smirnov test: scrambled vs USP8_A, p = 0.0007; scrambled vs USP8_B, p = 0.0002; USP8_A vs USP8_B, p = 0.9473;
cumulative frequency puncta size: scrambled, n = 375; USP8_A, n = 184; USP8_B, n = 196; scrambled vs USP8_A, p = 0.0012; scrambled vs USP8_B, p << 0.0001; USP8_A vs USP8_B, p =
0.9410. **p < 0.01, ***p < 0.001.
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Figure 4.  Knockdown of USP8 leads to a loss of synaptic puncta and regulates SHANK1 puncta size and intensity. A, Rat hippocampal dissociated neurons were transfected at DIV14 with a
scrambled shRNA or one of two shRNAs that target rat USP8 (USP8_A, USP8_B) for 72 h. At DIV17, neurons were fixed and stained for endogenous synaptic proteins with antibodies to SHANKT,
SHANK2, PSD-95, GKAP, and HOMER1A. B, Collapsed z-stack images were thresholded and a mask was developed to identify synaptic protein puncta by a single blinded experimenterina 20 X 5
um region of interest. Knockdown of USP8 causes a reduction in SHANKT synaptic puncta intensity and size, while SHANK2, PSD-95, GKAP, and HOMERTA puncta are unaffected. The number of
synaptic protein puncta per 20 .m are reduced for all, with the exception of HOMER1A not reaching significance. n = 3—5 independent cultures, ~10 neurons quantified for each condition per
culture. Puncta intensity SHANK1: one-way ANOVA: F = 12.37,p << 0.0001; post hoc Student's t test: scrambled vs USP8_A, p << 0.0001; scrambled vs USP8_B p = 0.0014; USP8_Avs USP8_B,p =
0.5416; puncta intensity SHANK2: one-way ANOVA: F = 0.5540, p = 0.5772; puncta intensity PSD-95: one-way ANOVA: F = 2.583, p = 0.0837; puncta intensity GKAP: one-way ANOVA: F =
0.4559, p = 0.6356; puncta intensity HOMER1A: one-way ANOVA: F = 1.899, p = 0.1566; puncta size SHANK1: one-way ANOVA: F = 4.553, p = 0.0147; post hoc Student’s ¢ test: scrambled vs
USP8_A, p = 0.0371; scrambled vs USP8_B, p = 0.0304; USP8_A vs USP8_B, p = 0.9995; puncta size SHANK2: one-way ANOVA: F = 0.5615, p = 0.5728; puncta size PSD-95: one-way ANOVA: F = 1.804,
p = 0.1732; puncta size GKAP: one-way ANOVA: F = 0.7936,p = 0.4559; puncta size HOMER1A: one-way ANOVA: F = 1.222, p = 0.3002; puncta number SHANK1: one-way ANOVA: F = 9.892, p = 0.0002;
post hoc Student’s t test: scrambled vs USP8_A, p = 0.0002; scrambled vs USP8_B, p = 0.0054; USP8_A vs USP8_B, p = 0.4991; puncta number SHANK2: one-way ANOVA: F = 6.297, p = 0.0030; post
hoc Student’s ¢ test: scrambled vs USP8_A, p = 0.0031; scrambled vs USP8_B, p = 0.0245; USP8_A vs USP8_B, p = 0.7621; puncta number PSD-95: one-way ANOVA: F = 13.88, p < 0.0001;
post hoc Student's t test: scrambled vs USP8_A, p = 0.0006; scrambled vs USP8_B, p << 0.0001; USP8_A vs USP8_B, p = 0.5508; puncta number GKAP: one-way ANOVA: F = 5.567, p = 0.0054;
post hoc Student’s ¢ test: scrambled vs USP8_A, p = 0.0066; scrambled vs USP8_B, p = 0.0302; USP8_A vs USP8_B, p = 0.8321; puncta number HOMER1A: one-way ANOVA: F = 1.621,p =
0.2040. B, Representative images. Scale bar, 5 wm. *p << 0.05, **p << 0.01, ***p < 0.001.

~10 neurons images per culture (n = number of neurons). One-way
ANOVA with post hoc Student’s ¢ tests were used to analyze the quantifica-
tion of USP8 overexpression or knockdown in Figure 11, Figure 2, G, E, G,
and H, Figure 3, A, C, and F, Figure 44, and Figure 6, A and B. The cumula-
tive frequency was analyzed with Kolmogorov—Smirnov tests, shown in Fig-
ure 3G. A repeated-measures ANOVA with post hoc Student’s ¢ tests were
used to analyze the TUBE pulldown assays in Figure 5, B and D.

Results

Identification of USP8 as a putative SHANK3 DUB using an
unbiased overexpression screen

To confirm that SHANKS3 is regulated by the ubiquitin-proteasome
in neurons, we treated cultured dissociated rat cortical neurons at

DIV21 for 3 h with the proteasome inhibitor MG132. Compared
with vehicle control, MG132 increased the level of endogenous
SHANKS3 protein by ~25%, as measured by the immunofluores-
cence intensity of SHANK3 puncta (Fig 1A).

By deubiquitinating their substrates, DUBs should protect
substrates from proteasome degradation and lead to higher
steady-state levels of those substrates. To identify specific DUBs
that might regulate the ubiquitination of SHANKS3, we per-
formed an unbiased screen of DUBs for their ability to boost
SHANKS3 protein levels in a stable HEK293 cell line engineered to
overexpress SHANK3. SHANK3 protein expression increased over
time following MG132 treatment, confirming it can be degraded
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by the proteasome in this cell line (Fig 1B).
From a FLAG-tagged human DUB cDNA
library containing all 114 known human
DUBs, we found that seven DUBs (USP3,
UCHLI, USP22, HDAC6, ATXN3, JOSDI,
USP8) consistently and significantly in-
creased SHANK3 protein expression in
this stable cell line, compared with BGAL
control (Fig 1C,D). The degree of eleva-
tion of SHANK3 induced by the coexpres-
sion of these seven DUBs was comparable
to MG132 treatment (Fig 1C,D).

To determine whether these seven DUBs
regulate SHANK3 protein expression in neu-
rons, we transfected USP3, UCHLI, USP22,
HDAC6, ATXN3, JOSDI, or USP8 individu-
ally in DIV16 rat dissociated hippocampal
neurons along with SHANK3-TdTomato
and GFP. As expected, SHANK3-TdTomato
localized in a punctate synaptic pattern
along dendrites (Fig. 1G). Only cotrans-
fection of USP8 resulted in a significant
increase in SHANK3-TdTomato inten-
sity, whereas the other six DUBs tested
had no significant effect (Fig 1E). Enhanc-
ing SHANKS3 protein levels is known to
increase dendritic spine number and pro-
mote synapse stability (Roussignol et al.,
2005; Durand et al., 2012). Indeed, we
found that the overexpression of USP8
also led to an ~60% increase in dendritic
spine density in transfected neurons com-
pared with BGAL control, perhaps due to
the increase in SHANK3 protein expression
(Fig 1F). To determine whether these seven
DUBs can act on endogenous SHANK3, we
overexpressed each DUB individually in
DIV16 hippocampal neurons and immu-
nostained for SHANK3. We found that
only the overexpression of USP8 resulted
in a significant increase in endogenous
SHANK3 protein expression (Fig. 2A), as
well as a 45% increase in dendritic spine
density (Fig. 2B). These results are consistent
with a role for USP8 in deubiquitinating
SHANKS3 and preventing its degradation
via the proteasome.

To test whether the effects of USP8
overexpression and proteasome inhibition
might occlude each other, we combined USP8
overexpression with proteasome inhibitor
treatment (USP8+MG132) in SHANKS3 sta-
ble HEK293 cells. This combination did not
elevate SHANKS3 protein levels more than
either USP8 or MG132 alone (Fig. 1 H,I).

The lack of additivity of the effects of USP8 and MG132 on
SHANKS3 protein levels is consistent with the idea that USP8
overexpression is acting via the inhibition of UPS degradation of
SHANKS3. USP8 overexpression was associated with a slight but
nonsignificant decrease in SHANK3 mRNA (Fig. 1]), excluding
the possibility that the elevation of SHANK3 protein levels upon
USP8 overexpression is due to increased transcription of
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Figure 5.  USP8 regulates the ubiquitination of SHANK3 and SHANK1. A, Representative immunoblots from assays that

used TUBEs coupled to magnetic beads to pull down polyubiquitinated proteins. Stable SHANK3-expressing cells were
transfected with BGAL control, USP8, or USP8 —(786S (enzymatic dead) and were treated with the proteasome inhibitor
MG132 for 3 h before lysis and pulldown. B, Intensity of SHANK3 immunoblot bands from pulldown lanes were quantified.
Overexpression of USP8 leads to a decrease in the level of polyubiquitinated SHANK3 relative to 3GAL control or USP8 —
(786S. n = 4 assays from independent cultures. One-way ANOVA: F = 12.63, p = 0.0024; BGAL vs USP8, p = 0.0264;
BGAL vs (7865, p = 0.2388; USP8 vs (786S, p = 0.0020. C, Representative immunoblots of TUBE pulldown assays from
HEK293 lysates transiently transfected with SHANK1, SHANK2, PSD-95, or GKAP along with BGAL, USP8, or USP8 —(786S.
D, Quantification of TUBE pulldown assays from C. SHANKT was less ubiquitinated when USP8 was overexpressed relative
to BGAL control or USP8 —(786S. SHANK2, PSD-95, and GKAP polyubiquitination were unaffected by USP8 overexpression.n =
3-5 assays from independent cultures. SHANK1: one-way ANOVA: F = 14.53, p = 0.0015; BGAL vs USP8, p = 0.0085; BGAL vs
(7865, p = 0.4814; USP8 vs (7865, p = 0.0016; SHANK2: one-way ANOVA: F = 0.9666, p = 0.4326; PSD-95: one-way ANOVA:
F=3.235, p = 0.5189; GKAP: one-way ANOVA: F = 0.03123, p = 0.9693. E, Ubiquitinated SHANK proteins were immunopre-
cipitated from HEK293 cells overexpressing SHANK1, SHANK2, or SHANK3 together with HA-ubiquitin and treated with MG132.
Immunoprecipitated SHANK1, SHANK2, or SHANK3 was incubated with vehicle, recombinant USP8, or recombinant USP8 plus the
DUBinhibitor NEMin an in vitro deubiquitination assay. HA-ubiquitin signal on SHANK3 and SHANK1 was reduced by recombinant
USP8.*p < 0.05, **p < 0.01.

USP8 regulates SHANK3 and SHANK]1 protein expression
and dendritic spine density in hippocampal neurons

To determine whether USP8 DUB activity is important for the
increase in SHANKS3 protein levels, we made a USP8 “dead” en-
zyme by mutating the catalytic cysteine residue to a serine (USP8-
C786S). This mutation has previously been shown to kill the
enzyme activity while preserving the overall structure and folding
of USP8 (Wu et al., 2004; Mizuno et al., 2005; Avvakumov et al.,
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2006). In contrast to wild-type (WT) USPS8, the overexpression of
USP8-C786S did not change SHANKS3 levels in the SHANK3
stable HEK293 cell line (Fig 2C,D) and did not significantly
change SHANK3-TdTomato intensity or dendritic spine density
in hippocampal neurons (Fig 2 E, F). Thus, DUB activity is nec-
essary for the positive effects of USP8 on SHANKS3 protein levels
and dendritic spine density. To investigate whether USP8 DUB
activity is important for regulating endogenous SHANK3, we
transfected USP8 or USP8-C786S in DIV15 hippocampal neu-
rons and quantified endogenous SHANKS3 intensity using immu-
nofluorescence 24 h later. Compared with BGAL control, the
overexpression of USP8 increased the endogenous protein levels
of SHANK3 by approximately twofold as measured by immuno-
fluorescence intensity of SHANK3 and led to an ~45% increase
in spine density. These changes were not observed with overex-
pression of the catalytically dead mutant USP8-C786S (Fig. 2G—
I), further supporting the hypothesis that USP8 deubiquitinates
endogenous SHANK3 and prevents its proteasome degradation.

We next examined the effect of the loss of function of individual
DUBs in primary hippocampal neurons. Loss of DUB function
should result in a reduction of substrate levels due to enhanced ubig-
uitination and targeting of the substrate to the proteasome and
subsequent degradation. We used Accell siRNAs to knock down
each DUB for 8 d in mature primary hippocampal cultures and
quantified total SHANK3 levels by immunoblotting. Among the
seven DUBs tested, only siRNA knockdown of the DUB USP8, or
the knockdown of SHANK3 itself, resulted in a significant loss of
SHANKS3 protein levels (Fig. 3A,B). These findings further
support the hypothesis that USP8 plays an important role in
deubiquitinating SHANK3. Additionally, in the stable HEK293
SHANK3-expressing cells, 60% knockdown of the endogenous
human USP8 with siRNA resulted in an ~50% reduction in
SHANKS3 protein levels (Fig 3C).

To further investigate the impact of loss of USP8 on endoge-
nous SHANK3 in rat hippocampal neurons, we used shRNAs
targeting rat USP8. Two of four shRNA-expressing constructs
tested (shRNA_A and shRNA_B) were effective in knocking down
USP8 protein expression when transiently cotransfected with rat
myc-tagged USP8 cDNA in heterologous HEK293 cells (Fig. 3D).
Relative to a scrambled shRNA control, shtRNA_A and shRNA_B
resulted in 90% and 65% loss of USP8 protein after 72 h, respec-
tively (Fig 3D). We tested the knockdown of USP8 for 3 d in
DIV17 hippocampal neurons using the shRNA_A, shRNA_B, or
scrambled shRNA control. shRNA-transfected neurons were iden-
tified by GFP that was expressed from the same vector. We used
Image]J software to identify SHANK3 puncta along a segment of
transfected dendrite and quantified SHANK3 intensity per puncta.
Knockdown of USP8 resulted in an ~50% reduction in the den-
sity of SHANK3 puncta and an ~30% decrease in SHANK3 im-
munofluorescence intensity and size of the puncta that remain
(Fig 3E, F). The decrease in size and intensity of SHANK3 puncta
is also indicated by a significant leftward shift of the cumulative
frequency graphs of individual puncta size and density (Fig 3G).

Beyond SHANKS3, we sought to determine whether USP8
knockdown affected other PSD proteins using immunofluores-
cence to quantify the endogenous levels of SHANK1, SHANK2,
PSD-95, GKAP, and HOMERI1A. As predicted from the reduc-
tion of spine density (and of SHANK3 puncta density), the den-
sity of puncta of each of these PSD proteins along dendrites was
reduced (though this did not reach significance with HOMER1A),
presumably correlating with the loss of synapses in USP8 knock-
down neurons (Fig 4 A, B). However, when quantifying the inten-
sity and size of individual immunofluorescence puncta, only
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SHANKI1 puncta intensity and puncta size were impacted by the
knockdown of USP8 (Fig 4 A, B). The size and fluorescence intensity
of SHANK?2, PSD-95, GKAP, and HOMERIA puncta were un-
changed with USP8 knockdown. Together, these results suggest that
USPS8 controls the protein levels of SHANKI, as well as SHANKS3, at
excitatory synapses. Depletion of SHANK1 and SHANK3 proteins
by USP8 knockdown could account for an overall loss of synapse
density.

USP8 is a DUB for SHANK3 and SHANK1

To determine more directly whether USP8 can act as a DUB on
SHANK, we used a TUBE pulldown assay to quantify the ubig-
uitination of proteins. TUBEs have a nanomolar affinity for
polyubiquitinated proteins and can be conjugated to magnetic
beads to pull down polyubiquitinated species from total cell ly-
sates. In SHANK3-expressing stable cell lines transfected with
USPS8, steady-state SHANK3 protein levels were increased in in-
put lysates, compared with the same cell line transfected with
BGAL control or the USP8 catalytically dead mutant USP8-C786S (Fig
5A; but see Fig 2C,D). However, the level of polyubiquitinated
SHANKS3 in USP8-overexpressing cells was significantly reduced, as
measured by TUBE pulldown from the same lysates (Fig 5A, B).
These results are consistent with a role for USP8 in deubiquiti-
nating SHANKS3 to enhance protein stability. The total levels of
USP8 protein were similar for USP8 WT and USP8-C786S, as
observed in the input lanes (Fig 5A); however, we noted that a
larger fraction of USP8-C786S is ubiquitinated than for WT
USP8 (Fig 5A), which is perhaps explicable by the self-
deubiquitination activity of WT USP8 (Mizuno et al., 2005).

Since the knockdown of USP8 also decreased SHANK1 ex-
pression in neurons (Fig 4A, B), we tested whether USP8 could
deubiquitinate SHANK]1 in the same TUBE assay. Similar to
SHANK3, SHANKI1 protein expression increased with the coex-
pression of USP8 (Fig 5C, input lanes). As measured by TUBE
pulldown assay, SHANKI was less polyubiquitinated with coex-
pression of USP8, compared with BGAL control or USP8-C786S
(Fig 5C,D, TUBE lanes), suggesting that USP8 can deubiquitinate
SHANKI1 as well as SHANKS3. In similar experiments, WT USP8
coexpression had no effect on steady-state levels or polyubiquiti-
nation of SHANK?2 (Fig 5C,D), which is consistent with our find-
ing in neurons that the knockdown of USP8 reduced the synaptic
levels of SHANK1 and SHANK3, but not SHANK2 (Figs. 3E, F,
4 A, B). By TUBE pulldown, we found that PSD-95 was weakly ubi-
quitinated, which is consistent with previous studies (Colledge et al.,
2003; Ehlers, 2003; Na et al., 2012), and the small amount that was
ubiquitinated was not influenced by USP8 coexpression (Fig 5C,D).
Finally, we probed whether USP8 could deubiquitinate GKAP, an
important SHANK binding protein whose ubiquitination is
known to play an important role at synapses (Hung et al., 2010;
Shin et al., 2012). We found that the levels of GKAP were un-
changed among USP8, USP8-C786S, and BGAL control in both
input lanes and TUBE pulldowns (Fig 5C,D). Thus, USP8 shows
selective DUB activity toward SHANK1 and SHANK3, among the
PSD proteins tested.

To determine whether USP8 can directly deubiquitinate SHANK3
and SHANK]1, we performed an in vitro deubiquitination assay
using purified recombinant USP8 enzyme and immunopurified
ubiquitinated SHANK proteins. We generated ubiquitinated SHANK
proteins by overexpressing SHANK1, SHANK2, or SHANK3 in
HEK293 cells along with HA-ubiquitin. Cells were treated with
MG132 to enhance substrate ubiquitination, and lysates were
heated to 85°C to kill any enzymatic activity and disrupt protein—
protein interactions. SHANK1, SHANK?2, or SHANK3 were
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Figure 6.  Loss of USP8 occludes the bidirectional changes in SHANK3 puncta intensity and size in response to chronic synaptic activity modulation. A, B, Dissociated rat cortical neurons were
transfected with GFP, and a scrambled shRNA or one of two shRNAs that target rat USP8 (USP8_A, USP8_B) for 72 h. Cultures were treated with DMSO, TTX (1 tum), or BICC (40 pum) for the final 24 h
before fixation. Neurons were stained for endogenous synaptic proteins with antibodies to SHANK3 or PSD-95. Collapsed z-stackimages were thresholded and a mask was created to identify synaptic
puncta. All quantifications were done by a single blinded experimenter. A, Knockdown of USP8 causes a significant reduction (#) in SHANK3 puncta fluorescence intensity and size, as shown
previously (Fig. 3F). Additionally, knockdown of USP8 blocks the significant bidirectional changes (*) observed upon treatment with TTX or BICCin control neurons. n = 3 independent cultures, ~8
neurons quantified for each condition per culture. Puncta intensity within drug treatment, p = *: one-way ANOVA: F = 8.273, p << 0.0001; post hoc Student’s ¢ test: scrambled DMSO vs scrambled
TTX, p = 0.0174; scrambled DMSO vs scrambled BICC, p = 0.0463; scrambled TTX vs scrambled BICC, p = 0.0004; USP8_A DMSQ vs USP8_ATTX, p = 0.8546; USP8_A DMSO vs USP8_ABICC,p =
0.9759; USP8_A TTX vs USP8_A BICC, p = 0.8644; USP8_B DMSO vs USP8_B TTX, p = 0.5462; USP8_B DMSO vs USP8_B BICC, p = 0.8134; USP8_B TTX vs USP8_B BICC, p = 0.4643; Puncta
intensity between shRNA treatment p = #: scrambled DMSO vs USP8_A DMSO0, p = 0.0161; scrambled DMSO vs USP8_ATTX, p = 0.0023; scrambled DMSO vs USP8_A BICC, p = 0.0094; scrambled
DMSOvs USP8_B DMSO, p = 0.0249; scrambled DMSO vs USP8_BTTX, p = 0.0902; scrambled DMSO vs USP8_B BICC, p = 0.0304; puncta size within drug treatment p = *: one-way ANOVA: f =
7.330,p <<0.0001; post hoc Student’s t test scrambled DMSO vs scrambled TTX, p = 0.0197; scrambled DMSO vs scrambled BICC, p = 0.0293; scrambled TTX vs scrambled BICC, p = 0.0004; USP8_A
DMSOvs USP8_ATTX, p = 0.6818; USP8_A DMSO vs USP8_ABICC, p = 0.4774; USP8_ATTX vs USP8_A BICC, p = 0.6699; USP8_B DMSO vs USP8_B TTX, p = 0.3103; USP8_B DMSO vs USP8_B
BICC, p = 0.9049; USP8_B TTX vs USP8_B BICC, p = 0.3346; puncta size between shRNA treatment p = #: scrambled DMSO vs USP8_A DMSO, p = 0.0123; scrambled DMSO vs USP8_ATTX, p =
0.0119; scrambled DMSO vs USP8_A BICC, p = 0.0488; scrambled DMSO vs USP8_B DMSO0, p = 0.0288; scrambled DMSO vs USP8_B TTX, p = 0.2267; scrambled (Figure legend continues.)
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immunoprecipitated and then incubated with recombinant
USP8. As measured by the HA—ubiquitin signal, we found that
SHANK3 and SHANKI1 were deubiquitinated in the presence of
recombinant USP8 in vitro, but SHANK2 was unaffected (Fig.
5E). Furthermore, the deubiquitination of SHANK3 and SHANK1
by USP8 was blocked when DUB inhibitor NEM was included in
the assay. These biochemical data indicate that USP8 can act
directly as a DUB for SHANK proteins, with apparent specificity
for SHANK3 and SHANKI.

Loss of USP8 blocks the regulation of SHANK3 by

synaptic activity

Prolonged inhibition of synaptic activity with TTX increases the
protein levels of SHANK, while the stimulation of synaptic activ-
ity with BICCleads to a reduction in SHANK (Ehlers, 2003; Hung
et al., 2010; Tao-Cheng et al., 2010; Shin et al., 2012). To test
whether deubiquitination of SHANK3 via USP8 is important for
these changes, we knocked down USP8 in mature hippocampal
neuron cultures and then treated them with TTX, BICC, or DMSO
vehicle control for 24 h. In control neurons transfected with a
scrambled shRNA construct, we found that TTX treatment led to
an ~50% increase in SHANK3 puncta immunofluorescence inten-
sity and 40% increase in SHANK3 puncta size, whereas BICC caused
an ~20-25% reduction in SHANK3 puncta immunofluorescence
intensity and puncta size (Fig 6 A, C). Knockdown of USP8 with
shRNA_A or shRNA_B reduced the baseline intensity and size of
SHANKS3 puncta (Fig 6 A, C), as seen before (Fig. 3E, F). Further-
more, knockdown of USP8 prevented the upregulation of SHANK3
puncta size and puncta intensity induced by TTX, and occluded
the downregulation of SHANK3 puncta size and puncta intensity
induced by BICC (Fig 6 A, C). Unlike SHANKS3, the postsynaptic
levels of PSD-95, measured by puncta size and immunofluores-
cence intensity, were unaffected by sShRNA_A or shRNA_B in
basal conditions; nor were the upregulation and downregulation
of PSD-95 in response to TTX and BICC impacted by USP8
knockdown (Fig 6 B, C). Thus, USP8 plays a specific role in the
modulation of SHANKS3 ubiquitination and protein levels in re-
sponse to synaptic activity.

Discussion

SHANK3 is a member of the SHANK family of postsynaptic scaf-
folding proteins that coordinates the recruitment of receptors
and cytoskeletal regulators to influence structure and signaling at
the excitatory synapse (Sheng and Kim, 2000). In humans, hap-
loinsufficiency of SHANK3 due to small deletions or balanced
translocations have been identified in patients with neurodevel-
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(Figure legend continued.) DMSO vs USP8_B BICC, p = 0.0406. ##p << 0.01. B, Knockdown of
USP8 has no change on overall PSD-95 puncta fluorescence intensity or puncta size, as shown
previously (Fig. 4A) and PSD-95 in USP8 knockdown neurons still responds synaptic activity
modulation (¥). n = 3 independent cultures, ~8 neurons quantified for each condition per
culture. Puncta intensity within drug treatment: one-way ANOVA: F = 15.45,p << 0.0001; post
hocStudent’s t test scrambled DMSO vs scrambled TTX, p = 0.0026; scrambled DMSO vs scram-
bled BICC, p = 0.0057; scrambled TTX vs scrambled BICC, p << 0.0001; USP8_A DMSO vs
USP8_ATTX, p << 0.0001; USP8_ADMSOvs USP8_ABICC, p = 0.0338; USP8_ATTXvsUSP8_A
BICC, p < 0.0001; USP8_B DMSO vs USP8_BTTX, p = 0.0013; USP8_B DMSO vs USP8_B BICC,
p = 0.0032; USP8_B TTX vs USP8_B BICC, p < 0.0001; puncta size within drug treatment:
one-way ANOVA: F = 4.753, p << 0.0001; post hoc Student’s t test scrambled DMSO vs scram-
bled TTX, p = 0.0231; scrambled DMSO vs scrambled BICC, p = 0.2250; scrambled TTX vs
scrambled BICC, p = 0.0005; USP8_A DMSO0 vs USP8_A TTX, p = 0.0091; USP8_A DMSO vs
USP8_A BICC, p = 0.6029; USP8_A TTX vs USP8_A BICC, p = 0.0002; USP8_B DMSO vs
USP8_BTTX, p = 0.0162; USP8_B DMSO vs USP8_BBICC, p = 0.7856; USP8_BTTXvs USP8_B
BICC, p = 0.0092. G, Representative images. Scale bar, 5 um. *p << 0.05, **p << 0.01,**p << 0.001.
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opmental and intellectual disability (Wong et al., 1997; Anderlid
et al., 2002; Bonaglia et al., 2006), and the loss of SHANKS3 is
described as the genetic cause of Phelan-McDermid syndrome,
which is characterized by developmental delay and autistic be-
haviors among other symptoms (Wilson et al., 2003). Addition-
ally, mutations in the SHANK3 gene are estimated to contribute
to ~1% of ASDs (Durand et al., 2007; Gauthier et al., 2009;
Boccuto et al., 2013; Leblond et al., 2014) and may also play a role
in schizophrenia (Failla et al., 2007; Choi et al., 2015; de Sena
Cortabitarte et al., 2017). In mice, multiple groups have found
that the deletion or mutation of Shank3 causes significant changes to
the composition of synaptic proteins, alters synapse number and
morphology, and impairs animal behavior (Bozdagi et al., 2010;
Pega et al., 2011; Wang et al., 2011; Yang et al., 2012; Mei et al,,
2016). Furthermore, the overexpression of Shank3 causes manic-
like behaviors and abnormal excitatory—inhibitory balance in
mice (Roussignol et al., 2005; Han et al., 2013). These data high-
light the importance of precisely controlled levels of SHANK3
protein for proper synapse development and brain function.

In neurons, we and others have shown that SHANK3 and its
family members are highly ubiquitinated, and that this ubiquiti-
nation is an important mechanism to control activity-dependent
protein turnover and morphological changes at the synapse (Figs.
1, 5, 6; Ehlers, 2003; Bingol and Schuman, 2006; Shin et al., 2012).
Identifying the DUB that deubiquitinates SHANK3 is an impor-
tant step, as manipulation of this enzyme could enhance the
protein stability of SHANK3, potentially increasing steady-state
SHANKS3 levels and perhaps ameliorating the symptoms in pa-
tients with haploinsufficiency of SHANK3 or ASD (Mei et al.,
2016; Selimbeyoglu et al., 2017; Siegel et al., 2017). From screen-
ing alibrary of >100 DUBs, we identified USP8 as a DUB that can
remove ubiquitin from SHANK3 and enhance SHANK3 protein
expression in cultured neurons. Previous publications have found
that the loss of SHANK3 in mice or cultured neurons leads to an
overall loss of synapses and reductions in the levels of multiple
PSD proteins (Bozdagi et al., 2010; Peca et al., 2011; Wang et al.,
2011; Yangetal., 2012; Reim et al., 2017). Here we show that loss
of USP8 leads to decreased dendritic spine density, while the
overexpression of USP8 causes an increase in spine density. We
hypothesize that by regulating the ubiquitination and protea-
somal degradation of SHANK3 and its family member SHANK1,
USP8 controls SHANK1/SHANKS3 stability and dendritic spine
density.

In non-neuronal cells, USP8 is reported to act at multiple
stages in the endosomal sorting complexes required for transport
(ESCRT) pathway. USP8 promotes the recycling of cell surface
receptors, such as epidermal growth factor receptor (EGFR),
back to the plasma membrane or enhances their degradation
depending on when and where it deubiquitinates its substrate
along the recycling pathway (Mizuno et al., 2005; Niendorf et al.,
2007; Wright et al., 2011). Furthermore, USP8 interacts with the
proline-rich SH3 domain of the ESCRTO protein STAM?2 via two
noncanonical SH3-binding domains (Kato et al., 2000; Berry et
al., 2002). SHANK3 also contains an SH3 domain, which may act
as a potential site of interaction with USP8 (Naisbitt et al., 1999;
Tu et al,, 1999). In fact, USP8 has previously been identified as a
putative SHANKS3 binder via immunoprecipitation from mouse
brain overexpressing Shank3-GFP (Han et al., 2013) and is en-
riched in dendritic spines of primary cultured neurons (Scudder
etal., 2014).

UPS-driven protein degradation contributes to PSD remod-
eling in response to synaptic activity (Bingol and Sheng, 2011).
Therefore, we wanted to determine whether modulating the de-
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ubiquitination status of SHANK3 via USP8 changes its response
to synaptic activity. We found that the loss of USP8 leads to
decreased SHANKS3 protein levels and occludes the bidirectional
changes in SHANK3 in response to synaptic activity. However,
the loss of USP8 does not change the response of PSD-95 to
synaptic activity, suggesting the specificity of USP8 for SHANK3.
Previous publications have found that the overexpression of USP8
increases synaptic strength and reduces AMPAR ubiquitination,
while the loss of USP8 decreases synaptic strength and increases
AMPAR ubiquitination (Scudder et al., 2014). This study addi-
tionally reported that the overexpression of USP8 prevents the
loss of surface AMPAR following heightened synaptic activity
and contributes to the downscaling of synaptic strength (Scudder
et al., 2014).

Our results suggest a model where USP8 deubiquitinates SHANK3
following chronic blockage of synaptic activity, preventing deg-
radation via the proteasome and increasing synaptic SHANK3
protein levels. In contrast, following chronic synaptic activity,
SHANK3 is no longer deubiquitinated by USP8 and is subse-
quently degraded. Previous publications have found that total
USPS8 protein levels are downregulated following chronic synap-
tic activity, suggesting a mechanism for decreased deubiquitina-
tion of USP8 substrates, such as SHANK3 (Scudder et al., 2014).
Together with our results, these studies highlight the critical role
for USP8 in controlling the levels of synaptic proteins, such as
SHANK3, SHANKI, and AMPAR, in response to synaptic activ-
ity modulation. Future work should determine functionally how
USP8 is modulated in response to synaptic activity and how it
interacts with its substrates.
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