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Role of the DUB enzyme USP7 in dendritic
arborization, neuronal migration,
and autistic-like behaviors in mice

Hui Qiao,’? Yuan Tian,' Yuda Huo," and Heng-Ye Man'.24.5*

SUMMARY

Duplication and haploinsufficiency of the USP7 gene are implicated in autism
spectrum disorders (ASD), but the role for USP7 in neurodevelopment and
contribution to ASD pathogenesis remain unknown. We find that in primary
neurons, overexpression of USP7 increases dendritic branch number and total
dendritic length, whereas knockdown leads to opposite alterations. Besides,
USP7 deubiquitinates the X-linked inhibitor of apoptosis protein (XIAP). The
USP7-induced increase in XIAP suppresses caspase 3 activity, leading to a
reduction in tubulin cleavage and suppression of dendritic pruning. When
USP7 is introduced into the brains of prenatal mice via in utero electroporation
(IUE), it results in abnormal migration of newborn neurons and increased den-
dritic arborization. Importantly, intraventricular brain injection of AAV-USP7
in PO mice leads to autistic-like phenotypes including aberrant social interac-
tions, repetitive behaviors, as well as changes in somatosensory sensitivity.
These findings provide new insights in USP7-related neurobiological functions
and its implication in ASD.

INTRODUCTION

Autism spectrum disorder (ASD) appears to result from impairments throughout the multiple stages of
brain development including neurogenesis, migration, neuron maturation, synaptogenesis, and synaptic
communication. Protein dysregulation (Khatri et al., 2018; Kasherman et al., 2020; Han et al., 2022) and im-
mune dysfunction (Barcellos et al., 2020; Alhosaini et al., 2021; Nadeem et al., 2021; Ahmad et al., 2021)
have been suggested as the major components associated with ASD pathophysiology. Given that fine con-
trol of protein synthesis and degradation is central to the assembly of brain circuits and synaptic plasticity
(Basilico et al., 2020), it is not surprising that the ubiquitin-proteasomal system (UPS) proves to be one of the
core molecular hubs implicated in ASD. The UPS regulates several important neural processes that are
impaired in ID/ASD, including axonal initiation, development, dendritic maturation, and synaptic matura-
tion (Ding and Shen, 2008). Several studies have linked ASD to defects in protein degradation by identifying
mutations in genes encoding UPS components including UBE3A, CUL3, TRIP12 and USP7 (Greer et al.,
2010; Martinez-Noel et al., 2012; Kasherman et al., 2020). In addition, the UPS regulates and/or integrates
multiple key pathways such as WNT, mTOR and TGFp pathways, which play important roles in brain devel-
opment (Kasherman et al., 2020). Indeed, components of the UPS pathway have been considered as prom-
ising targets for therapeutic intervention in ASD (Kasherman et al., 2020).

ASDs have a strong genetic background with an increasing number of genes being discovered in the last
decade (De Rubeis et al., 2014, Deciphering Developmental Disorders Study, 2015; Robinson et al., 2015;
Satterstrom et al., 2020; Eyring and Geschwind, 2021). Multiple recurrent de novo rare copy-number var-
iations (CNVs) are strongly associated with autism. Consistent with the key role of the UPS components in
ASD, genome-wide analysis in 1124 ASD families identified rare recurrent de novo CNVs (duplication, 3
subjects) at 16p13.2 containing the gene ubiquitin specific protease 7 (USP7) as one of several novel ASD
loci (Sanders et al., 2011). Further, another study found de novo heterozygous loss-of-function mutations
of USP7 in 7 individuals with a neurodevelopmental disorder displaying autistic symptoms and intellec-
tual disability (Hao et al., 2015). More recently, via genome or exome sequencing and chromosome mi-
croarray analysis, 16 individuals were reported to have heterozygous USP7 variants and demonstrated
syndromes characterized by developmental delay/intellectual disability (DD/ID), autistic features of
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behavioral anomalies and delays in language development (Fountain et al., 2019). These findings
strongly implicate USP7 as an etiological factor in ASD.

As a DUB enzyme, USP7 acts to reverse the ubiquitination process. It is known to play an important role in
cancer. It promotes the formation of regulatory T cells that block the immune response to the tumor and
helps to keep p53, the primary tumor suppressor protein, at a low level, thereby allowing the tumor to grow
unchecked (Bhattacharya et al., 2018). In addition, USP7 is involved in many pathways as it deubiquitinates a
wide range of targets including MDM2, DNMT1, RNF168, FOXO4 and PTEN (Brooks and Gu, 2006; van der
Horst et al., 2006; Song et al., 2008; Du et al., 2010; Zhu et al., 2015).

USP7 is strongly expressed in the brain, including cerebrum, cerebellum, and hippocampus (Uhlen et al.,
2015). Itis also expressed in the neural stem cells of the subventricular zone (SVZ) (Nicklas et al., 2019) and in
hypothalamic neurons (Hao et al., 2015). However, the neural functions of USP7 are not well understood.
Knockout of USP7 in mice results in early embryonic lethality, and brains from these KO mice display hypo-
plasia and deficiencies in brain development (Kon et al., 2011). USP7 interacts with MAGEL2, a protein
implicated in Prader-Willi syndrome and ASD (Schaaf et al., 2013), as well as TRIM27 (Fountain and Schaaf,
2016). It has been hypothesized that USP7 in the brain acts as a molecular rheostat to precisely fine-tune
endosomal F-actin levels by counteracting TRIM27 auto-ubiquitination and preventing overactivation of
WASH (Hao et al., 2015).

To date, the neurobiological function of USP7 and the mechanistic events linking USP7 to autistic pheno-
types remain unknown. We found that USP7 regulates dendritic growth via control of XIAP deubiquitination
and caspase-mediated cleavage of dendritic microtubules. Overexpression of USP7 in the brain results in
the dysregulation of neuron migration, dendritic arborization, and autistic-like behaviors in mice.

RESULTS
USP7 is a neuron specific protein regulating ubiquitination activities in primary neurons

USP7 is known to be expressed in the brain (Nicklas et al., 2019), but the specific cell type and brain region
distribution of USP7 remain unclear. In cultured rat hippocampal neurons, we immunostained USP7 and
GFAP at DIV 14. We found that USP7 was co-localized with MAP2 but not GFAP, indicating that USP7 is
expressed selectively in neurons but not in glia (Figure 1A). To distinguish neuronal subtypes, we co-immu-
nostained USP7 and a GABAergic neuronal marker GAD67. Analysis showed that USP7 expression was at
the same level between excitatory and inhibitory neurons (Figure 1B). Previous studies have shown that
USP7 is expressed in both the nucleus and cytoplasm of primary NSCs and neuroblasts (Nicklas et al.,
2019). To determine the subcellular distribution of USP7 in neurons and its general distribution in the brain,
we collected lysates of rat primary cortical neurons and tissues from multiple brain regions, and subcellular
compartments were separated by centrifugation. Western blot analysis revealed that while the majority of
USP7 was in the cytosol, a portion of USP7 was also distributed in the synaptosomal and nuclear compart-
ments (Figures 1C and 1D). We then analyzed the developmental profile of USP7 expression and found that
USP7 increased from E10 to P5, and then decreased drastically after P10 (Figure 1G).

Given that USP7 is a DUB enzyme (Figure S1), we wanted to determine whether USP7 is actively involved in
controlling protein ubiquitination in neurons. We treated DIV15 cultured cortical neurons with HBX41108
(10 uM), a small-molecule compound that inhibits USP7 deubiquitinating activity (Colland et al., 2009), for 2
and 4 h. Western blot analysis of the cell lysates showed that the ubiquitination signals in the treated cells
were significantly increased compared to the control group (HBX 2 h vs. Ctrl: p < 0.01; HBX 4 h vs. Ctrl:
p < 0.01. n = 4 for each group, one-way ANOVA) (Figures 1E and 1F), indicating active DUB function of
USP7 in neurons under basal conditions.

USP7 regulates neuronal dendritic growth and arborization

To investigate the role of USP7 in neuron development, we transfected primary cortical neurons with USP7
atDIV4, 7 and 11 (Figures S2A, S2B, 2A and 2E). Cells were imaged four days after transfection for structural
analysis. Sholl analysis revealed a large increase in dendritic branch number and total length following
USP7 overexpression from DIV 11 to DIV 15 (sholl: F(1,44) = 13.037, p = 0.001, repeated measure; No. of
dendrites: p < 0.01; Sum length: p < 0.01; Ctrl: n = 18; USP7: n = 22) (Figures 2E-2H), but not in neurons
expressing USP7 from DIV 4 to DIV 7 (sholl: F(1,36) = 0.034, p = 0.855, repeated measure; No. of dendrites:
p > 0.05; Sum length: p > 0.05; Ctrl: n = 18; USP7: n = 22) nor from DIV 7 to DIV 11 (sholl: F(1,56) = 3.865,
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Figure 1. Expression and subcellular distribution of USP7 in neurons

(A) Immunostaining of USP7 and GFAP in rat hippocampal cultures at DIV15. Scale bar = 50 um.

(B) Immunostaining of USP7 and GADé7 in rat hippocampal cultures at DIV15.

(C) Lysates of cultured neurons were collected on DIV15, and USP7 levels were measured by Westerns. GAPDH was
probed as a loading control.

(D) Lysates of different brain regions were collected from rats of embryonic day 18. USP7 levels were measured by
Western blot.

(E) Cultured neurons were treated with USP7 inhibitor HBX41108 (10 uM) for 2 or 4 h at DIV15, and the lysates were probed
for ubiquitination.

(F) Quantification showed an increase in ubiquitination intensity in the HBX41108 treated group (F(2,9) = 33.13, p < 0.01,
One-way ANOVA).

(G) Developmental time course of USP7 expression in the brain. Cortical tissues were collected from mice of ages from
E10 to P90. Data are represented as mean + SEM. Error bars represent SEM, **p < 0.01.

p = 0.054, repeated measure; Number of dendrites: p > 0.05; Sum length: p > 0.05; Ctrl: n = 24; USP7:
n = 28) (Figures 2A-2D). These findings indicate that USP7 regulates dendrite growth at a later stage during
dendritic development.

Interestingly, in the control group, we noticed that the dendrite branch number of DIV15 neurons was
significantly lower than that of DIV11 cells (DIV11: 34.92 + 1.63, n = 24; DIV15: 23.89 + 2.39, n = 18;
p < 0.01, ttest), as well as the sum length of dendrites (DIV11: 2500.99 + 137.96, n = 24; DIV15:
1690.49 + 136.79, n = 18; p < 0.01, t-test). In contrast, in neurons transfected with USP7, these dendritic
measurements showed no difference between DIV11 and DIV15 (Number of dendrites: DIV11: 37.32 +
1.89, n = 28; DIV15: 37.27 + 3.06, n = 22; p < 0.01, t-test; Sum length: DIV11: 2877.19 + 166.44, n = 28;
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Figure 2. USP7 regulates dendritic growth and arborization

(A-D) Hippocampal neurons were transfected with a control vector or USP7 plasmid at DIV 7, and imaged for morphology
at DIV 11 (A). Scale bar = 100 um. Dendritic arborization was analyzed by Sholl analysis (F(1,56) = 3.865, p = 0.054,
Repeated measures ANOVA) (B). The total number of dendritic branches and the sum length of dendrites showed no
significant difference between the control (n = 24) and the USP7 group (n = 28) at DIV11 (p > 0.05, t-test) (C and D).
(E-H) Neurons were transfected with USP7 or a vector as control at DIV 11, and imaged for morphology at DIV 15 (E). Scale
bar = 100 um. Dendritic arborization was analyzed by sholl analysis (F(1,44) = 13.037, p = 0.001, Repeated measure
ANOVA) (F). The total number of dendrites and total length of dendrites were increased in USP7-transfected neurons on
DIV15 (Ctrl: n = 18; USP7: n = 22. Number of dendrites, p < 0.01, t-test; sum length of dendrites, p < 0.01, t-test) (G, H).
Scale bar = 100 pm.

(I-M) Knockdown of USP7 results in a reduction of dendritic arborization.

(1) Cortical neurons were transfected with vector (Control, n = 16) or shUSP7 (n = 31) at DIV 11 and imaged for morphology
on DIV 15. Scale bar = 100 um.
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Figure 2. Continued

(J) Sholl analysis of dendritic arborization at DIV 15 (F(1,46) = 7.497, p = 0.009, Repeated measure ANOVA).

(Kand L) Total number of dendrites and total length of dendrites were decreased in shUSP7 neurons on DIV15 (Number of
dendrites, p < 0.05, t-test; sum length of dendrites, p < 0.01, t-test).

(M) Mean length of dendrites was decreased in shUSP7 neurons on DIV15 (p < 0.05, t-test). Data are represented as
mean + SEM. Error bars represent SEM, *p < 0.05, **p < 0.01.

DIV15: 2627.01 + 200.67, n = 22; p > 0.05, t-test) (Figures 2C, 2D, 2G and 2H). These results suggest that
dendritic pruning occurred when neurons matured from DIV11 to DIV15, and USP7 overexpression blocked
the pruning process, resulting in an increase in the complexity of dendritic arborization and dendritic
length relative to the control neurons.

We then examined the effect of USP7 knock down on dendrite development. The effectiveness of the USP7
shRNA (shUSP7) was confirmed in transfected HEK cells (Figure 7C). Consistently, shUSP7 also caused a
decrease of USP7 intensity in neurons (41.07 £+ 2.13% of the control group; p < 0.01) (Figures S2C and
S2D). We then transfected cortical neurons at DIV11 with shUSP7 and analyzed dendritic structure at
DIV15. We found that knock down of USP7 suppressed dendritic arborization (F(1,46) = 7.497, p = 0.009,
repeated measure) (Figures 2| and 2J). The number of dendrites (Ctrl: n = 16; shUSP7: n = 33; p < 0.05,
t-test), sum dendrite length (Ctrl: n = 16; shUSP7: n = 33; p < 0.01, t-test) and mean length of dendritic
branches (p < 0.05, t-test) were all markedly decreased compared with the control (Figures 2K, 2L and 2M).

USP7 expression results in an increase in XIAP protein amount in neurons

XIAP, an E3 ligase that targets caspase-3 for proteasomal degradation (Ried| et al., 2001; Suzuki et al.,
2001a), inhibits the activity of the cell death proteases caspase-3, -7 and -9, and is involved in the local prun-
ing of dendrites and spines (Erturk et al., 2014). Our previous study showed that XIAP isinvolved in the regu-
lation of E6AP-dependent dendritic remodeling (Khatri et al., 2018). We therefore sought to determine
whether XIAP is implicated in the effect of USP7 on dendritic development.

To examine the developmental time course of USP7 and XIAP in neurons, we collected lysates of cortical
neurons at different time points from DIV 0 to DIV 20. USP7 expression increased significantly at DIV5,
peaked at DIV 9, and then declined after DIV12. Interestingly, XIAP showed a similar pattern in its expres-
sion time course, with a significant increase at DIV5 and a decline after DIV12 (Figures 3A and 3B).

To explore whether USP7 targets XIAP for regulation, we infected cultured neurons with AAV-USP7 and
measured XIAP expression by westerns and immunostainings. We found that the XIAP level increased
significantly in neurons overexpressing USP7 compared with the control (western blot: 157.82 + 10.31%
of the control group, GFP-AAV: n = 4; USP7-AAV: n =4, p <0.05; ICC: 138.49 + 7.24% of the control group,
Ctrl:n=13; USP7: n =13, p < 0.01; t-test) (Figures 3C, 3D, 3E, 3H and 3I). In line with this, inhibition of USP7
activity with HBX41108 led to a decrease in XIAP accumulation (F(2,9) = 30.88, p < 0.01, One-way ANOVA,
Dunnett) (Figures 3F and 3G). In addition, immunostaining also showed reduced intensities of XIAP in neu-
rons expressing shUSP7 (64.43 + 3.47% of the control, p <0.01, t-test. Ctrl: n = 14; USP7: n = 14) (Figures 3J
and 3K). These findings indicate a role for USP7 in the control of XIAP proteostasis.

USP7 causes XIAP deubiquitination and stabilization

We found that the XIAP protein levels were up-regulated by USP7, suggesting a role for USP7 in mediating
XIAP protein turnover. To determine whether the degradation of XIAP is affected by USP7, we transfected
HEK cells with FLAG-XIAP and USP7 for 48 h. Cells were then incubated with cycloheximide (CHX, 35 uM) to
block protein synthesis for 0, 4, 8 h before being harvested for western blot analysis. We found that while
the XIAP levels decreased over time because of degradation, the rate of decay became slower in cells co-
transfected with USP7 (Treatment: F(1,4) = 10.14, p < 0.05, repeated measure) (Figures 4D and 4E), indi-
cating that USP7 expression enhanced the stability of XIAP.

Given that USP7 is a DUB enzyme, the change in XIAP turnover by USP7 could result from changes
in its ubiquitination status. To test this possibility, we transfected HEK cells with FLAG-XIAP, HA-Ubi
and GFP-USP7, and performed ubiquitination assays on immunoprecipitated FLAG-XIAP from the cell ly-
sates. Indeed, the ubiquitin signals of XIAP were significantly decreased in cells co-transfected with USP7
compared to the control (F(2,9) = 20.95, p < 0.01, one-way ANOVA, Tukey. XIAP: n = 4; XIAP + Ubi: n = 4,
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Figure 3. USP7 regulates XIAP protein accumulation in neurons

(A) Lysates were collected from primary cortical neurons of DIV 0 to DIV 20. Expression levels of USP7 and XIAP were
measured by Western blot. GAPDH was probed as a loading control.

(B) Quantification of USP7 and XIAP intensity (n = 3).

(C-E) Cortical neurons were infected with AAV-GFP or AAV-USP7 on DIV 0 for 15 days, and USP7 and XIAP levels were
measured by Western blot. An increased level for both USP7 and XIAP was detected in neurons infected with USP7 virus
(GFP-AAV: n = 4; USP7-AAV: n = 4. p< 0.05, t-test).

(F and G) Cortical neurons were treated with HBX41108 (USP7 inhibitor) for 2 and 4 h and the lysates were collected to
probe for XIAP. Inhibition of USP7 led to a decrease in XIAP amount. (Ctrl: n = 4; HBX 2 h: n = 4; HBX 4 h: n = 4. F(2,9) =
30.88, p < 0.01, one-way ANOVA, Dunnett).

(H) Cortical neurons were transfected with USP7 at DIV 11 and immunostained for XIAP at DIV 15. Scale bar = 50 pm.
(1) Quantification showed an increase in endogenous XIAP intensity in neurons transfected with USP7 (Ctrl: n = 13; USP7:
n = 13. p< 0.01, t-test).

(J) Hippocampal neurons were transfected with shUSP7 at DIV 8 and immunostained for XIAP at DIV 15. Scale bar = 50 pm.
(K) Quantification showed a decrease in endogenous XIAP in neurons with USP7 knockdown (Ctrl: n = 14; USP7: n = 14. p<
0.01, t-test). Data are represented as mean + SEM. Error bars represent SEM, *p < 0.05, **p < 0.01.

XIAP + Ubi + USP7: n = 4). Moreover, a significant decrease in XIAP was detected in cells of XIAP + Ubig-
uitin, but not cells also expressing USP7 (F(2,9) = 22.20, p < 0.01, one-way ANOVA, Tukey) (Figures 4A-4C),
consistent with facilitated XIAP ubiquitination and degradation by ubiquitin, and deubiquitination and sta-
bilization of XIAP by USP7.
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Figure 4. USP7 causes XIAP deubiquitination and stabilization

(A) XIAP ubiquitination assay. HEK293 cells were transfected with FLAG-XIAP, HA-ubiquitin, and USP7 for 2 days. XIAP
was immunoprecipitated and probed for ubiquitin (ubi). Cell lysates (input) were used to detect protein levels.

(B and C) Quantification of Western blot intensities. USP7 caused a decrease in XIAP ubiquitination and a decrease in XIAP
protein levels (Ubiquitination Signal: F(2,9) = 20.95, p < 0.01, one-way ANOVA, Tukey; XIAP Signal: F(2,9) = 22.20, p < 0.01,
one-way ANOVA, Tukey. XIAP: n = 4; XIAP + Ubi: n = 4; XIAP + Ubi + USP7: n = 4).

(D) Degradation assay of XIAP with or without USP7. Transfected HEK cells were treated with cycloheximide (CHX) for
various time periods and cell lysates were collected to examine XIAP levels by Western blot.

(E) Quantification of the degradation rate of XIAP over time (Treatment: F(1,4) = 10.14, p < 0.05, repeated measure
ANOVA).

(F) Morphology of primary neurons transfected with USP7 or XIAP alone, or both. Scale bar = 100 um.

(G and H) Dendrite branch number and the total length of dendrite were increased in neurons overexpressing USP7 or
XIAP. Co-transfection of USP7 and XIAP had no additional effects compared with USP7 alone or XIAP only group (Ctrl: n =
35; USP7: n = 25; XIAP: n = 34; XIAP + USP7: n = 31. Number of dendrites: F(3,121) = 13.83, p < 0.01, one-way ANOVA,
Tukey; Sum dendrite length: F(3,121) = 8.82, p < 0.01. one-way ANOVA, Tukey). Data are represented as mean + SEM.
Error bars represent SEM, *p < 0.05, **p < 0.01.
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XIAP mediates the effect of USP7 on dendritic arborization

XIAP has been shown to be implicated in dendrite growth and pruning (Erturk et al., 2014; Khatri et al.,
2018). Because XIAP is a substrate of USP7, we speculated that the effect of USP7 on dendritic arborization
may be mediated by XIAP. To test this possibility, we transfected primary hippocampal neurons with either
USP7 or XIAP alone or with both. We found that although single expression of either USP7 or XIAP led to an
increase in the number of dendrites (USP7 (n = 25) vs. Ctrl (n = 35): p < 0.01; XIAP (n = 34) vs. Ctrl: p < 0.01.
One-way ANOVA, Tukey) and total length of dendrites (USP7 vs. Ctrl: p < 0.01; XIAP vs. Ctrl: p < 0.01. One-
way ANOVA, Tukey), co-expression of XIAP with USP7 showed no further increases in branching or total
length of dendrites compared with either USP7 or XIAP alone (Number of dendrites: XIAP + USP7 (n =
31) vs. XIAP, p = 0.06; XIAP + USP7 vs. USP7, p = 0.81. One-way ANOVA, Tukey) (Sum length: XIAP +
USP7 vs. XIAP, p = 0.24; XIAP + USP7 vs. USP7, p = 0.54. One-way ANOVA, Tukey) (Figures 4F-4H). These
findings indicate that the effect on dendritic growth was saturated by either USP7 or XIAP, supporting the
two molecules functioning along the same pathway.

We then transfected neurons with shXIAP alone or shXIAP plus USP7. Expression of shXIAP decreased the
expression of XIAP (Ctrl (n = 36) vs. shXIAP (n = 36), p < 0.01, t-test) (Figures 5A and 5B) and suppressed den-
dritic arborization (sholl: Ctrl (n = 46) vs. shXIAP (n = 46), p < 0.01. Repeated measures ANOVA, Tukey)
(Figures 5C and 5F). The number of dendrites (p < 0.05, one-way ANOVA, Tukey) and summed dendrite
length (p < 0.05, one-way ANOVA, Tukey) were significantly decreased compared with the control
(Figures 5D and 5E). When USP7 was co-transfected with shXIAP, we found that while USP7 alone increased
dendritic complexity (sholl: Ctrl vs. USP7 (n = 30), p < 0.05, Repeated measures ANOVA, Tukey), knock down
of XIAP blocked the effect of USP7 on dendritic arborization (sholl: USP7 vs. USP7+shXIAP (n = 36), p < 0.01,
Repeated measures ANOVA, Tukey) and showed no difference compared with the shXIAP only group (sholl:
shXIAP vs. USP7+shXIAP, p < 0.01, Repeated measures ANOVA, Tukey) (Figures 5C and 5F). The summed
length and total number of dendrites showed a comparable reduction between shXIAP and the shXIAP +
USP7 groups (Sum length: shXIAP (n = 46) vs. USP7+shXIAP (n = 35), p > 0.05; Number of dendrites: shXIAP
(n = 46) vs. USP7+shXIAP (n = 35), p > 0.05. one-way ANOVA, Tukey) (Figures 5C-5E). This result indicates
that up-regulation of XIAP is necessary for the regulatory effect of USP7 on dendrites.

In our previous study, we demonstrated that the E3 ligase Ube3A/E6AP catalyzes ubiquitination of XIAP,
leading to XIAP degradation and dendritic pruning (Khatri et al., 2018). To investigate whether E6AP and
USP7 have antagonizing effects on XIAP ubiquitination, HEK293T cells were transfected with HA-ubiquitin,
FLAG-XIAP, together with E6AP, or EGAP and USP7. Two days after transfection, XIAP was isolated by immu-
noprecipitation and probed for HA-ubiquitin signals. Consistent with our previous study (Khatri et al., 2018),
we found that E6AP overexpression markedly enhanced XIAP ubiquitination (XIAP + Ubi + EAP (n = 4) vs.
XIAP + Ubi (n =4), p < 0.05, Tukey). In contrast, XIAP ubiquitination levels were significantly reduced in cells
expressing both E6AP and USP7 (XIAP + Ubi + E6AP + USP7 (n = 4) vs. XIAP + Ubi + E6AP, p < 0.01, Tukey),
indicating that USP7 competes with E6AP to balance the status of XIAP ubiquitination (Figures 6A-6C).

To examine whether the antagonizing effect of E6AP and USP7 at XIAP ubiquitination and protein stability
is related to dendritic arborization, we co-transfected E6AP together with USP7 in cultured neurons at DIV
11. Sholl analysis at DIV 15 showed that E6AP expression caused a significant reduction in dendritic
complexity and length (sholl analysis: Group: F(3,77) = 16.833, p < 0.01. E6AP (n = 19) vs Ctrl (n = 20):
p <0.01, Repeated measures ANOVA, Tukey), but the E6AP-induced down-regulation in dendritic growth
was abolished by co-expression with USP7 (USP7+E6AP (n = 21) vs E6AP: p < 0.01; Repeated measures
ANOVA, Tukey) (Figures 6D-6G). (Number of dendrites: (F(3,81) = 17.28, p < 0.01. one-way ANOVA, Tukey;
Sum dendrite length (F(3,81) = 17.92, p < 0.01. one-way ANOVA, Tukey).

The XIAP-caspase3 pathway is involved in the effect of USP7 on dendritic arborization

In the caspase cascade, the activated caspases function via proteocleavage of effector target proteins,
which results in a wide-range of cellular functions (Erturk et al., 2014; Khatri et al., 2018). In neurons, caspase
activity plays an important role in dendritic and spine regulation (Jiao and Li, 2011; Erturk et al., 2014).
Because XIAP inhibits the cleavage and activation of caspase3 by acting as a brake on caspase3-mediated
downstream cellular events (Huang et al., 2004), we sought to investigate whether USP7 can regulate the
activity of the caspase cascade via XIAP. In line with this, we found that in HEK cells, overexpressing USP7
resulted in a significant decrease, whereas knockdown of USP7 caused an increase in cleaved activated cas-
pase3. (F(2,6) =16.56, p <0.01, One-way ANOVA, Tukey) (Figures 7C and 7D). Similarly, in cultured neurons,
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Figure 5. Knockdown of XIAP blocks the effect of USP7 on dendritic arborization

(A) Cultured neurons were transfected with shXIAP at DIV 7 and immunostained for XIAP at DIV 11. Scale bar = 50 um.
(B) Quantification of XIAP expression (Ctrl: n = 36; shXIAP: n = 36. p< 0.01, t-test).

(C) Morphology of primary neurons transfected with USP7 or shXIAP alone, or both at DIV11. Scale bar = 100 um.

(D and E) Dendrite branch number and the total length of dendrite were decreased in XIAP knockdown neurons. Co-
transfection of USP7 and shXIAP had no additional effects compared with shXIAP alone group, but decreased significantly
compared with USP7 only group (Ctrl: n = 35; USP7: n = 46; shXIAP: n = 46; USP7+shXIAP: n = 35. Number of dendrites:
F(3,148) = 10.69, p < 0.01, one-way ANOVA, Tukey; Sum dendrite length: F(3,148) = 10.01, p < 0.01. one-way ANOVA,
Tukey).

(F) Sholl analysis of dendritic arborization at DIV 11 (Group: F (3, 154) = 11.23, p < 0.01. Ctrl vs. shXIAP: p < 0.01; Ctrl vs.
USP7: p > 0.05; USP7+shXIAP vs. USP7: p < 0.01; USP7+shXIAP vs. shXIAP: p > 0.05. Repeated measures ANOVA, Tukey).
Data are represented as mean + SEM. Error bars represent SEM, *p < 0.05, **p < 0.01.
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Figure 6. USP7 antagonizes E6AP effect on dendritic arborization via control of XIAP ubiquitination

(A) HEK293 cells were transfected with FLAG-XIAP, HA-ubiquitin, and USP7 with or without EAP for 2 d. XIAP was
immunoprecipitated and probed for HA-ubiquitin (HA-ubi). Cell lysates (input) were also probed to detect the total
protein levels.

(B and C) Quantification of western blot intensities. E6AP caused an increase in XIAP ubiquitination (F(3,12) = 19.62,

p < 0.01, one-way ANOVA, Tukey) and a decrease in XIAP protein levels in the input (F(3,8) = 43.69, p < 0.01, one-way
ANOVA, Tukey). USP7 blocked the effect of E6GAP on XIAP protein accumulation and XIAP ubiquitination.

(D) Morphology of primary neurons transfected with USP7, E6AP, and USP7+EAP (DIV 11 - DIV 15). Scale bar = 100 pm.
(E and F) Dendritic branch number (F(3,81) = 17.28, p < 0.01, one-way ANOVA, Tukey) and the total length of dendrites
(F(3,81) = 17.92, p < 0.01, one-way ANOVA, Tukey) were decreased in neurons with E6AP overexpression (E6AP: n = 19;
Ctrl: n = 20. one-way ANOVA, Tukey). USP7 abolished the effect caused by E6AP expression (E6AP + USP7: n = 21; E6AP:
n = 19. one-way ANOVA, Tukey).

(G) Sholl analysis showed a reduction in the complexity of dendritic arborization in E6AP neurons, which was blocked by
co-expression with USP7 in neurons (Group: F(3,77) = 16.833, p < 0.01. Repeated measures ANOVA, Tukey). Data are
represented as mean + SEM. Error bars represent SEM, *p < 0.05, **p < 0.01.

overexpression of USP7 also decreased the intensity of cleaved caspase3 (Ctrl (n = 15) vs. USP7 (n = 19),
p < 0.01, t-test) (Figures 7A and 7B).

Studies have shown that in cells including neurons, tubulin is an important substrate of caspase3 and is
cleaved by activated caspase3 (Sokolowski et al., 2014). Given that microtubules are the core supportive
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Figure 7. Caspase-3 and microtubules are the downstream effectors mediating the USP7 effect on dendritic
arborization

(A) Primary hippocampal neurons were transfected with USP7 and immunostained for the cleaved caspase 3. Arrows
indicate the transfected neurons. Scale bar = 50 pm.

(B) Quantification showed a decrease in cleaved caspase-3 intensity in USP7 overexpressing neurons (Ctrl: n = 15; USP7:
n =19, t-test).

(C) HEK cells were transfected with USP7 and shUSP7. Cell lysates were collected to determine the cleaved caspase-3
levels by Westerns.

(D) Quantification of Western blot intensities of cleaved caspase-3 (F(2,6) = 16.56, p < 0.01, one-way ANOVA, Tukey).

(E) Primary neurons were infected with AAV-USP7 at DIV 0, and neuron lysates were collected for western blot to detect
changes in microtubule cleavage.

(F) Quantification showed a significant decrease in cleaved microtubules in neurons with USP7 virus infection (Ctrl: n = 3;
USP7: n = 3, t-test).

(G) Primary neurons were infected with AAV-USP7 at DIV 0 and immunostained at DIV 15 with TubACaspé antibodies.
Scale bar = 50 um.

(H and I) Quantification showed that USP7-infected neurons had a decrease in microtubule cleavage intensity (Ctrl: n = 15;
USP7: n = 18, t-test), but not in the number of cleavage sites along the dendrite (Ctrl: n = 20; USP7: n = 18, t-test). Data are
represented as mean + SEM. Error bars represent SEM, *p < 0.05, **p < 0.01.
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structures in dendrites, it is conceivable that microtubule destruction by the caspase cascade should lead
to dendritic destabilization and structural reorganization. Indeed, the cleavage of tubulin by caspase3 and
caspaseb has been shown to be involved in cytoskeletal degradation during axon degeneration (Sokolow-
skietal., 2014) and in dendritic remodeling (Erturk et al., 2014; Khatri et al., 2018). We therefore speculated
whether tubulin cleavage plays a role in the effects of USP7 on dendritic arborization. By immunostaining
with the antibody TubACaspé against tubulin cleavage sites (Klaiman et al., 2008; Sokolowski et al., 2014),
we found that the intensity of tubulin cleavage signals was decreased significantly in USP7-infected neurons
(Ctrl (n = 15) vs. USP7(n = 18), p < 0.01, t-test) (Figures 7G-71). To further characterize this cleavage, cell
lysates were collected at DIV15, and western blot results revealed a significant reduction in cleaved tubulin
compared to the control (Ctrl (n = 3) vs. USP7(n = 3), p < 0.01, t-test) (Figures 7E and 7F).

In vivo expression of USP7 in the brain causes dysregulation in neuron migration and
dendritic development

As we found that USP7 was highly expressed from E10 to P10 in the brain, the time window critical for
neuron migration, cortical layer formation, and also the early stage of dendrite outgrowth and spine devel-
opment (Gilbert and Man, 2017; Farhy-Tselnicker and Allen, 2018), it is intriguing to explore the role for
USP7 in brain development. We overexpressed USP7 in the prenatal mouse brain by in utero electropora-
tion (IUE) during early development (Figure 8A). The USP7-GFP plasmids or a control GFP vector was elec-
troporated in the mouse brain at E15, and at PO, the affected brains were prepared for immunostaining to
determine the effect of USP7 overexpression. When neuronal migration was analyzed, we found that at PO,
81.75% of control neurons had already reached the upper CP. In contrast, for neurons with USP7 overex-
pression, only 55.49% reached this region (Figures 8B and 8C). In line with this, 11.41 and 2.41% of GFP con-
trol neurons were found in the lower CP and VZ, while 17.87 and 19.46% of USP7 electroporated neurons
were distributed in these two regions, respectively (Figures 8B and 8C). These results indicate that neuron
migration was suppressed by USP7 overexpression.

We then examined the effects of USP7 on neuron morphological maturation. At P15, sholl analysis revealed
a significant increase in dendritic arborization in neurons electroporated with USP7 (F(1, 48) = 17.06,
p < 0.01) (Figures 8D and 8E). The number of dendrites (Ctrl (n = 27) vs. USP7 (n = 22), p < 0.01, t-test)
and the total length of dendrites (Ctrl (n = 27) vs. USP7 (n = 22), p < 0.01, t-test) were both increased in neu-
rons overexpressing USP7 at layer Il and layer V (Figures 8F and 8G). Consistent with our findings in primary
neurons in vitro, these results show that overexpression of USP7 in vivo in the brain results in alterations in
neuronal development, including migration and dendritic arborization.

Viral expression of USP7 in mouse brain leads to autistic-like behaviors and changes in pain
sensitivity

Given that dosage changes of USP7, including duplication and haploinsufficiency, are implicated in ASD
(Sanders et al., 2011; Fountain et al., 2019) and other neurodevelopmental phenotypes (e.g. Schaaff-
Yang syndrome; Duan et al., 2021), we wanted to evaluate the effect of USP7 overexpression on brain func-
tion and behaviors. To this end, we performed bilateral intracerebroventricular injections of AAV GFP-USP7
or AAV GFP as control (2 uL each side) in mouse brains at PO. Animals were later subjected to different
behavioral tests at P30 to P55 (Figure 9A).

To first confirm virus expression, brain tissues and brain slices were prepared from mice following virus in-
jection at PO. The expression of GFP-USP7 or GFP control was detected in the entire brain from P30 to P40.
In the cortex, stronger expression was observed in layer Il and layer V (Figures 9B and 9C). Western blots
showed that USP7 expression in the cortex was significantly higher in AAV USP7 groups than in the controls.
Consistently, the level of XIAP was also increased in the brains injected with USP7 virus (Figure 9D). We then
evaluated neuron morphological development (Figures E-91). Sholl analysis of layer V cortical neurons in
the somatosensory cortex revealed that neurons infected with USP7 virus had a more complex dendritic
arborization compared to the control group (Group: F(1, 44) = 37.91, p < 0.01, Repeated measures
ANOVA, 19 cortical neurons from 4 control mice and 27 cortical neurons from 5 AAV USP7 mice). The num-
ber of dendrites, and the mean and total length of dendrites, were significantly increased in the AAV USP7
group (Number of dendrites: Ctrl (n = 19) vs. USP7 (n = 27), p < 0.01; Sum length: Ctrl vs. USP7: p < 0.01;
Mean length: Ctrl vs. USP7: p < 0.01. t-test). These in vivo changes by USP7 are consistent with our findings
in primary neurons in vitro.
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Figure 8. USP7 overexpression in the brain affects neuron migration and dendritic arborization

(A) Schematic illustration of the procedures for in utero electroporation (IUE) performed at E15 and PO, P15.

(B) Brain slices taken at PO following IUE of DsRed control (Ctrl) or GFP-USP7 at E15. Scale bar = 200 pm.

(C) Analysis of neuronal migration at PO showed that less neurons were distributed in the upCP and more in the loCP and
VZ regions compared with controls (Ctrl: n = 12; USP7: n = 14. t-test). More than 1200 GFP™ neurons from four brains were
analyzed in each group. 15 slices from five brains were analyzed in each group, and more than 3000 GFP* neurons were
analyzed totally.

(D) Representative images showing dendritic arborizations of control and USP7 groups. Scale bar = 50 pm.

(E) Sholl analysis of dendritic structure at P15 after IUE showed a significant change in branching (Group: F(1, 48) = 17.06,
p < 0.01, Repeated measures ANOVA. Ctrl: n = 27; USP7: n = 22).

(F and G) Dendrite numbers and the total length of dendrites were increased in the USP7 overexpressing group
compared with the control (Ctrl: n = 27; USP7: n = 22. t-test). Data are represented as mean + SEM. Error bars represent
SEM, *p < 0.05, **p < 0.01.

If viral expression of USP7 in the brain altered signaling events and neuronal development, we wanted to
determine whether it also led to abnormalities in brain function and behavior. We first examined animal
activities at the home cage. We found that mice injected with USP7 virus showed increased activities in
grooming (Ctrl (n = 9) vs. USP7 (n = 11), p < 0.05, t-test) and digging (Ctrl (n = 8) vs. USP7 (n = 12),
p <0.05, t-test) compared with the control (Figure 10A). The overall activity level, assessed by the total num-
ber of activities including grooming, rearing, digging, climbing, circling and jumping, was also increased
significantly in the AAV USP7 group compared with the AAV GFP control (Ctrl (n = 8) vs. USP7 (n = 11),
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Figure 9. USP7 overexpression in vivo in mouse brain at PO leads to dendrite morphological changes

(A) Schematic illustration of the procedures for virus injection at PO and schedule for behavior tests performed at P30-P55.
AAV-USP7 and AAV-GFP were injected into the lateral ventricles in mice at PO, and the mice were perfused around P30 to
P60 for cryostat to show the validity of the virus. The expression of GFP (B) or GFP-fused USP7 (left: Scale bar = 1000 pm;
right: Scale bar = 200 pm) (C) can be detected in the whole brain around P30 to P40 ( left: Scale bar = 500 pm; right: Scale
bar = 100 pum).

(D) Western blot showed that the expression of USP7 in the cortex of the AAV USP7 group is significantly higher than in the
control group, as well as XIAP.

(E-I) Sholl analysis shows the morphological changes. Scale bar = 50 um. 19 cortical neurons from 5 control mice and 27
neurons from 5 AAV USP7 mice were analyzed. The number of dendrites and the mean and total length of dendrites were
allincreased significantly in the AAV USP7 group (F, Number of dendrites: Ctrl: n =19, USP7:n = 27, p < 0.01, t-test; G,Sum
length: Ctrl: n =19, USP7: n = 27, p < 0.01, t-test; H, Mean length: Ctrl: n = 19, USP7: n = 27, p < 0.01. t-test). |, The dendritic
arborization was more complex in the AAV USP7 group compared with the control group (Group: F(1, 44) = 37.91,

p < 0.01, Repeated measures ANOVA). Data are represented as mean + SEM. Error bars represent SEM, *p < 0.05,
**p < 0.01.

p < 0.05, t-test) (Figure 10B). However, in the open field test, the track length showed no difference be-
tween the two groups (Ctrl (n = 9) vs. USP7 (n = 13), p > 0.05, t-test) (Figure 10C). In marble burying test
(Figure 10D), the AAV USP7 mice buried significantly more marbles than the control mice during a
30 min episode (Ctrl (n = 9) vs. USP7 (n = 13), p < 0.05, t-test) (Figures 10D-10F).
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Figure 10. Behavior changes in mice following USP7 overexpression in the brain at PO. Behavioral tests were
performed at P30-P55

(A and B) Homecage activities including grooming, rearing, digging, climbing, circling, and jumping (Ctrl: n = 9; USP7: n =
13, t-test). Counts of grooming and digging (A), as well as the overall activity events (B), were increased significantly in
USP7 infected mice.

(C) Track length in the open field test showed no difference between two groups (t-test).

(D) A representative example of the test arena at the end of the Marble burying test.

(E) USP7 mice buried more marbles during the test (F(1,20) = 13.46, p < 0.01. Ctrl: n = 9; USP7: n = 13, repeated measures
ANOVA).

(F) Quantification of the number of marbles buried at the end of the test (30 min).

(G and J) Paradigm for the social preference test (G) and social novelty test (J), and representative tracing.
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Figure 10. Continued

(H and K) Quantification of time spent in each chamber in the social preference test (H) (Ctrl: n = 8; USP7: n = 12, t-test) and
social novelty test (K) (Ctrl: n = 8; USP7: n = 12, t-test).

(I and L) Quantification of the preference index in the social preference test (I) and social novelty test (L). The preference
for social interaction was increased in USP7 animals compared with the control (t-test) (I).

(M and N) The novel object recognition test showed no difference in discrimination index between the two groups (Ctrl:
n = 8; USP7: n = 13, t-test).

(O and P) Hot plate test. The withdrawal latency was decreased in USP7 mice compared with the control (Ctrl: n = 8; USP7:
n = 13, t-test). Data are represented as mean + SEM. Error bars represent SEM, *p < 0.05, **p < 0.01.

Defectin social behaviors is one of the hallmarks in ASD (Moretti et al., 2005; Feyder et al., 2010; Vogt et al.,
2015; Gilbert and Man, 2017). We thus sought to determine changes in the social behaviors in mice with
USP7 overexpression. In the three-chamber sociability test, a stranger mouse was placed into one side
chamber, while the other side chamber was left empty (Figure 10G). We found that while both the USP7
mice and the control mice spent a significantly longer time in the stranger-containing chamber than the
empty chamber (Figure 10H), USP7 mice showed a higher score in the preference index (Figure 101) (Ctrl
(n=9) vs. USP7 (n = 11), p < 0.05, t-test). We then placed a novel mouse into the empty chamber to test
social novelty (Figure 10J), and no difference in preference index was detected between the USP7 mice
and control mice (Figures 10K and 10L) (Ctrl (n = 9) vs. USP7 (n = 12), p > 0.05, t-test), indicating a minimal
role of USP7 overexpression on social novelty behaviors. We then examined cognitive function by assessing
novel object recognition (Figure 10M). Two identical objects were introduced to the mouse, and 24 h later,
one of the familiarized objects was replaced with a novel object. Data analysis showed that both the control
mice and the USP7 mice spent more time interacting with the novel object, and no difference was detected
in the discrimination index between the two groups (Figure 10N) (Ctrl (n = 8) vs. USP7 (n = 13), p > 0.05, t-
test), indicating intact recognition capabilities in mice with USP7 overexpression. In addition, in ASD pa-
tients and model animals, alterations were often found in the peripheral somatosensory functions (Sukoff
Rizzo and Crawley, 2017; Kurokawa et al., 2021). We performed the hot plate assay to evaluate thermal
sensitivity in virus-injected mice by measuring the latency of hindpaw withdrawal (Figure 100). The USP7
mice showed a shorter withdrawal latency than the control mice (Figure 10P) (Ctrl (n = 8) vs. USP7 (n =
13), p < 0.05, t-test), indicating an up-regulation in thermal pain sensitivity because of USP7 overexpression
in the brain.

DISCUSSION

In this study, we investigated the neurobiological function of USP7 and its implication in the ASD pheno-
type. Our findings reveal an important role for USP7 in the regulation of dendrite growth and structural
maturation. Overexpression of USP7 resulted in an increase, whereas knockdown of USP7 led to a decrease
in dendrite branching and length. Interestingly, we found that the dendritic arborization was reduced on
DIV15 relative to DIV 11. However, this reduction in dendritic arborization was abolished by USP7 overex-
pression. Therefore, the positive regulatory effect on dendritic growth by USP7 is likely achieved via dis-
rupting the developmental structural remodeling of the dendrites by suppression of the dendritic pruning
process. Consistent with our in vitro results, expression of USP7 in vivo in mouse brain by IUE at E15 led to
an increase in dendrite branch number and dendrite total length when examined at P15. In addition, USP7
overexpression also resulted in a change in neuronal redistribution in cortical layers. Newborn neurons
overexpressing USP7 were distributed more at the inner cortical region as compared to control neurons,
indicating an inhibitory effect of USP7 in neuron migration.

XIAP is the most potent member of the IAP gene family in its ability to suppress caspase activity and
apoptosis (Suzuki et al., 2001b; Abbas and Larisch, 2020). XIAP is implicated in axon degeneration, as it
has been shown that sustaining XIAP levels in degenerating axons reduces caspase activation and sup-
presses axonal degeneration (Unsain et al., 2013). Our previous study demonstrated that XIAP is involved
in Ube3A/E6AP-induced dendritic remodeling (Khatri et al., 2018).

XIAP is known to be a target of ubiquitination (Tse et al., 2011) and can be stabilized by proteasome inhi-
bition (Galban and Duckett, 2010). In fact, XIAP has intrinsic ligase activity and can ubiquitinate itself. RING
domains can function as E3 ligases by binding to E2 ubiquitin-conjugating enzymes (UBCs) and recruiting
E2s to a substrate. XIAP, as well as another RING-containing IAP, is capable of autoubiquitination in a
manner dependent on its RING (Yang et al., 2000; Vaux and Silke, 2005; Galban and Duckett, 2010). It is
likely that the intrinsic biological activity of XIAP is also controlled by transubiquitination. ARTS associates
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with XIAP and causes XIAP ubiquitination and degradation by interacting with the E3 ligase Siah-1 (seven in
absentia homolog 1) (Garrison et al., 2011; Abbas and Larisch, 2020). It has been shown that XIAP phos-
phorylation protects XIAP from ubiquitination and degradation (Dan et al., 2016). Another study demon-
strated that USP9X deubiquitylates and stabilizes XIAP in mitosis (Engel et al., 2016). Our results show
that the expression level of XIAP matches that of USP7, with both reaching a high expression level before
DIV12, and then decreasing. Using AAV USP7 and USP7 inhibitor treatments, we observed corresponding
changes in both USP7 and XIAP. The degradation and ubiquitination assays confirmed that USP7 up-reg-
ulates the stability of XIAP via deubiquitination. Importantly, we found that XIAP plays a key role in medi-
ating the effect of USP7 in dendrite development. Mimicking the effect of USP7, XIAP overexpression also
increased the branch number and summed dendritic length, whereas knockdown of XIAP blocked the ef-
fect of USP7. In line with these findings, co-expression of USP7 with XIAP did not have an additive effect
relative to either alone, indicating that XIAP acts as an effector downstream of USP7. Also, our previous
study demonstrated that E6AP suppresses dendritic growth via a downregulation of XIAP (Khatri et al.,
2018), suggesting a molecular process opposite to that underlying USP7 effect. In support of this idea,
our results revealed that USP7 overexpression was able to block E6AP-induced XIAP ubiquitination and
dendritic retraction. Thus, the turnover and amount of XIAP are regulated by the abundance of USP7.

To further investigate the effect of USP7 overexpression at an early developmental age on behavioral perfor-
mance, we delivered AAV USP7 into the lateral ventricle of mice at PO and conducted behavior tests at their
adolescent ages (P30-P55). Elevated levels in self-grooming and marble burying behaviors are typical autistic-
like behaviors in mice (Nadeem et al., 2019, 2020; Al-Mazroua et al., 2019). Indeed, apparent repetitive behaviors,
such as grooming, digging, circling, and jumping, were observed in the USP7 mice. Mice injected with USP7 virus
showed increased marble burying activities, increased preference to social stimuli in the three-chamber test, and
increased sensitivity to pain stimuli, but no changes were detected in the memory tests.

Elevated grooming and marble burying activities are common autistic behaviors observed in transgenic mice
with ASD risk genes. In addition, although no significant difference in locomotor activity in the open field test
was observed, mice overexpressing USP7 showed an increase in overall activity events including grooming,
jumping, digging and others, which could suggest a phenotype of hyperactivity. Stereotyped jumping, circling
ordigging may also be considered as repetitive behaviors (Sukoff Rizzo and Crawley, 2017; Lee et al., 2018). Clin-
ical studies estimate that the prevalence of co-occurring ASD and hyperactivity or attention deficits in children
ranges from 20% to 50% (Levy et al., 2010; McClain et al., 2017). Many ASD animal models, such as Ptchd1 KO
mice (Murakami et al., 2019), mice with a deletion mutation in the CBP CH1 domain (CBPACH1/ACH1) (Zheng
etal., 2016), Cntnap2 KO, Neuroligin-3 KO and shank2 KO mice also show hyperactivity phenotypes (Radyushkin
et al., 2009; Penagarikano et al., 2011; Schmeisser et al., 2012; Kazdoba et al., 2016).

Interestingly, in the behavior tests, we found that mice overexpressing USP7 showed elevated sociability.
Indeed, though ASDs are typically associated with reduced social activities, the opposite trait of hypersociability
and indiscriminate friendliness can also occur in individuals with specific neurodevelopmental disorders, such as
Williams syndrome, Angelman syndrome and 17g21.31 microdeletion syndrome (Koolen-De Vries syndrome)
(Stoppel and Anderson, 2017; Toth, 2019). Deletion of chromosome 15g11-g13 (including UBE3A) in Angelman
syndrome causes developmental delay and a typical behavioral profile including a happy demeanor and
increased motor behavior (Bower and Jeavons, 1967). In line with this, mice lacking the maternally inherited
Ube3a gene (Ube3a™ ) show an increased social preference and a longer social interaction time in the
three-chamber social test (Stoppel and Anderson, 2017). Hypersociability in Williams syndrome is accompanied
by a poor understanding of social dynamics, facial expression, and body language (Dykens, 2003; Toth, 2019).
Studies indicate that reduced amygdala responses to fearful facial expressions may underlie social disinhibition,
whereas an increased amygdala response to happy facial expressions could explain the high motivation of Wil-
liams patients to interact with others (Haas et al., 2009, 2010; Toth, 2019). It is thus intriguing to study the role of
USP7 in specific brain regions and circuits involved in social behaviors.

Limitations of the study

Intraventricular virus injection was performed in PO mice; therefore, the contribution of USP7 effect on pre-
natal brain development to autistic behaviors was not evaluated in this study. In addition, the virus expres-
sion may not be affecting the entire brain to a similar extent, and the viral USP7 protein level at brain re-
gions may not mimic the physiological pattern of USP7 expression. Transgenic mice of USP7 gene
duplication will be a better paradigm to study the autistic traits.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
mouse anti-USP7 Santa Cruz Cat# sc-137008; RRID: AB_2214163

rabbit anti-XIAP

rabbit anti-XIAP

mouse anti-FLAG tag DYKDDDDK
mouse anti-PSD95

mouse anti-E6AP

rabbit anti-cleaved caspase-3
anti-GAPDH

mouse anti-a tubulin

rabbit anti-cleaved tubulin (TubACaspé)

mouse anti-NeuN
rabbit anti-Ubiquitin
mouse-lgG-HRP
Rabbit-lgG-HRP
mouse Alexa Fluor 488
rabbit Alexa Fluor 488
mouse Alexa Fluor 555

rabbit Alexa Fluor 555

Bioss Antibodies
Sigma-Aldrich

Cell Signaling Technology
synaptic systems
Sigma-Aldrich

Cell Signaling Technology
EMD Millipore
Sigma-Aldrich

provided kindly by Andrea
LeBlanc at McGill University
EMD Millipore

Abcam

Bio-Rad

Bio-Rad

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Cati# bs-1281r; RRID: AB_10856518
Cat# PRS3331; RRID: AB_1858883
Cat# 8146; RRID: AB_10950495
Cat# 124011; RRID: AB_10804286
Cat# E8655; RRID: AB_261956
Cat# 9661; RRID: AB_2341188
Cat# MAB374; RRID: AB_2107445
Cat# T9026; RRID: AB_477593

N/A

Cat# MAB377; RRID: AB_2298772
Cat# ab19247; RRID: AB_444805
Cat# 170-6516; RRID: AB_11125547
Cat# 170-6515; RRID: AB_11125142
Cat# A21121; RRID: AB_2535764
Cat# A11094; RRID: AB_221544
Cat# A21127; RRID: AB_141596
Cat# A21428; RRID: AB_2535849

Bacterial and virus strains

AAV?2 system (transfected adenovirus
helper (XX680) and AAV2 helper (pXR2))
AAV-ReaChR-citrine

provided kindly by Angela
Ho lab at Boston University
Addgene

N/A

RRID: Addgene_50954

Chemicals, peptides, and recombinant proteins

HBX41108 Tocris Catif 4285
MG132 Sigma-Aldrich Cati#f 7449
Polyethylenimine Polysciences Cati# 23,966
Lipofectamine 2000 Invitrogen Cat# 11668019
fast green dye Sigma-Aldrich Cat# F7258
Experimental models: Cell lines

Human embryonic kidney (HEK) 293T cells N/A N/A

Experimental models: Organisms/strains

FVB/NJ WT mouse

CD-1 mouse

THE JACKSON LABORATORY

Charles River Laboratories

RRID: IMSR_JAX:001800
RRID: IMSR_CRL:022

Sprague-Dawley rat Charles River Laboratories N/A
Oligonucleotides
siRNA target sequence: USP7 #1: 5'- Thermofisher N/A

GAAGGUACUUUAAGAGAUC-3
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
siRNA target sequence: USP7 #2: 5'- Thermofisher N/A
ACCCUUGGACAAUAUUCCU-3

siRNA target sequence: USP7 #3: 5'- Thermofisher N/A
CUAAGGACCCUGCAAAUUA-3

Primer USP7: TAAGCAGAATTC Thermofisher N/A
ATGAACCACCAGCAGCAG

siRNA target sequence: XIAP #1: 5/~ Thermofisher N/A
CTGGACAGGTTGTAGATAT-3'

siRNA target sequence: XIAP #2: 5'- Thermofisher N/A
TTGCAGATTTATCAATGGT-3

siRNA target sequence: XIAP #3: 5/~ Thermofisher N/A

GTGAATGAGTCACCTGCAT-3'

Recombinant DNA

pCl-neo Flag HAUSP Addgene RRID: Addgene_16655
pEBB-XIAP Addgene RRID: Addgene_11558
p4054-E6AP Addgene RRID: Addgene_8658
AAV-ReaChR-citrine Addgene RRID: Addgene_50954
pLKO.3G Addgene RRID: Addgene_14748
pCGLH GFP provided kindly by Angela N/A

Ho lab at Boston University
pCGLH RFP This paper N/A
Software and algorithms
ImageJ N/A https://wsr.imagej.net/distros/win/ij153-win-java8.zip
TrackMo https://github.com/zudi-lin/ N/A

tracking_toolbox
Prism 8.0 GraphPad Software N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Heng-Ye Man (hman@bu.edu).

Materials availability

To make AAV USP7, USP7 was subcloned into AAV-ReaChR-citrine (Addgene, #50954) using the BamH]
and Hindlll restriction sites. For in utero electroporation, USP7 was subcloned into the pCGLH GFP vector
using Bglll and Sall sites. pPCGLH RFP was used as the control. For shRNAs, four USP7 shRNA sequences
and three XIAP shRNA sequences were designed using BLOCK-T™ RNAi Designer (ThermoFisher Scien-
tific) and cloned into the pLKO.3G cloning vector (Addgene; cat. # 14748) using Pacl and EcoRl sites.

All those plasmids generated in this study have been deposited in DNA library in Man'’s lab at Boston
University.

Data and code availability

o All siRNA and primer sequences are reported in KRT. Original biochemical and immunostaining data re-
ported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures for animal study were conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee at Boston University.

FVB/NJ WT mouse (001800 - FVB Strain Details (jax.org)) pups (11 males and 11 females) on postnatal day
Owere used for Bilateral intracerebroventricular (ICV) injection; pregnant CD-1 dams at embryonic day 14.5
(CD-1® IGS Mouse | Charles River (criver.com))) were used for in utero electroporation (IUE).

Primary cultured hippocampal neurons were prepared from E18 rat embryos (Huo et al., 2015). Sprague—
Dawley rats were purchased from Charles River Laboratories Inc., Wilmington, MA, USA. Embryonic brain
regions were dissected and digested with papain (0.5 mg/mL in Hanks balanced salt solution, Sigma-Al-
drich; cat. # 4762) at 37°C for 15 min, then gently triturated in trituration buffer [0.1% DNase (cat. # PA5-
22017 RRID: AB_11153259), 1% ovomucoid (Sigma-Aldrich; cat. # T2011)/1% bovine serum albumin
(Sigma-Aldrich; cat. #05470) in Dulbecco’s modified Eagle’s medium] until neurons were fully dissociated.
Dissociated neurons were seeded onto poly-L-lysine-coated coverslips (Carolina, Burlington, NC; cat. #
633013). Neurons were maintained in Neurobasal medium (Gibco, Rockville, MD, USA) supplemented
with 2% B27, 1% horse serum, 1% penicillin/streptomycin, and 1% L-glutamine for 2 weeks until use.
One week after plating, 5-fluorodeoxyuridine (5 uM) was added to the media to inhibit glial growth. All cells
were maintained in a humidified incubator containing 5% COs.

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s Modified Eagle Medium (Gibco)
supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin and passaged
at 90% confluency twice a week.

METHOD DETAILS

Neuronal and cell line transfection

Neuron transfections were performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. In a 12-well culture plate, for transfection of cells per well containing
0.5 mL plating medium, 1 L Lipofectamine 2000 and 1 pg plasmid DNA were first separately diluted in
50 pL minimal essential medium then mixed and incubated at room temperature for 20 min to form the
transfection complex. The transfection complex was added to the wells and incubated at 37°C for 4 h
before the medium was removed and replaced with feeding medium. Three days following the transfection
of neurons, cells were fixed and immunostained or lysed for biochemical analysis. HEK 293T cells transfec-
tions were performed at approximately 70% confluency using polyethylenimine reagent (Polysciences,
Warrington, PA; cat. # 23966). Two days following the transfection of HEK cells, cells were fixed and immu-
nostained or lysed for biochemical analysis.

Viral constructs preparation and virus infection

Full length USP7 fragment from pCl-neo Flag HAUSP/USP7 (addgene, #16655) were inserted into the AAV-
ReaChR-citrine vector. To package AAV particles, HEK293T cells at 60-70% confluency in 15-cm culture
plates were transfected with pAAV-USP7, together with adenovirus helper plasmid (XX680) and a 10-fold
excess of pXR2 containing AAV2 Rep and Cap using Polyethylenimine (Invitrogen) in OPTI-MEM (Gibco).
Approximately 72 h post-transfection, cell culture medium and cell debris were collected separately.
The medium was filtered with 0.45 pm filter. Cell debris were collected with 2 mL Tris-HCI and frozen
(=70°C) and thawed (37°C) repeatedly for eight times, followed by centrifugation for 30 min at the speed
of 3000 rpm, 4°C. The supernatant was mixed with filtered medium collected earlier, and PEG-it (1:5) was
added and kept at 4°C overnight. Following centrifugation (1500 rpm, 45 min, 4°C) the pellet was resus-
pended with 100 pL cold PBS. Aliquots of the virus were stored in a —80°C freezer for future use.

Biochemical analysis of protein ubiquitination

Cultured cortical neurons or HEK cells were rinsed with cold aCSF and collected in 200 uL lysis buffer
[50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 1% Sodium deoxycholate (SDOC) and 1% sodium dodecyl
sulfate (SDS)] containing mini cOmplete protease inhibitors (Hoffmann-La Roche Grenzacherstrasse, Basel,
Switzerland). The high SDS concentration was applied to avoid conventional protein—protein interaction.
Lysates were further solubilized by sonication and 10 min incubation on ice followed by centrifugation
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for 10 min at 13000 g. Supernatant was adjusted to 500 pL with lysis buffer and incubated 3 h on rotation at
4°C with TulL antibodies against XIAP and protein A-Sepharose beads (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Immunocomplexes were washed three times with ice-cold lysis buffer without SDS
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 1% SDOC), resuspended in 2X Laemmli buffer and dena-
tured at 95°C for 10 min.

Western blot

Primary neurons cultured in six-well plates (10 cells/well) were treated with virus at the time of plating day.
Neurons were lysed in Laemmli 2x sample buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004%
bromophenol blue, and 0.125 M Tris-HCI) and boiled for 10 min at 95°C for SDS-PAGE electrophoresis. Af-
ter separation in SDS-PAGE, proteins were transferred to polyvinylidene fluoride membranes (Bio-Rad,
Richmond, CA) and probed for different targets with the stated antibodies (in Key resources table). The
concentration of primary antibody is 1:1000, and the secondary antibody is 1:5000. Immunoblots were visu-
alized using a chemiluminescence detection system (Sapphire Biomolecular Imager, Azure biosystems, CA,
USA), and analyzed using ImageJ.

In utero electroporation

In utero electroporation (IUE) was performed on timed pregnant CD-1 dams at embryonic day 14.5 (Gilbert
and Man, 2016). Dams were anesthetized via i.p. injection of a ketamine/xylazine mixture. The fur over the
abdomen was shaved and cleaned with 70% ethanol. An incision (2.5 cm) in the abdominal cavity was made
to expose the uterine horns. 1-2 plL of plasmid DNA mixed with 0.1% fast green dye (Sigma-Aldrich; cat.
#F7258) was injected into the ventricle through the uterine wall and amniotic sac using a pulled-glass micro-
pipette. The plasmid vectors were used at a final concentration of 2-3 ug/uL. The anode of a Tweezertrode
(Harvard Apparatus, Holliston, MA) was placed over the dorsal telencephalon above the uterine muscle,
and four 35V pulses (50 ms duration separated by a 950 ms interval) were delivered from a BTX ECM830
pulse generator (Harvard Apparatus). The gap between the electrodes was filled with warm saline before
electric pulses. After electroporation, the uterine horns were returned to the abdomen, and the cavity was
filled with a warm saline solution. The surgical incisions were closed with sutures. The dams were then
placed in a clean cage and monitored closely during recovery (about 2 hours). The pups were allowed to
mature with the mother until the time as indicated.

Intraventricular brain injection of adeno-associated virus (AAV2) in neonatal mice

Bilateral intracerebroventricular (ICV) injections were performed in FVB/NJ WT mouse (https://www.jax.
org/strain/001800) pups on postnatal day O (P0). Briefly, Newborn FVB mice were cryoanesthetized and
subsequently placed on a cold metal plate. The injection system consisted of a 30 gauge needle, 20 cm
PE20 plastic tube, 5 pL Hamilton syringe and a pump (KD Scientific Model 100 series). A needle was
used to pierce the skull at the site that is approximately two-fifth of the distance between the lamda and
eye, and 2 pL of AAV was injected into each cerebral ventricle at the speed of 0.2 pL/min. Neonatal
mice were kept with their parents until weaned. Mice were sacrificed at P55 post-injection. All mice were
behaviorally assessed before being euthanized for biochemical and histological analysis.

Behavioral tests

Behavioral tests were performed on mice from the age of P30 to P55. The sequential order and the specific
times of behavioral tests are: Habituation (P31-33), Open field test (P34), Homecage behavior test (P35-36),
Hot plate test (P37-39), Marble bury test (P41-42), Novel object recognition (P44-48), and Three-chamber
test (P50-54).

Open field test

Mice were habituated to the testing room over 3 d and handled for 5 min each day. Lights in the testing
room were off except for a small desk lamp in the corner allowing the experimenter to see. On the test
day, each mouse was singly placed into the center of an open-field arena (40 x 40 x 30 cm?), and allowed
to freely explore the chamber. Video recordings were captured with a Logitech ¢920 webcam during the
test. Track length was analyzed using TrackMo (https://github.com/zudi-lin/tracking_toolbox, 2020) (Lin,
2020). The chamber was cleaned with 70% ethanol thoroughly after the test.
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Homecage behavior test

Mice were single-housed and tested in their home cage. Video recordings were captured with a Logitech
€920 webcam for 30 min, and the final 5 min recordings were used to quantify the grooming, rearing, dig-
ging, climbing, circling and jumping behaviors. A 1 s refractory period was introduced to avoid counting
high frequency repetitive behavior such as grooming and digging (Moretti et al., 2005).

Hot plate test

Pain sensitivity of mice was evaluated through the hot plate test (Wang et al., 2016). The temperature of the
hot plate was set to 55°C. Mice were placed on the surface of the hot plate and covered by a glass trans-
parent cylinder, 25 cm high and 12 cm diameter. The latency to response was measured when the hind paw
lick or jump occurred. Prior to the test, a two-day habituation session (15 min/day) was given to let mice
habituate the surface of the non-heated hot plate and the covered cylinder before the test.

Marble burying test

Marble burying was conducted in the animal’s home cage with a 3-inch-thick layer of fresh pine chip
bedding. Sixteen shiny glass marbles (0.25-inch diameter) were arranged in a 4 x 4 grid on top of the
bedding (Gilbert et al., 2020). Mice were singly placed back into the cage and allowed to move freely
and bury marbles. Video recordings were captured with a Logitech c920 webcam during the test and
the number of marbles buried after 5, 10, 15, 25 and 30 min was quantified.

Novel object recognition (NOR) test

The NOR protocol consists of habituation, training, and test sessions (Leger et al., 2013). Habituation: mice
were exposed to an open-field apparatus twice a day for three days before the test (10 min for each ses-
sion). Training: two identical objects (falcon tissue culture flask filled with beddings) were placed in two cor-
ners of the arena and animals were allowed to explore for 10 min on day 4. Testing: one object was replaced
by a new one (tower of Lego bricks) for this session. Video recordings were captured for 5 min, and track
length was quantified. Recorded videos were analyzed by TrackMo and the discrimination index (DI) was
calculated by dividing the exploration time of the novel object by the total exploration time.

Three-chamber test

A three-chambered box was constructed from a 0.75-inch-thick white plastic board measuring
65 X 28 x 28 cm. The walls to the center chamber had 10 x 10 cm cut-out doors allowing movement be-
tween chambers. The two side chambers contained small wire cages to house social mice. Habituation:
Before the test, mice were habituated to the apparatus with empty wire cages, over a three-day period
for 10 min each session, and allowed to move freely among all three chambers. Social preference session:
On the testing day, mice were singly placed into the center, with the doors blocked with plastic boards, and
a social mouse (Mouse 1) was placed into the left-side wire cage. The doors were unblocked, and the test
mouse was allowed to move freely within the apparatus for 5 min. Social novelty session: During this ses-
sion, the test mouse was returned to the center chamber, and the doors were blocked again. A second
mouse (Novel Mouse) was placed into the right chamber under the wire cage. The center doors were un-
blocked, and the test mouse was allowed to move freely within the apparatus for another 5 min. The entire
apparatus was wiped with 70% ethanol between mice to eliminate odor cues between animals. Video re-
cordings were captured with a Logitech ¢920 webcam during the test. The time spent interacting with each
mouse or empty cage (nose <2 cm), the time spent in each chamber, and the locomotion tracks were
scored using TrackMo (Lin, 2020). The preference index (Pl) was calculated by dividing the time spend in
the Mouse 1 chamber by the total time spend in both Mouse 1 and Empty (or Novel Mouse) chambers.

Immunohistochemistry of brain slices

To collect the electroporated brains, mice older than PO were anesthetized with an i.p. injection of keta-
mine/xylazine and transcardially perfused with warmed PBS and fix solution (4% paraformaldehyde in
PBS). Brains were removed and placed into fixation solution at 4°C for 4-6 h, followed by a 2-3-day incuba-
tion in a 30% sucrose PBS solution at 4°C. Brains were then frozen in OCT (Tissue-Tek; cat. # 25608-930) and
cutinto 25-pum sections using Leica CM 1850 cryostat (Leica Biosystems, Buffalo Grove, IL) at —20°C. For PO
animals, brains were kept intact in the skull for fixation and slicing.
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Sections were mounted onto SuperFrost microscope slides (Fisher Scientific) and stored at —80°C for future
use. Before immunostaining, sections were rinsed with PBS for a minimum of 2 h and antigen retrieval was
performed by microwaving brain sections in sodium citrate buffer (10 mm, pH 6) at 800 W for 1 min followed
by 80 W for 10 min. Sections were then blocked in a 5% goat serum plus 0.3% Triton X-100/PBS solution for
1 h followed by incubation with primary antibodies overnight at 4°C. The following day, sections were
washed with PBS and incubated with the appropriate Alexa Fluor-conjugated secondary antibodies. Sec-
tions were then mounted with ProLong-Gold mounting medium (Invitrogen), allowed to dry at room tem-
perature overnight, and stored at —20°C.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental design and statistical analyses

For the in vitro experiments, each experiment was repeated at least three times. For all structure analysis
and immunostaining results, n represents neurons from three to four individual experiments. For western
blot results, n refers to experimental replicates. The IUE experiment was performed twice, and in each
batch, there were 2-3 pups per group (Control and USP7 group). For the virus injection and behavioral ex-
periments, three batches of pups were used (9 for control and 13 for USP7 in total). The behavior tests were
performed and analyzed with the experimenter blinded to the identity of the animals.

Repeated measures ANOVA was used for the sholl analysis, the CHX degradation experiment in vitro, and
the marble burying test. One-way ANOVA with post hoc Tukey’s test or Tamhane's test was used for all
experiments that had more than two groups. An unpaired Student's ttest was used for the other two-group
analyses.

Prism 8.0 (GraphPad Software) was used for the graphics and statistical analyses; p < 0.05 was considered
statistically significant. Data are presented as mean + SEM.

Sholl analysis

Dendrites were traced from images of neurons stained with MAP2 using the NeuronJ (RRID: SCR_002074)
plugin in ImagedJ (RRID: SCR_003070). The Snapshot tool in NeuronJ was used to save the tracings as an
image file that was converted to 8-bit, and these images were analyzed with the Sholl analysis plugin in Im-
ageJ. The range of measurement was set using the straight-line tool traced from the center of the soma to
the outermost neurite. Dendrite intersections were analyzed from a starting radius of 10 um with 10 um
steps to the outer radius. The resulting numbers of intersections per cell were used to calculate the
mean and SEM for each radius interval.
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