bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sex-biasing influence of autism-associated Ube3a gene overdosage at connectomic, behavioral
and transcriptomic levels

Caterina Montani'*, Marco Pagani'?*, Elizabeth De Guzman?, Luigi Balasco®, Filomena Grazia
Alvino!, Alessia de Felice!, Alberto Galbusera!, Thomas K. Nickl-Jockschat® Pierre Lau®, Noemi
Borsotti®, Lorenzo Mattioni’, Massimo Pasqualetti®, Giovanni Provenzano’, Yuri Bozzi*®, Michael
V. Lombardo®*, Alessandro Gozzi'*

IFunctional Neuroimaging Laboratory, Istituto Italiano di Tecnologia, Center for Neuroscience
and Cognitive Systems, CNCS@UNITN, Rovereto, ltaly

2Autism Center, Child Mind Institute, New York, NY, USA

3Center for Mind/Brain Sciences (CIMeC), University of Trento, Rovereto, Italy

“Departments of Psychiatry, Neuroscience and Pharmacology, lowa Neuroscience Institute,
Carver College of Medicine, University of lowa, lowa City, |IA, USA

>Istituto Italiano di Tecnologia, Center for Human Technologies, Genova, Italy

® Unit of Cell and Developmental Biology, Department of Biology, University of Pisa, Pisa, Italy
’Department of Cellular, Computational and Integrative Biology (CIBIO), University of Trento,
Trento, Italy

8CNR Neuroscience Institute, Pisa, Italy

°Laboratory for Autism and Neurodevelopmental Disorders, Istituto Italiano di Tecnologia,
Center for Neuroscience and Cognitive Systems, CNCS@UNITN, Rovereto, Italy

*Contributed equally
* Equal senior author contributions

Correspondence: Alessandro  Gozzi (alessandro.gozzi@iit.it), ~Michael V. Lombardo
(michael.lombardo@iit.it)



https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

Many neurodevelopmental conditions, including autism, affect males more than females.
Genomic mechanisms enhancing risk in males may contribute to this sex-bias. The ubiquitin
protein ligase E3A gene (Ube3a) exerts pleiotropic effects on cellular homeostasis via control of
protein turnover and by acting as transcriptional coactivator with steroid hormone receptors.
Overdosage of Ube3a via duplication or triplication of chromosomal region 15q11-13 causes 1-2%
of autistic cases. Here, we test the hypothesis that increased dosage of Ube3a may influence
autism-relevant phenotypes in a sex-biased manner. We report robust sex-biasing effects on brain
connectomics and repetitive behaviors in mice with extra copies of Ube3a. These effects were
associated with a profound transcriptional dysregulation of several known autism-associated
genes (e.g., FMR1, SCN2A, PTEN, MEF2C, SHANK3, TSC2) as well as differentially-expressed genes
identified in human 15q duplication and in autistic patients. Notably, increased Ube3a dosage also
affects multiple sex-relevant mechanisms, including genes on the X chromosome, genes
influenced by sex steroid hormones, downstream targets of the androgen and estrogen receptors,
or genes that are sex-differentially regulated by transcription factors. These results suggest that
Ube3a overdosage can critically contribute to sex-bias in neurodevelopmental conditions via
influence on sex-differential mechanismes.
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Introduction

Early onset neurodevelopmental conditions tend to show a sex-bias, with males being
more affected than females (Rutter et al., 2003). This imbalance is especially evident in the case
of autism, where the male:female ratio is around 3:1 (Loomes et al., 2017). Several ideas have
been proposed to explain this phenomenon (Lai et al., 2015; Werling, 2016). Multiple risk factors
that enhance risk in males have been identified, including the influence of steroid hormones,
(Katsigianni et al., 2019; Baron-Cohen et al., 2020) and their prenatal programming effect on sex
differences in structural and functional brain development of relevance to autism (Lombardo et
al., 2012, 2020; Lai et al., 2017). In contrast, evidence for a possible genetic female protective
effect has been reported. Autistic females tend to show an increased burden of rare de novo
variants (Sanders et al., 2012; Jacquemont et al., 2014; Satterstrom et al., 2020) as well as higher
polygenic risk from inherited common variants (Antaki et al., 2021; Wigdor et al., 2021). Rare
deleterious variants are also transmitted maternally at higher rates (Desachy et al., 2015; Krumm
et al., 2015). Both female protective and male risk factors have been theorized to work
concurrently within a multiple liability threshold model of sex-differential risk for autism (Werling
and Geschwind, 2013). However, despite these theoretical underpinnings, the exact mechanisms
and genetic determinants that explain sex-bias in autism are still largely unknown.

Sex-specific genetic, transcriptomic, and regulatory architectures are implicated in most
diseases and complex traits (Ober et al., 2008; Bernabeu et al., 2021; Posserud et al., 2021).
Together with sex-differential hormonal environments affecting mid-gestational periods (Baron-
Cohen et al,, 2015; Lombardo et al., 2020), genetic risk factors may interact with sex to produce
differential multi-omic effects (e.g., at transcriptome, connectome, phenome levels) that could
either amplify risk in males or reduce risk in females, and thereby result in a sex-bias in autism. A
key mechanism that may exert such sex-differential multi-omic effects in autism may reside within
the function of the ubiquitin protein ligase E3A (Ube3a). Ube3a is located on chromosome 15g11-
13, and deletions of this chromosomal region results in Prader-Willi or Angelman syndrome,
depending on whether the paternal or maternal copy is deleted (Takumi and Tamada, 2018).
Duplication or triplication of this region also has an important neurodevelopmental impact,
resulting in intellectual disability, epilepsy, and autism — a syndrome commonly referred to as
dup15qg syndrome (Finucane et al., 1993; Urraca et al., 2013; Frohlich et al., 2019). These genetic
alterations can explain 1-2% of all autism cases, and thus represent one of the strongest genetic
risk factors for autism (Abrahams and Geschwind, 2008; Hogart et al., 2010). In keeping with this,
animal studies have shown the increased Ube3a dosage reconstitutes autism-like traits in animals,
an effect that may be mediated by impaired glutamatergic transmission (Smith et al., 2011).
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Ube3a is commonly known for its role in protein degradation, and numerous proteins
involved in neurodevelopment and autism have been reported to be a ubiquitination target of this
protein, including TSC2 (Sun et al., 2015a), Ephexin5 (Margolis et al., 2010), SK2 (Sun et al., 2015b)
and XIAP (Khatri et al., 2018). However, a less investigated independent function (Nawaz et al.,
1999; Li et al, 2006) through which Ube3a can affect brain development is its role as
transcriptional co-activator with steroid hormone receptors (El Hokayem and Nawaz, 2014).
Steroid hormone receptors are known to affect developmental mechanisms related to autism (Hu
et al., 2011; Sarachana and Hu, 2013; Quartier et al., 2018; Lombardo et al., 2020; Willsey et al.,
2021; Gegenhuber et al., 2022; Kelava et al., 2022) and thereby represent one possible
mechanistic avenue for explaining sex-bias in neurodevelopmental disorders. Through these
functions, Ube3a can thus affect the transcriptomic and proteomic architecture of the developing
brain (Kihnle et al., 2013; LaSalle et al., 2015; Vatsa and Jana, 2018) and may serve as a putative
effector of sex-specific phenotypes of relevance to autism. Previous work supports the
mechanistic plausibility of this framework, as gene expression analysis in predominantly male
samples has shown convergence of cortical transcriptome dysregulation in idiopathic autism and
dup15qg syndrome (Parikshak et al., 2016).

Here we test the hypothesis that increase dosage of Ube3a may exert a sex-biasing influence on
autism-relevant phenotypes. We used the Ube3a2X mouse model (Smith et al., 2011; Krishnan et
al., 2017; Khatri et al., 2018), mimicking maternally inherited 15q11-13 triplication, to investigate
how such a genomic risk factor interacts with sex to produce differential effects at connectomic,
phenomic, and transcriptomic levels. Ube3a2X mice harbor two extra-copies of Ube3a transgene
and exhibit deficits in cortical excitatory transmission, together with core autism traits of relevance
for dup15qsyndrome (Smith etal., 2011; Krishnan et al., 2017). We found that Ube3a can critically
contribute to multi-omics sex-bias via transcriptional influence on genes located on the X
chromosome and downstream targets of the androgen receptor, including multiple high
confidence autism-associated genes. Our results uncover a powerful sex-biasing genomic
influence of Ube3a that could explain some of the sex-bias in autism and related
neurodevelopmental disorders.
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Results

Ube3a gene dosage affects prefrontal and hypothalamic functional connectivity in a sex-specific
dependent fashion

Robust alterations in brain anatomy and functional connectivity have been described in
multiple autism mouse models, including mouse lines harboring genetic alterations associated
with dup15q syndrome (Ellegood et al., 2014; Copping et al., 2017, Bertero et al., 2018; Pagani et
al., 2021). The observed anatomical and functional alterations partly recapitulate abnormalities
observed in patient populations and are thus considered a sensitive marker of developmental
dysfunction. To investigate whether Ube3a dosage exerts sex-specific effects on brain circuits, we
first carried out spatially unbiased rsfMRI connectivity mapping in male and female mice with
increased Ube3a gene dosage (Ube3a2X), modelling dup15qg syndrome (Smith et al., 2011).

Using weighted degree centrality as a metric of global connectivity (Bertero et al., 2018) ,
we identified foci of global hypo-connectivity in the hypothalamus and thalamus of Ube3a2X mice,
irrespective of sex (t > |2.1], cluster-corrected, Figure 1a). Interestingly, sex-specific effects were
also found with significant sex*genotype interactions in the basal forebrain and hypothalamic
regions (t > |2.1], cluster-corrected, Figure 1b). As shown in Figure 1b, this interaction effect
reflected reduced global connectivity in Ube3a2X females (p = 0.03, Figure 1b). In contrast,
Ube3a2X males displayed a non-significant trend for increased functional connectivity in both
prefrontal and hypothalamic areas (p = 0.10, Figure 1b).

Given the presence of sex*genotype interactions, we next carried out follow-up analyses
in male and female mice, separately. These analyses revealed reduced global connectivity across
a large set of mid-brain, hypothalamic, thalamic and sensory areas in Ube3a2x females (t > [2.1],
cluster-corrected, Figure 1c). In contrast, Ube3a2X males showed increased global connectivity in
prefrontal and basal forebrain areas (t > | 2.1], cluster corrected, Figure 1d). To probe the circuit-
level substrates differentially affected in the two sexes, we next performed a set of seed-based
connectivity analyses in regions exhibiting global connectivity differences (Figure 2). These
investigations revealed foci with significant sex*genotype interactions in hypothalamic, basal
forebrain and medial prefrontal areas, corroborating the involvement of these areas as key
substrates for sex-divergent functional dysconnectivity produced by increased Ube3a dosage (t >
|2.1], FWER cluster-corrected, Figure 2a-b). Further investigation of these effects in each sex
separately (Figure 2c-f) revealed that in Ube3a2X females, hypothalamic areas exhibit prominent
hypo-connectivity with somatosensory cortex, thalamus and hippocampus (t > |2.1], FWER
cluster-corrected, Figure 2c,e). In contrast, Ube3a2X males were characterized by functional
hyper-connectivity between the medial prefrontal cortex, the anterior insula, thalamic and
hypothalamic regions (t > | 2.1|, FWER cluster-corrected, Figure 2d,f). These findings suggest that
hypothalamic and prefrontal circuits exhibit sex-specific, divergent patterns of dysconnectivity in
mice with increased dosage of Ube3a.
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Figure 1. Increased Ube3a dosage affects global fMRI connectivity in a sex-dependent manner.

a) Contrast maps (left panel) illustrating difference in global fMRI connectivity strength between WT (n = 20) and
Ube3a2X (n = 20) animals, irrespective of sex (blue indicates reduce connectivity, t-test, t > 2; FWE cluster-corrected).
Panel on the right illustrates quantification of global fMRI connectivity strength in representative regions of interest (t-
test; Hypothalamus, t = 2.44, p = 0.019; Thalamus, t = 3.36, p = 0.002). b) Contrast maps (left panel) showing areas
exhibiting sex*genotype interaction in global fMRI connectivity strength (purple and yellow indicates areas with
significant interaction, t > 2; FWE cluster-corrected). Panel on the right illustrates the quantification of sex*genotype
interaction in the hypothalamus (ANOVA'’s interaction, F = 5.85, p = 0.02). ¢) Contrast maps (left panel) showing areas
exhibiting decreased global fMRI connectivity strength in female Ube3a2X mice (n=10) compared to female WT (n =
10) littermates (t-test, t > 2; FWE cluster-corrected). The plot on the right illustrates quantification of global fMRI
connectivity strength in representative regions of interest (t-test; Hypothalamus, t = 4.50, p < 0.001; Thalamus, t =
2.44, p = 0.026). d) Contrast maps (left panel) showing regions exhibiting increased global fMRI connectivity strength
in male Ube3a2X mice (n=10) compared to male WT (n = 10) littermates (red indicates increased connectivity, t-test, t
> 2; FWE cluster-corrected). Panel on the right illustrates quantification of global fMRI connectivity strength in both
groups of males in representative regions of interest (t-test; VDB, t = 3.33, p = 0.004; PFC, t = 2.90, p = 0.009). BF, Basal
Forebrain; Hypo, Hypothalamus,; PFC, Prefrontal Cortex; Thal, Thalamus; SS, somatosensory cortex; VDB, Ventral
Diagonal Band. *p < 0.05, **p < 0.01, FWE: family-wise error. Error bars indicate SEM.

Local fMRI connectivity is also often disrupted in mouse models of autism (Liska et al.,
2018; Pagani et al., 2019). We thus investigated if sex-biased changes in connectivity would also
be detectable on a local scale. Local connectivity mapping in Ube3a2X mice revealed foci of
robustly decreased local connectivity in hypothalamus, thalamus and hippocampus (t > |2.1],
cluster corrected, Figure Sla), irrespective of sex. Significant sex*genotype interactions were
observed in prefrontal, hippocampal and hypothalamic regions (t > | 2.1], cluster corrected, Figure
S1b). This effect was mainly driven by decreased local connectivity in Ube3a2X females (p = 0.04,
Figure S1b). Interestingly, sex-specific effects were not apparent in brain anatomy (Figure S2). Gray
matter (GM) voxel-based morphometry (Pagani et al., 2016a) revealed robust bilateral reductions
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in GM volume in the amygdala, thalamus, and hippocampus in Ube3a2X mice irrespective of sex
(t > |2]|, cluster-corrected, Figure S2. No sex*genotype interactions were identified upon
voxelwise mapping (t > |2.1], Figure S2c).

Taken together, these imaging studies show that hypothalamic, and prefrontal circuits
exhibit divergent, sex-specific patterns of functional dysconnectivity in Ube3a2X mice.
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Figure 2. Divergent fMRI connectivity profiles in male and female Ube3a2X mutants.

a) Seed-based fMRI connectivity mapping of the hypothalamus in Ube3a2X mice (Ube3a2X, n =20 vs. WTn =20, n =
10 males and females within each group). Contrast maps show areas exhibiting sex*genotype interaction of fMRI
connectivity to the hypothalamus (purple and yellow coloring, GLM'’s interaction, t > 2; FWE cluster-corrected). The
plot (right panel) illustrates the quantification of sex*genotype interaction of fMRI connectivity strength between the
hypothalamus and the somatosensory cortex (Hypo-SS, ANOVA’s interaction, F = 4.42, p = 0.04). b) Seed-based fMRI
connectivity mapping of the prefrontal cortex in Ube3a2X mice (Ube3a2X, n =20 vs. WT n = 20, n = 10 males and
females within each group). Contrast maps show areas exhibiting sex*genotype interaction of fMRI connectivity to the
prefrontal cortex (purple and yellow coloring, GLM'’s interaction, t > 2; FWE cluster-corrected). The plot (right panel)
illustrates the quantification of sex*genotype interaction of fMRI connectivity strength between the prefrontal cortex
and the thalamus (PFC-Thal, ANOVA’s interaction, F = 4.62, p = 0.04). ¢) Seed-based fMRI connectivity mapping of the
hypothalamus in female WT (n = 10) and female Ube3a2X mice (n = 10). Red-yellow coloring represents regions
exhibiting fMRI connectivity with the hypothalamic seed region (red lettering) in female control (WT, top panel, one
sample t-test, t > 3) and female Ube3a2X (Ube3a2X, middle panel, one sample t-test, t > 3) mice. The corresponding
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contrast map (Ube3a2x < WT) is reported at the bottom of the panel (blue indicates reduced connectivity, t-test, t > 2).
All statistics are FWE cluster-corrected. d) Seed-based fMRI connectivity mapping of the prefrontal cortex in male WT
(n = 10) and sex-matched Ube3a2X mutants (n = 10). Red-yellow coloring represents regions exhibiting rsfMRI
functional connectivity with the prefrontal seed region (red lettering) in male control (WT, top panel, one sample t-
test, t >3) and male Ube3a2X (Ube3a2X, middle panel, one sample t-test, t > 3) mice. The corresponding contrast map
(Ube3a2x > WT) is reported at the bottom of the panel (red indicates increased connectivity, t-test, t > 2). All statistics
are FWE cluster-corrected. e) Quantification of fMRI connectivity strength between the hypothalamus and dorsal
hippocampus (Hypo-dHPC, unpaired t-test; t = 2.21, p = 0.048), somatosensory cortex (Hypo-SS, unpaired t-test; t =
3.26, p = 0.004) and thalamus (Hypo-Thal, unpaired t-test; t = 3.14, p = 0.006) in the two female groups. f)
Quantification of fMRI connectivity strength between the anterior cingulate and dorsal hypothalamus (PFC-Hypo,
unpaired t-test; t = 2.27, p = 0.038), insula (PFC-Ins, unpaired t-test; t = 2.96, p = 0.008) and thalamus (PFC-Thal,
unpaired t-test; t = 2.15, p = 0.045) in the two male groups. BF, Basal Forebrain; dHPC, dorsal hippocampus; Hypo,
Hypothalamus,; Ins, Insula; PFC, Prefrontal cortex; SS, somatosensory cortex; Thal, thalamus. *p < 0.05, **p < 0.01,
FWE, family-wise error. Error bars of the plots indicate SEM and each dot represents a mouse.

Increased stereotyped behavior in male but not female Ube3a2X mice

The observation of sex*genotype interactions in fMRI connectivity led us to investigate
whether sex-specific behavioral dysfunction would be detectable in behavioral domains relevant
to autism and other male-biased neurodevelopmental disorders. Motor issues (e.g., delays in
achieving early motor milestones, hypotonia, clumsiness, difficulties across visuomotor, fine and
gross motor skills) are a common, yet non-diagnostic, feature of many autistic individuals that
increases with increased severity in core diagnostic domains (Bhat and Narayan Bhat, 2020; Bhat,
2021; Bhat et al., 2022). Previous research also indicates that 15qdup syndrome in humans is
associated with motor impairments (Distefano et al., 2016; Wilson et al., 2020). We thus used the
rotarod test to probe the presence of sex*genotype interactions in locomotor activity and motor
coordination in Ube3a2X mice (Figure 3). We found that Ube3a2X mutants exhibited motor
impairments as assessed with latency to fall score (F = 16.2; p < 0.001, genotype, 2-way ANOVA,
Figure 3b), but this effect was not sex-specific (sex*genotype interaction, F =0.29, p = 0.59, Figure
3c). Further investigations using the open field test (Figure S3a) revealed that Ube3a2X mice,
irrespective of sex, showed comparable mobility (total distance travelled and frequency of
rotations), time spent in the center of the field, and time spent wall rearing to control wild type
littermates (p > 0.32, genotype, all tests, 2-way ANOVA, Figure S3a). These results rule-out the
presence of prominent anxiety-like phenotypes or hyperactivity in these mutants, hence arguing
against a confounding contribution of motor hyperactivity on the results obtained with the rotarod
test.

We next investigated the presence of autism-like stereotyped behavior using self-
grooming scoring (Silverman et al.,, 2010a). Interestingly, these investigations revealed robust
sex*genotype interactions (F = 11.0; p = 0.002, 2-way ANOVA, Figure 3e), explained by Ube3a2X
males spending more time self-grooming compared to WT male littermates (p = 0.008, Figure 3e),
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whereas Ube3a2X females exhibited a reverse trend of less time spent on self-grooming (p = 0.56,
Figure 3e). These results show that increased stereotyped behaviors are present in male but not
female mutant mice.

We next probed social behavior in control and Ube3a2X mutants using a
habituation/dishabituation social interaction test (Huang et al., 2014) (Figure 3f-h). We did not
observe any genotype-dependent difference in sociability in Ube3a2X mice, nor sex*genotype
interactions, both in terms of interaction time with the familiar mouse, and also upon measuring
interaction with a novel stimulus mouse (F = 0.78, p > 0.51, all comparisons, 2-way ANOVA, Figure
3g-h). To further investigate social behavior in Ube3a2x mice, we also tested mutant and control
mice in a three-chamber test (Fig 3i-m, Figure S3b) (Silverman et al., 2010a). Also in this test, we
did not find any significant genotype-dependent effects, or sex*genotype interaction in either
sociability (F=0.11; p = 0.73; 2-way ANOVA, Figure 3l) or social novelty index (F = 0.33; p =0.57;
Fig 3m). In summary, increased Ube3a dosage affects motor ability but not sociability or social
habituation responses. Sex-specific effects on stereotyped behavior were apparent, indicative of
autism-like increased stereotyped behaviors in male but not in female Ube3a2X mutants.
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Figure 3. Increased Ube3a dosage affects stereotyped behavior in a sex dependent manner.

a) Schematics of the rotarod used to assess locomotor activity. b) ). Latency to fall was quantified for Ube3a2X mice
(Ube3a2X, n = 26, n = 14 males and n = 12 females) and WT littermates (n = 30, n = 14 males and n = 16 females).
Sex*genotype interaction was not significant (“ns”, ANOVA’s interaction, F = 0.29, p = 0.59). Sex and genotype factors
were instead statistically significant (ANOVA, F = 12.3, p < 0.001, F = 16.2, p < 0.001, respectively) and driven by
decreased latency to fall in transgenic males (post hoc test Tukey's multiple comparisons test ***p < 0.001). c)
Quantification of the effect size (Cohen’s d) for the latency to fall across trials in the two sexes. d) Schematics of the
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self-grooming test. e) Quantification of time spent grooming by Ube3a2X mice (n = 20, n = 10 males and n = 10 females)
and WT littermates (n = 20, n = 10 males and females within each group). Sex*genotype interaction was statistically
significant (ANOVA'’s interaction F = 10.95, **p = 0.002) and driven by increased grooming in male Ube3a2x mutants.
f) Schematics of the habituation/dishabituation social interaction test. g) Social interaction duration in the
habituation/dishabituation test is reported for all trials (WT, n = 25, n = 12 males and n = 13 females) and Ube3a2X (n
=18, n = 10 males and n = 8 females). h) Cumulative social interaction duration in the first four trials of the
habituation/dishabituation test. Sex*genotype interaction was not statistically significant (“ns”, ANOVA’s interaction
F=0.21, p = 0.64). i) Schematics of the three-chamber test. |) Quantification of the sociability index for WT (n = 30, n
=14 males and n = 16 females) and Ube3a2X mice (n = 26, n = 14 males and n = 12 females). Sex*genotype interaction
was not significant (“ns”, ANOVA’s interaction F = 0.11, p = 0.73). m) Quantification of novelty index. Sex*genotype
interaction was not significant (“ns”, ANOVA’s interaction F = 0.33, p = 0.57).

Increased Ube3a dosage results in sex-specific PFC transcriptomic dysregulation

Given the global and local connectivity abnormalities converging on the medial prefrontal
cortex (PFC) and hypothalamus (Hypo), we next investigated if increased Ube3a dosage results in
sex-specific transcriptomic dysregulation in those regions. Bulk tissue from the PFC and Hypo was
used to quantify gene expression with RNA-seq and analysis was tailored to identify differentially
expressed (DE) genes for main effects of sex, genotype, as well as the sex*genotype interaction.
In the PFC, 2,625 genes were detected as DE at FDR g<0.05 for the sex*genotype interaction. In
contrast, no genes survived FDR correction for the interaction effect in Hypo (Figure S4;
Supplementary Table S1). PFC sex*genotype interaction DE genes fell into two main classes — 1)
so-called ‘DE-‘genes, whereby the minus sign in the acronym is meant to describe downregulated
expression in Ube3a2X males (e.g., WT > Ube3a2X) and 2) so-called ‘DE+’ genes, whereby the plus
sign in the acronym describes upregulated expression in Ube3a2X males (e.g., Ube3a2X>WT).
Since these are interaction effects, the effects observed in Ube3a2X males are reversed when
considering females (Figure 4a). The main effect of genotype identified only Ube3a after FDR
correction in both PFC and Hypo. For a list of genes that survived statistical thresholding of the
main effect of sex, please see Figure S4 and Supplementary Table S2.

Mouse-human cross-species translation via enrichment for autism-associated and dup15q genes

Having identified significant sex-specific transcriptome dysregulation in PFC, we next asked
if such genes are of relevance to known genetic mechanisms of importance in human patients
with either autism or dupl15qg syndrome. The combined set of all DE+ and DE- genes were
significantly enriched for genes annotated on SFARI Gene (https://gene.sfari.org) as being

associated with autism (OR = 1.57, p = 0.01). This enrichment comprised many notable high-
confidence genes such as FMR1, SHANK3, SCN2A, SCN1A, PTEN, CUL3, TSC2, MEF2C, GRIA2,
GABRB2, GABRB3, CHD3, SOX5, SMARCC2, DEAF1, DLG4, and TCF4. Splitting the enrichment
analysis in DE+ and DE- gene sets further revealed that this SFARI enrichment was driven primarily
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by the DE- gene set (Figure 4b). Going beyond evidence in SFARI Gene, we also tested for
enrichments with ultra-rare private inherited mutations (ptLGD) that contribute to at least 4.5%
of autism risk (Wilfert et al., 2020). We found that DE+, but not DE- genes, were enriched for these
ptLGD genes (Figure 4b). In line with these results, we also found that DE- genes, that are
downregulated in Ube3a2X males, were enriched for genes that are downregulated in post-
mortem cortical tissue of a primarily male sample of human patients with autism (Gandal et al.,
2018). In contrast, DE+ genes (i.e. upregulated in Ube3a2X males), were enriched for genes with
upregulated expression in post-mortem cortical tissue of a predominantly male group of patients
with autism (Gandal et al., 2018) (Figure 4b). DE+ genes also overlapped with dysregulated cortical
transcriptome signal in patients with schizophrenia (SCZ; Figure 4b), a finding that may be
expected given some overlap in the genomic mechanisms involved in autism and schizophrenia.
Further underscoring the mouse-human cross-species translational value of our findings, we found
that DE- genes were highly enriched for DE genes in iPSC-derived neurons from dup15q but not
from Angelman syndrome individuals (Germain et al., 2014) (Figure 4b). Furthermore, DE- genes
were highly enriched for genes that are downregulated in cortical tissue of human dup15q patients
(Parikshak et al., 2016) (Figure 4b). For a complete statistics of each gene list used in the
enrichment tests, please see Supplementary Table S3. These enrichment results support the
translational relevance for human patients with autism or dup15qg syndrome of the sex-specific
transcriptomic dysregulation produced by increased dosage of Ube3a.

Sex-specific transcriptomic dysregulation of Ube3a impacts sex-relevant genomic mechanisms

Sex differences in the brain are theorized to be mediated by mechanisms driven by genes
located on the sex chromosomes - in particular on the X chromosome (Raznahan and Disteche,
2021). Thus, we next tested whether PFC sex*genotype interaction genes were disproportionately
more common on specific chromosomes such as the X chromosome, than expected by chance.
Indeed, we found that DE-, but not DE+ genes, were disproportionately located on several
chromosomes (significant after FDR g<0.05) and that the X chromosome was one of these (Figure
4c; Figure S5).

One of the prominent roles of Ube3a is its function as transcriptional co-activator with
steroid hormone receptors (e.g., AR, ESR1, ESR2, PGR). This suggests that Ube3a may influence
transcription in a manner dependent on these sex-relevant mechanisms. To examine this
hypothesis in more detail, we next investigated how PFC sex*genotype DE genes might overlap
with gene lists incorporating sex-relevant mechanisms, such as genes sensitive to the
transcriptional influence of sex steroid hormones, downstream targets of the androgen and
estrogen receptors, or genes that are sex-differentially regulated by transcription factors. These
analyses revealed that DE+ genes overlap significantly with downstream targets of the androgen
receptor (AR Targets), but not targets of the estrogen receptor (ER Targets). DE+ genes were also
enriched for genes downregulated by potent androgens such as dihydrotestosterone (DHT DE-).
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Genes that are sex-differentially regulated by transcription factors were important as well. The
DE+ set was enriched for genes that show stronger male-regulatory influence (Male DT), and for
genes with relatively equal proportions of male-biased and female-biased transcription factors
exerting regulatory influence (SexDiv DT). In contrast, DE- genes were significantly enriched only
for genes with female-biased regulatory influence (Female DT) (Figure 4d). For a complete
statistics of each gene list used in the enrichment tests, please see Supplementary Table S3.
Overall, these results show that Ube3a over-expression impacts gene networks and systems under
the influence of diverse sex-relevant mechanisms, including the effect of genes sensitive to steroid
hormone influence, downstream targets of steroid hormone receptors, as well as genes that are
sex-differentially targeted by transcription factors.
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Fig. 4. Sex-specific PFC transcriptomic dysregulation by Ube3a over-expression and enrichment with autism-
associated, dup15q, and sex-relevant mechanisms.

a) Plots show examples of DE genes for the sex*genotype interaction (DE-; light blue DE+; orange). b) Heatmap showing
enrichments with gene lists from dupl15q (dup15q DE) (from Parikshak et al., 2016), SFARI gene list, private (pt)
inherited likely gene disrupting (LGD) variants (from Wilfert et al 2021), Autism Spectrum Disorders (ASD),
Schizophrenia (SCZ) and Bipolar Disorder (BD) (from Gandal et al., 2018), iPSC-derived neurons from dup15q (dup15q
iPSC) and Angelman Syndrome (AS iPSC) individuals (from Germain et al., 2014). The plus or minus symbols on the
acronyms indicate down- (minus) or up-regulated (plus) expression. The numbers within each cell indicate the
enrichment odds ratio, while color indicates the —log10(p-value) for the enrichment test. Cells outlined in black pass
FDR g<0.05 for multiple comparisons correction. ¢) Plot showing the percentage of genes per each chromosome that
are DE-. Color indicates the enrichment odds ratio. The X chromosome is highlighted in red. The vertical dotted line
indicates the FDR q < 0.05 threshold. d) Heatmap showing enrichments between the sex*genotype interaction DE
genes and genes relevant to sex-hormones or sex-differential gene regulation. The numbers in each cell indicate the
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enrichment odds ratio, and the color indicates the —log10(p-value) for the enrichment test. Cells outlined in black pass
FDR g<0.05 for multiple comparisons correction. DHT DE+ and DHT DE- are genes that are up- (plus) or down-regulated
(minus) in expression after dihydrotestosterone (DHT) manipulation (Lombardo et al., 2020). EST DE+ and EST DE- are
genes that are up- (plus) or down-regulated (minus) in expression after treatment with estrogen (EST) (Willsey et al.,
2021). AR Targets are downstream target genes of the androgen receptor (AR) as defined by ChiP-seq in human neural
stem cells (Quartier et al., 2019). ER Targets are downstream target genes of the estrogen receptor (ER) (Gegenhuber
et al, 2022). Male DT, Female DT, and SexDiv DT and genes that are sex-differentially targeted by transcription factors
(Lopes-Ramos et al., 2020).

Sex-specific transcriptomic dysregulation by Ube3a impacts convergent ASD-relevant biological
systems and pathways

Several studies have noted common downstream biological processes/pathways and cell
types that may unify the heterogeneous genomic and molecular basis behind ASD. Amongst the
most important processes/pathways are synapse, transcription and chromatin remodeling,
protein synthesis and translation, protein degradation, cytoskeleton processes, splicing, and
numerous signaling pathways (e.g., RAS/ERK/MAPK, PIK3/AKT/ mTOR, WNT) (Bourgeron, 2015;
Courchesne et al.,, 2019; Eyring and Geschwind, 2021). Thus, we next examined the PFC
sex*genotype DE gene sets for enrichments in these processes/pathways and cell types. For
biological process enrichment analysis we used GeneWalk to get context-specific and gene-level
enrichments for Gene Ontology Biological Process (GO BP) terms. This analysis resulted in a variety
of key ASD-relevant processes. To visualize these GO BP processes and the DE genes that go along
with such enrichments within protein-protein interaction (PPI) networks, we show in Figure 5a the
genes which map onto 3 clusters of terms: 1) synaptic, glutamatergic, GABAergic, ion channel
proteins (green), 2) transcription and chromatin remodeling proteins, proteins within mTOR and
ERK signaling pathways, as well as steroid hormone receptors (AR, ESR1, ESR2, PGR) and proteins
that show enrichments for androgen and estrogen receptor signaling (blue), and 3) proteins
involved in translation and protein synthesis. Amongst this PPl network, the SFARI ASD genes are
noted with a black outline and the central gene manipulated here, Ube3a, is outlined in orange.
This evidence of highly significant protein-protein interactions (actual edges = 1015, expected
edges = 405, p < 1.0e-16) and highly ASD-relevant GO BP enrichment showcases a clear example
of how the PFC sex*genotype DE genes are embedded within a complex systems level biological
pathology that integrates abnormalities along these key processes and pathways.

Sex-specific PFC transcriptomic dysregulation by Ube3a differentially affects neuronal and glia cell
types

Finally, we asked what cell type markers are enriched within the PFC sex*genotype
interaction gene set. Here we used lists of cell type markers from a mouse single cell
transcriptomic atlas from the Allen Institute covering a diverse array of multiple glutamatergic and
GABAergic neuronal cell types in mouse isocortex and hippocampus, as well as numerous glial and
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other non-neuronal cell types (Yao et al., 2021). These analyses uncovered that both DE- and DE+
gene sets were significantly enriched for a number of glutamatergic and GABAergic cell type
markers. However, the magnitude and coverage of enrichments with these neuronal cell types
were much stronger and broader for the DE- gene set. Setting the DE+ gene set apart from DE-
genes, we also identified strong enrichments with numerous astrocyte and oligodendrocyte cell
type markers, whereas no significant enrichments in these markers were present in the DE- gene
set (Figure 5b). This result is suggestive of remarkable cell type specificity in how Ube3a over-
expression drives sex-specific PFC transcriptomic dysregulation. Genes down-regulated in males,
but up-regulated in females, affected diverse glutamatergic and GABAergic cell types, whereas
genes up-regulated in males, but down-regulated in females affected astrocyte, oligodendrocyte,
and some glutamatergic and GABAergic neuronal cell types.
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Fig. 5. Sex-specific PFC transcriptomic dysregulation by Ube3a over-expression impacts convergent ASD-relevant
biological systems, pathways, and cell types

a) Protein-protein interaction (PPI) graph of PFC sex-by-genotype interaction genes. Nodes are colored according to a
k-means clustering solution with k=3. These clusters also segregate genes with GO BP enrichment terms specificed in
text next to each cluster. Nodes are circled in black if they are SFARI ASD genes. Nodes circled in turquoise are sex-
hormone related proteins, whereas magenta circled nodes are sex-hormone receptors. Ube3a is circled in orange.
FMR1 and TSC2 are circled in red as they translation and protein synthesis relevant genes, but are connector hub genes
in the network belonging to other clusters and which also connect the larger clusters synapse and chromatin clusters
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to the translation and protein synthesis cluster. b) Cell type enrichment heatmap showing how DE+ or DE- PFC sex-by-
genotype interaction gene sets (columns) are enriched in numerous cell types markers (specified on the rows) from the
Allen Institute mouse scRNA-seq data (Yao et al., 2021, Cell). DE+ genes strongly hit a variety of glutamatergic and
GABAergic cell types, whereas DE- genes show specific enrichments with astrocyte and oligodendrocyte cell types. The
numbers in each cell indicate the enrichment odds ratio, while the coloring indicates the —log10(p-value). Only
enrichments significant at FDR g<0.05 are shown.

Discussion

While the role of Ube3a mutations in determining monogenic forms of developmental
disorders is well-established (Buiting, 2010), the possibility that Ube3a overdosage might exert
sex-biasing influence has not been extensively explored. Here we document a previously
unreported sex-biasing effect of Ube3a gene overdosing at the connectomic, behavioral and
transcriptomic levels.

Our investigations revealed a sex-dependent effect of Ube3a overdosage on multiple
(endo)phenotypes of relevance to autism, including changes in rsfMRI connectivity. Altered
interareal rsfMRI coupling is a hallmark of autism, where the observed connectivity changes are
prominent but also highly heterogeneous (Hull et al., 2017; Hong et al., 2020; Nair et al., 2020).
Recently, fMRI-based connectivity mapping across 16 mouse mutants harboring different autism-
relevant etiologies revealed a broad spectrum of connectional alteration (Zerbi et al., 2021),
providing compelling evidence that heterogeneous findings in autism are likely to, at least partly,
reflect the etiological heterogeneity of autism. Our results show that autism-relevant connectivity
changes can also critically differ across sexes within the same etiological domain, hence
underscoring a key, yet still underappreciated, dimension to the investigation of the origin and
significance of functional dysconnectivity in brain disorders (Lawrence et al., 2020; Olson et al.,
2020; Floris et al., 2021; Gozzi and Zerbi, 2022; Supekar et al., 2022). More broadly, these findings
add to the emerging concept that autism and related neurodevelopmental disorders are
characterized by a broad spectrum of connectivity alterations that are very sensitive to (and
strongly biased by) the underlying etiological mechanisms (Zerbi et al., 2021). In this respect, the
increased motor stereotypies and fronto-striatal connectivity in Ube3a2X we found in male
mutants are of interest, as we recently described remarkably similar phenotypes in a genetically
distinct mouse models (Tsc2*" (Pagani et al., 2021)). Interestingly, in the same study we also
showed that analogous fronto-striatal connectivity signatures are detectable in subsets of
idiopathic autism patients, where they are associated with a gene co-expression network involving
MTOR-Tsc2. These findings suggest that, while etiological diversity is a prominent contributor to
autism heterogeneity, congruent autism relevant circuit dysfunction may arise as a result of the
dysregulation of distinct, mechanistically-dissociable gene co-expression networks.

Our work also reports a sex-invariant effect of Ube3a2X overdosage on large scale
neuroanatomy. Specifically, we report reduced gray matter volume in the amygdala, thalamus and
hippocampus of Ube3a2x mutants. Similar findings have been previously shown in mice
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overexpressing Ube3a in Camk2a positive excitatory neurons (Copping et al., 2017). Interestingly,
dup15qg patients have been reported to present brain morphological abnormalities, mostly
involving the hippocampus (Boronat et al., 2014), hence underscoring the translational relevance
of these anatomical alterations. The role of Ube3a in neuronal morphology growth and maturation
has been largely investigated (Khatri and Man, 2019), but the exact relationship between Ube3a
gene dosage and large scale brain anatomy remains elusive. Our findings of sex-invariant
anatomical changes, but sex-specific connectivity alterations, in Ube3a2X mice suggest that Ube3a
overdosage may affect brain connectivity and anatomy through distinct etiopathological cascades.

Because of the pleiotropic influence of Ube3a on multiple molecular and transcriptional
pathways, ranging from protein degradation to transcriptional effects on multiple genes, our
results cannot be unambiguously attributed to a specific function of Ube3a. Mechanistic
inferences are further compounded by uncertainty regarding the ligase activity of the C-terminal
flagged Ube3a copies overexpressed in our mouse model (Smith et al., 2011): whilst in vitro studies
showed loss of ligase function upon C-terminal Ube3a tagging (Salvat et al., 2004; Kihnle et al.,,
2013; Avagliano Trezza et al., 2021; Bossuyt et al., 2021; Weston et al., 2021), in vivo investigations
revealed largely increased ubiquitination levels in brain lysates from Ube3a2X mice (Khatri et al.,
2018) and comparable behavioral phenotypes when C- or N-terminal tagged Ube3a is
overexpressed in this model (Krishnan et al., 2017). Because Angelman syndrome (AS) reflects
impaired Ube3a ligase function (Cooper et al., 2004), our finding that the transcriptional profile of
Ube3a2X mice exhibits robust overlap with 15qdup, but not with AS, argues against a prominent
loss of ligase activity in our model, and suggests that that the reported phenotypes may primarily
reflect Ube3a-mediated transcriptional dysregulation. This hypothesis is consistent with Ube3a’s
transcriptional effects being independent of its ligase activity (Nawaz et al., 1999; Li et al., 2006)
and our observations of robust multiomic sex biasing influences, an effect that could reflect
transcriptional coactivation with steroid hormone receptors (El Hokayem and Nawaz, 2014). Our
finding that cortical transcriptome in Ube3a2X mice overlaps with gene lists related to steroid
hormone receptor-relevant mechanisms lends further indirect support to this notion. Collectively,
these observations suggest that Ube3a over-expression may impact gene networks and systems
under the influence of diverse sex-relevant mechanisms, including the X chromosome, effects of
genes sensitive to steroid hormone influence, downstream targets of steroid hormone receptors,
as well as genes that are sex-differentially targeted by transcription factors. However, a putative
downstream involvement of the ligase activity of Ube3a may also contribute to the sex-specific
phenotypes we observed, since Ube3a has also been shown to ubiquitinate ER-a to target the
receptor to proteasomal degradation (Gao et al., 2005). Future investigations of sex bias in other
rodent models of Ube3a overdosage (Nakatani et al., 2009; Copping et al., 2017; Punt et al., 2022)
may help corroborate or disprove these postulated mechanism.
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The sex-specific effects observed in this study are congruent with both female-protective
and male-enhancing risk explanations (Lai et al.,, 2015; Werling et al., 2016). Ube3a over-
expression causes sex-specific transcriptional effects in many autism-associated genes, including
FMR1,SCN2A, PTEN, MEF2C, SOX5, GABRB2, and GABRB3 (Bourgeron, 2015). Many of these genes
tend to be associated with autism via rare loss-of-function de novo mutations. Congruent with an
interpretation of male-biased risk and female protection, these and other genes were under-
expressed in Ube3a2X males, and over-expressed in females. Behaviorally, the observation that
male Ube3a2X mice showed increased stereotyped behaviors, while no differences were apparent
in females, is broadly consistent with a possible female protection, and male-potentiated genetic
risk. It should however be noted that connectivity alterations in hypothalamic and motor-sensory
areas were observed in female Ube3a2X mice. The possibility that this endophenotype is not
compensatory, but instead the expression of a distinct etiopathological signature cannot be
entirely ruled out. This notion would be consistent with emerging evidence that some of the
autism-associated genes that are dysregulated in our model (e.g. Shank3 , Tsc2, Mef2c, or Fmr1)
can lead to pathological cascades of translational relevance when they are either under- or
overexpressed during development (Oostra and Willemsen, 2003; Auerbach et al., 2011; Han et
al., 2013).

Our findings also indicate that Ube3a overdosage results in sex-specific dysregulation of
processes and pathways on which diverse autism-associated genetic influences have been
theorized to converge (e.g., synaptic dysregulation, aberrant transcription and translation/protein
synthesis, altered PIK3-AKT-mTOR signaling) (Bourgeron, 2015; Courchesne et al., 2019; Eyring
and Geschwind, 2021). Diverse cell types theorized to be important in autism (e.g., excitatory and
inhibitory neurons, glia cells) and which are affected by sex-relevant mechanisms are also
impacted differentially by DE+ and DE- gene sets (Hu et al., 2011; Sarachana and Hu, 2013;
Quartier et al., 2018; Velmeshev et al., 2019; Lombardo et al., 2020; Satterstrom et al., 2020;
Trakoshis et al., 2020; Willsey et al., 2021; Gegenhuber et al., 2022; Kelava et al., 2022). Thus, over
and above providing a sex-specific influence on key autism-associated genes, Ube3a overdosage
may be changing these emergent processes/pathways and cell types in males versus females to
confer heightened male-risk and female protection.

In conclusion, our data reveal robust sex-biasing effects on connectomics, repetitive
behavior and transcriptomic organization in mice with extra copies of Ube3a. These results suggest
that Ube3a can critically contribute to sex-bias in neurodevelopmental conditions like autism via
influence on sex-relevant mechanisms, diverse neuronal and glial cell types, and important final
common pathways that alter, synaptic organization, transcription, translation, and other key
signaling pathways (e.g., PIK3-AKT-mTOR).
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Materials and Methods

Ethical statement

Animal studies were conducted in accordance with the Italian Law (DL 26/2014, EU 63/2010,
Ministero della Sanita, Roma) and the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health. Animal research protocols were also
reviewed and approved by the Animal Care Committee of the University of Trento, Istituto Italiano
di Tecnologia and the Italian Ministry of Health (authorization no. 560/16). All surgical procedures
were performed under anesthesia.

Animals

Mice were housed under controlled temperature (21 £ 1 °C) and humidity (60 + 10%). Food
and water were provided ad libitum. Generation of Ube3a2X mice (FVB/NJ background) was
previously described in (Smith et al., 2011). Mice were purchased from Jackson Laboratory, Stock
No: 019730. All experiments were performed on adult mice (< 12 months old) expressing two
copies of Ube3a transgene (Ube3a2x), verified by quantitative PCR. Wild-type (WT) adult
littermate mice were used as control.

Resting state fMRI (rsfMRI)

rsfMRI was performed on four cohorts of mice: WT control females (n = 10); WT control
males (n = 10); Ube3a2X females (n = 10); Ube3a2X males (n = 10). rsfMRI data were acquired as
previously described (Ferrari et al., 2012; Sforazzini et al., 2016; Bertero et al., 2018; Pagani et al.,
2019). Briefly, animals were anaesthetized with isoflurane (5% induction), intubated and artificially
ventilated (2% maintenance during surgery). The left femoral artery was cannulated for
continuous blood pressure monitoring. After surgery, isoflurane was replaced with halothane
(0.7%) to obtain light sedation. Functional data acquisition started 45 min after isoflurane
cessation.

Data were acquired with a 7T MRI scanner (Bruker ) as previously described (Liska et al.,
2015; Montani et al., 2020), using a 72-mm birdcage transmit coil and a 4-channel solenoid coil
for signal reception. Co-centered single-shot rsfMRI time series were acquired using an echo
planar imaging (EPI) sequence with the following parameters: TR/TE = 1000/15 ms, flip angle 30°,
matrix 100 x 100, field of view 2.3 x 2.3 cm, 18 coronal slices, slice thickness 600 um for 1920
volumes (total duration 32 minutes).

Mean arterial blood pressure (MABP) was recorded throughout the imaging sessions
(Figure S6a-c). Ube3a2X had slightly lower MABP than control mice (2-way ANOVA, genotype
effect, p < 0.05, Figure S6c), but values were well within the autoregulation window within which
changes in peripheral blood pressure do not result in fMRI BOLD changes (Gozzi et al., 2007). In
keeping with a negligible contribution of genotype-dependent MABP changes to our findings, we
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did not find any correlation between fMRI global connectivity and MABP in areas exhibiting sex-
specific differences such as the PFC (r =-0.07, p = 0.67; Figure S6d). Arterial blood gas levels (pCO;
and p0,) were measured at the end of the acquisitions to ensure effectiveness of artificial
ventilation. All mice had values within physiological range (pCO2 < 42, pOz > 90 mmHg, data not
shown).

Analysis of body weight revealed, an effect of sex (p<0.01, 2-way ANOVA), but no genotype
or sex*genotype interactions, p > 0.37, all tests; Figure Sée).

rsfMRI connectivity mapping

Raw rsfMRI data were preprocessed as previously described (Sforazzini et al., 2014; Pagani
et al., 2019; Montani et al., 2020). The initial 50 volumes of the time series were removed to allow
for signal equilibration. Data were then despiked, motion corrected and spatially registered to a
common reference mouse brain template. Motion traces of head realighment parameters (3
translations + 3 rotations) and mean ventricular signal (corresponding to the averaged BOLD signal
within a reference ventricular mask) were regressed out from each time course. All rsfMRI time
series were also spatially smoothed (full width at half maximum of 0.6 mm) and band-pass filtered
to a frequency window of 0.01-0.1 Hz.

To obtain an unbiased identification of the brain regions exhibiting alterations in functional
connectivity, we calculated global local fMRI connectivity maps for all mice. Global fMRI
connectivity is a graph-based metric that defines connectivity as the mean temporal correlation
between a given voxel and all other voxels within the brain. Local connectivity strength was
mapped by limiting this measurement to connections within a 0.6252 mm (6 voxels in-plane)
sphere around each voxel (Cole et al., 2010; Liska et al., 2015). rsftMRI connectivity was also probed
using a seed-based approach (Montani et al., 2020; Rocchi et al., 2022). A 3x3x1 seed region was
selected to cover the areas of interest and VOI-to-seeds correlations were computed. Pearson’s
correlation scores were first transformed to z-scores using Fisher's r-to-z transform and then
averaged to yield the final connectivity scores.

Voxel-wise intergroup differences in global and local connectivity and seed-based maps
were assessed using a linear model including sex, genotype and sex*genotype as factors (Im
function in R studio). Data was imported into R using the oro.nifti package. The obtained t score
maps were (FWER) cluster-corrected using a cluster threshold of p = 0.05.

Structural MRI

To locate and quantify gray matter (GM) changes in Ube3a2X mice, we performed
postmortem voxel-based morphometry (VBM) as previously described (Pagani et al., 2016b).
Briefly, mice were deeply anesthetized with 5% isoflurane, and their brains were perfused via
cardiac perfusion of 4% PFA added with a gadolinium chelate to shorten longitudinal relaxation
times. High-resolution morpho-anatomical T2-weighted MR imaging of mouse brains was
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performed using a 72 mm birdcage transmit coil, a custom-built saddle-shaped solenoid coil for
signal reception. For each session, high-resolution morpho-anatomical images were acquired with
the following imaging parameters: FLASH 3D sequence with TR =17 ms, TE =10 ms, a= 30°, matrix
size of 260 x 180 x 180, FOV of 1.83 x 1.26 x 1.26 cm, and voxel size of 70 um (isotropic).

Morpho-anatomical differences in local GM volumes were mapped using a registration-
based VBM procedure (Pagani et al., 2016b, 2019; Pucilowska et al., 2018). Specifically, high-
resolution T2-weighted images were corrected for intensity nonuniformity, skull stripped, and
spatially normalized to a study-based template using affine and diffeomorphic registrations.
Registered images were segmented to calculate tissue probability maps. The separation of the
different tissues is improved by initializing the process with the probability maps of the study-
based template previously segmented. The Jacobian determinants of the deformation field were
extracted and applied to modulate the GM probability maps calculated during the segmentation.
This procedure allowed the analysis of GM probability maps in terms of local volumetric variation
instead of tissue density. Brains were also normalized by the total intracranial volume to further
eliminate overall brain volume variations and smoothed using a Gaussian kernel of 3 voxel width.
To quantify volumetric changes identified with VBM, we used preprocessed images to
independently calculate the size of neuroanatomical areas via volumetric anatomical labelling
(Pagani et al., 2016b).

Behavioral tests

Open field test

To test spontaneous locomotion, experimental mice were individually placed in an open
field arena (40 cm x 40 cm x 40 cm) and let free to explore for 10 minutes. The walls of the arena
were smooth and gray colored. Sessions were recorded and mice were automatically tracked using
EthoVisionXT (Noldus). Locomotor activity was measured as total distance and mean velocity. In
addition, the proportion of time spent in the center of the arena and outer zones was analyzed to
estimate the level of anxiety. Number of full body rotations, time spent wall rearing and self-
grooming were used as measures of stereotypic behavior.

Rotarod
The rotarod test is widely used for the evaluation and assessment of locomotor activity

and motor coordination in rodents (Crawley, 1999). Mice were pre-trained on the rotarod
apparatus for 3 days before the test. This habituation step consisted in a performance at a
constant speed of 4 rpm for 5 minutes. On the fourth day, mice were tested for 5 minutes in 3
different trials. During each trial, the rotating rod accelerated from 4 to 64 rpm. Mice had 5
minutes of rest between each trial. The total time that the mice spent on the rotating rod was
measured. The trials ended when the mice fell down or 3 consecutive full rotations were observed.
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Habituation/dishabituation social interaction test

Animals were tested as previously described (Huang et al., 2014). Experimental mice were
individually placed in a testing cage (GR900 Tecniplast cages (904 cm2)), lightly illuminated (51
lux)), 1 hour before the test. A matching stimulus mouse (same sex, same strain and same age)
was introduced into the testing cage for a 1-minute interaction. At the end of the trial, the stimulus
mouse was removed for 3 minutes. This sequence was repeated for 4 trials. Finally, experimental
mouse was tested in a fifth 1 min-dishabituation trial where a new stimulus mouse was introduced
in the testing cage. Time spent interacting (sum of nose-to nose sniffing, anogenital sniffing and
following) was scored across trials by an experimenter blind to genotypes.

Three-Chamber Social Interaction Test

Each mouse’s preference for a conspecific over an inanimate object (sociability), as well as
its preference for a stranger mouse over a familiar mouse (social novelty) was assessed using
previously established 3-chamber assays (Silverman et al., 2010b). During the sociability phase, a
stranger mouse was placed in one chamber inside a wire cup that allowed nose contact. Video
monitoring of the test mouse’s exploration of the apparatus was carried on for 10 min. Next, in
the social novelty phase, the test mouse was re-exposed for 10 min to the initial stranger (now
familiar) mouse, as well as to a novel stranger mouse placed inside the second wire cup, in the
opposite chamber. The amount of time spent sniffing the wire cups was measured. A sociability
index was calculated as the time spent with the mouse cup minus time spent with the empty cup

(Timesocial _Timeempty)

divided by the total time of investigation . Accordingly, the sociability index

imesociatt+TiMeempty
during the social novelty phase (Novelty index) was calculated as the time spent with the novel
mouse cup minus time spent with the familiar mouse cup divided by the total time of investigation

Timenogyel —TiMefamiliar

Timenovel+TiMmefamitiar

RNA-sequencing and preprocessing

Mice of both genotypes and sexes were sacrificed by cervical dislocation, and prefrontal cortex
and hypothalamus were rapidly identified according to the Allen Mouse Brain Atlas
(http://www.brain-map.org) and dissected. The samples used for RNA-sequencing (RNA-Seq)
experiment are deposited in Gene Expression Omnibus (GEQ) (GSE217420). For a complete list of
quality control parameters for RNA-seq, please see Supplementary Table S4. Brains were rotated
and the exposed hypothalamus was excised with surgical tweezers. To collect prefrontal cortex
tissue, explanted brains were placed in an adult mouse brain matrix (Agnthos, Sweden). Two
coronal sections at the level of the prefrontal cortex for each mouse brain were collected (Spijker,
2011). The sections (Imm thick) were cut with scalpel blades and immediately put on a semi-
frozen glass slide. Tissue from PFC was obtained by micro punches of 0.5 mm. One micro punch
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for each hemisphere/section was collected, for a total of four micro punches per brain. Following
tissue collection, samples were frozen with dry ice and stored at -80 °C until RNA extraction.

RNA Extraction and Library Preparation. All procedures were conducted in RNAase-free
conditions. On the day of RNA extraction, the hypothalamus and PFC tissues were disrupted and
homogenized for 3 minutes using motor-driven grinders. Total RNA isolation was performed using
RNeasy Mini Kit and RNeasy Micro Kit (Qiagen) respectively, following manufacturer’s instructions.
RNA concentration was evaluated using Qubit RNA BR Assay Kit (Life Technologies). RNA purity
was assessed by determining UV 260/280 and 260/230 absorbance ratios using a Nanodrop® ND-
1000 spectrophotometer (Thermo Fisher Scientific). RNA quality was evaluated by measuring the
RNA integrity number (RIN) using an Agilent RNA 6000 Nano Kit with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. All
samples had RIN of > 6.8 (see Table S4). Libraries for RNA-seq were prepared using the paired-end
TruSeq® Stranded mRNA Sample Preparation kit (lllumina, San Diego, Ca, USA) according to
manufacturer’s instructions. For each sample of hypothalamus and PFC, 1000 ng and 500 ng were
used as input quantity, respectively. The libraries were prepared in one batch using NovaSeq 6000
S2 Reagent Kit (200 cycles) at an average read-depth of 100 million paired-end reads. Libraries
were 0.85 nM in a volume of 150 ul and loaded on an lllumina NovaSeq 6000 System (IIT - Center
for Human Technologies - Genomic Unit -Genova GE — IT).

Raw reads were aligned to the mm10 genome (GRCm38 primary assembly obtained from
the Gencode website) usign the STAR aligner and counted with featureCounts using the gene
annotation Gencode v24. Picard tools (http://broadinstitute.github.io/picard/) functions were
used to quantify sequencing-related variables. Low read genes were removed if they had less than
100 reads in 2 or more samples. Variance filtering was used to filter out genes in the bottom 15%-
tile ranked by variance. In PFC samples, this filtering resulted in 12,294 genes being retained for
further analysis, while 13,727 genes were retained for Hypo samples. Normalization for library size
was implemented with the calcNormFactors function in the edgeR R library, using the trimmed
mean of M values (TMM) method (Robinson and Oshlack, 2010). The voom function from the
limma library in R (Law et al., 2014) was then used to transform the data to log counts per million
and estimate precision weights to incorporate in the linear modeling of differential expression
(DE). Finally, surrogate variable analysis (SVA) was used to estimate artifact-related variables (Leek
et al., 2012). This was achieved by constructing a model of the known variables to account for (i.e.
sex, genotype, sex*genotype interaction, and RIN), and then having SVA estimate surrogate
variables (SV) from the error term of the model. The number of surrogate variables (SV) estimated
was 2 for both PFC and Hypo. In order to better understand how these SVs account for known
sequencing-related artifacts variables we first ran a PCA on the Picard variables of percent coding
bases, percent utr bases, percent intronic bases, percent intergenic bases, median CV coverage,
median 5’ to 3’ bias, aligned reads, and AT dropout. This gave an orthogonal summary of the
artifact-related variables, and we then analyzed these PCs for correlations with the SVs. We find
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that both SVs are highly correlated with many of the sequencing-related artifact PCs
(Supplementary Figure S7), indicating that substantial sequencing-related artifact is accounted for
parsimoniously with 2 SVs. Furthermore, to see how these SVs correlate with principal axes of
variance in the expression data, we correlated SVs with the first 10 principal components of the
expression data. Here again, the SVs known to be relevant for sequencing-related artifact are
highly correlated with the first PCs in the expression data (Supplementary Figure S7), indicating
that without removing these significant artifact-related structured noise variables, they would
swamp a large proportion of the variance in the expression data. Therefore, we used these SVs in
the linear modeling for differential expression to account for and remove variance associated with
these artifact-related SVs.

Differential expression analysis

Differential expression (DE) analysis was achieved using functions for linear modeling in
the limma library in R. DE analysis examined specific contrasts for the sex*genotype interaction as
well as main effects of sex and group respectively. The linear model included RIN and SVs as
covariates and incorporated the precision weights estimated by voom. DE models were computed
separated for PFC and Hypo samples. Genes that pass FDR g<0.05 (Storey, 2002) were considered
DE.

Enrichment analysis

To annotate DE gene sets for KEGG pathways and mouse brain cell types, we used the
enrichR library in R (https://maayanlab.cloud/Enrichr/) (Chen et al., 2013; Kuleshov et al., 2016).
Mouse brain cell types were based on data cortex and hippocampal tissue samples in the Allen
Institute 10x single-cell RNA-seq dataset (Yao et al., 2021) (https://celltypes.brain-
map.org/rnaseqg/mouse ctx-hip 10x). For Gene Ontology biological process (GO BP) enrichment

analysis, we utilized the GeneWalk library in Python (https://github.com/churchmanlab/genewalk)

(letswaart et al., 2021). With custom gene lists of relevance to autism- and sex-related genomic
mechanisms, we ran additional gene set enrichment tests with DE gene sets. These tests were run
using custom code for running gene set enrichment analysis that computes enrichment odds
ratios and p-values based on the hypergeometric distribution. For these tests, we used a
background total equivalent to the total number of genes analyzed after filtering in the main gene
expression analyses (e.g., 12,294 for PFC and 13,727 for Hypo). Because autism- and sex-related
gene lists are based on human gene symbols, we first converted mouse gene IDs into human gene
homologs and then ran all enrichment tests. All results of these enrichment tests were thresholded
at FDR g<0.05. The diagnostic gene lists were a curated list of high-impact autism-associated genes
from SFARI gene (https://gene.sfari.org; downloaded Jan, 2021) and differentially expressed genes

from post-mortem cortical tissue in autism, schizophrenia, bipolar disorder (Gandal et al., 2018),
and duplication 15q syndrome (Parikshak et al., 2016) and from iPSC-derived neurons from
dup15qg and Angelman syndrome patients (Germain et al., 2014). Sex-related gene lists included
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downstream targets of the androgen (Quartier et al., 2018) and estrogen receptors (Gegenhuber
et al., 2022), and genes that are sex differentially targeted by transcription factors (Lopes-Ramos
et al., 2020). We also ran similar enrichment analyses for chromosomes in order to test if DE gene
sets were significantly enriched for genes located on specific chromosomes (e.g., X chromosome).

Protein-protein interaction analysis
To better understand how key DE genes may work together in specific ASD-relevant
systems biological processes, we used STRING-DB (https://string-db.org/) to conduct a protein-

protein interaction (PPl) analysis whereby the input gene list were UBE3A, steroid hormone
receptors (AR, ESR1, ESR2), and PFC sex-by-genotype DE genes that were annotated as
significantly enriched in GeneWalk GO biological processes of relevance to autism (e.g., synaptic,
transcription, translation, mTOR, and ERK signaling pathways) or of relevance to steroid hormone
receptor signaling. This analysis was done using the human gene homologs of the mouse DE genes,
and applies standard STRING defaults in the analysis (i.e. full network type, confidence level = 0.4).
The resulting PPl network plot is then colored with a data-driven k-means clustering with k=3 in
order to visually demarcate proteins that cluster into largely synaptic, transcription/signaling, and
translation sets.

Code availability
The code used for preprocessing and analyzing mouse rsfMRI data is available at
https://github.com/functional-neuroimaging/rsfMRI-preprocessing

https://github.com/functional-neuroimaging/rsfMRI-global-local-connectivity

https://github.com/functional-neuroimaging/rstMRI-seed-based-mapping

Code for RNA-seq analyses is available at https://github.com/IIT-LAND/ube3a rnaseq

Acknowledgments

This work was supported by Simons Foundation Grants (SFARI 400101) to A. Gozzi and the
European Research Council (ERC—DISCONN, No. 802371). A. Gozzi was also supported by Brain
and Behavior Foundation 2017 (NARSAD—National Alliance for Research on Schizophrenia and
Depression), NIH (1R21MH116473-01A1), the Telethon foundation (GGP19177). M. Pagani was
supported by the European Union’s Horizon 2020 research and innovation programme under
grant agreement No. 845065 (Marie Sklodowska-Curie Global Fellowship - CANSAS). M.V.
Lombardo acknowledges funding by the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme under grant agreement No 755816. GP
was supported by the Brain and Behavior Research Foundation (NARSAD Young Investigator Grant;
ID: 26617) and the University of Trento (Starting Grant for Young Researchers). Y. B. was supported
by TRAIN (Trentino Autism Initiative), a strategic project of the University of Trento.

24


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Abrahams BS, Geschwind DH (2008) Advances in autism genetics: On the threshold of a new
neurobiology. Nat Rev Genet 9:341-355 Available at:
https://pubmed.ncbi.nim.nih.gov/18414403/ [Accessed June 4, 2021].

Antaki D, Maihofer A, Klein M, Guevara J, Grove J, Carey C, Hong O, Arranz M, Hervas A, Corsello
C, Muotri A, lakoucheva L, Courchesne E, Pierce K, Gleeson J, Robinson E, Nievergelt C,
Sebat J (2021) A phenotypic spectrum of autism is attributable to the combined effects of
rare variants, polygenic risk and sex. medRxiv:2021.03.30.21254657 Available at:
https://www.medrxiv.org/content/10.1101/2021.03.30.21254657v1 [Accessed March 31,
2022].

Auerbach BD, Osterweil EK, Bear MF (2011) Mutations causing syndromic autism define an axis
of synaptic pathophysiology.

Avagliano Trezza R, Punt AM, Mientjes E, van den Berg M, Zampeta Fl, de Graaf lJ, van der
Weegen Y, Demmers JAA, Elgersma Y, Distel B (2021) Mono-ubiquitination of Rabphilin 3A
by UBE3A serves a non-degradative function. Sci Rep 11 Available at:
https://pubmed.ncbi.nim.nih.gov/33542309/ [Accessed November 9, 2022].

Baron-Cohen S, Auyeung B, Ngrgaard-Pedersen B, Hougaard DM, Abdallah MW, Melgaard L,
Cohen AS, Chakrabarti B, Ruta L, Lombardo M V. (2015) Elevated fetal steroidogenic activity
in autism. Mol Psychiatry 20:369—-376 Available at:
https://pubmed.ncbi.nim.nih.gov/24888361/ [Accessed July 27, 2022].

Baron-Cohen S, Tsompanidis A, Auyeung B, Ng¢rgaard-Pedersen B, Hougaard DM, Abdallah M,
Cohen A, Pohl A (2020) Foetal oestrogens and autism. Mol Psychiatry 25:2970-2978
Available at: https://pubmed.ncbi.nlm.nih.gov/31358906/ [Accessed March 31, 2022].

Bernabeu E, Canela-Xandri O, Rawlik K, Talenti A, Prendergast J, Tenesa A (2021) Sex differences
in genetic architecture in the UK Biobank. Nat Genet 53:1283-1289 Available at:
https://pubmed.ncbi.nim.nih.gov/34493869/ [Accessed March 31, 2022].

Bertero A, Liska A, Pagani M, Parolisi R, Masferrer ME, Gritti M, Pedrazzoli M, Galbusera A, Sarica
A, Cerasa A, Buffelli M, Tonini R, Buffo A, Gross C, Pasqualetti M, Gozzi A (2018) Autism-
associated 16p11.2 microdeletion impairs prefrontal functional connectivity in mouse and
human. Brain 141:2055-2065 Available at: https://pubmed.ncbi.nim.nih.gov/29722793/
[Accessed March 9, 2021].

Bhat AN (2021) Motor Impairment Increases in Children With Autism Spectrum Disorder as a
Function of Social Communication, Cognitive and Functional Impairment, Repetitive
Behavior Severity, and Comorbid Diagnoses: A SPARK Study Report. Autism Res 14:202-219
Available at: https://pubmed.ncbi.nim.nih.gov/33300285/ [Accessed July 27, 2022].

Bhat AN, Boulton AJ, Tulsky DS (2022) A further study of relations between motor impairment
and social communication, cognitive, language, functional impairments, and repetitive
behavior severity in children with ASD using the SPARK study dataset. Autism Res 15:1156—
1178 Available at: https://onlinelibrary.wiley.com/doi/full/10.1002/aur.2711 [Accessed July
27,2022].

Bhat AN, Narayan Bhat A (2020) Is Motor Impairment in Autism Spectrum Disorder Distinct From
Developmental Coordination Disorder? A Report From the SPARK Study. Phys Ther

25


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

100:633-644 Available at: https://academic.oup.com/ptj/article/100/4/633/5801997
[Accessed July 27, 2022].

Boronat S, Mehan WA, Shaaya EA, Thibert RL, Caruso P (2014) Hippocampal Abnormalities in
Magnetic Resonance Imaging (MRI) of 15q Duplication Syndromes:
http://dx.doi.org/101177/0883073814538669 30:333—338 Available at:
https://journals.sagepub.com/doi/10.1177/0883073814538669 [Accessed July 13, 2021].

Bossuyt SN V, Mattijs Punt A, De Graaf lJ, Van Den Burg J, Williams MG, Heussler H, Elgersma Y,
Distel B (2021) Loss of nuclear UBE3A activity is the predominant cause of Angelman
syndrome in individuals carrying UBE3A missense mutations. Hum Mol Genet 30:430-442
Available at: http://orcid.org/0000-0002-5730-7666http://orcid.org/0000-0002-1294-
1110%7C%7CYpeElgersma,http://orcid.org/0000-0002-3758-
12971tBenDistel,http://orcid.org/0000-0002-3046-205X [Accessed November 9, 2022].

Bourgeron T (2015) From the genetic architecture to synaptic plasticity in autism spectrum
disorder. Nat Rev Neurosci 16:551-563 Available at:
https://pubmed.ncbi.nim.nih.gov/26289574/ [Accessed April 27, 2021].

Buiting K (2010) Prader-Willi Syndrome and Angelman Syndrome. Am J Med Genet Part C
(Seminars Med Genet 154:365—-376.

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles G V., Clark NR, Ma’ayan A (2013) Enrichr:
Interactive and collaborative HTMLS gene list enrichment analysis tool. BMC Bioinformatics
14 Available at: https://pubmed.ncbi.nlm.nih.gov/23586463/ [Accessed April 27, 2021].

Cole MW, Anticevic A, Repovs G, Barch D (2010) Variable Global Dysconnectivity and Individual
Differences in Schizophrenia. Biol Psychiatry 70:43-50.

Cooper EM, Hudson AW, Amos J, Wagstaff J, Howley PM (2004) Biochemical Analysis of
Angelman Syndrome-associated Mutations in the E3 Ubiquitin Ligase E6-associated Protein.
J Biol Chem 279:41208-41217.

Copping NA, Christian SGB, Ritter DJ, Saharul Islam M, Buscher N, Zolkowska D, Pride MC, Berg
EL, LaSalle JM, Ellegood J, Lerch JP, Reiter LT, Silverman JL, Dindot S V. (2017) Neuronal
overexpression of Ube3a isoform 2 causes behavioral impairments and neuroanatomical
pathology relevant to 15q11.2-g13.3 duplication syndrome. Hum Mol Genet 26:3995-4010
Available at: https://academic.oup.com/hmg/article/26/20/3995/3979367 [Accessed March
11, 2021].

Courchesne E, Pramparo T, Gazestani VH, Lombardo M V., Pierce K, Lewis NE (2019) The ASD
Living Biology: from cell proliferation to clinical phenotype. Mol Psychiatry 24:88—-107
Available at: https://pubmed.ncbi.nim.nih.gov/29934544/ [Accessed March 31, 2022].

Crawley JN (1999) Behavioral phenotyping of transgenic and knockout mice: experimental design
and evaluation of general health, sensory functions, motor abilities, and specific behavioral
tests. Brain Res 835:18-26.

Desachy G, Croen LA, Torres AR, Kharrazi M, Delorenze GN, Windham GC, Yoshida CK, Weiss LA
(2015) Increased female autosomal burden of rare copy number variants in human
populations and in autism families. Mol Psychiatry 20:170-175 Available at:
https://pubmed.ncbi.nim.nih.gov/25582617/ [Accessed March 31, 2022].

Distefano C, Gulsrud A, Huberty S, Kasari C, Cook E, Reiter LT, Thibert R, Jeste SS (2016)
Identification of a distinct developmental and behavioral profile in children with Dup15q
syndrome. J Neurodev Disord 8 Available at: https://pubmed.ncbi.nim.nih.gov/27158270/

26


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[Accessed July 27, 2022].

El Hokayem J, Nawaz Z (2014) E6AP in the brain: One protein, dual function, multiple diseases.
Mol Neurobiol 49:827—-839 Available at: https://pubmed.ncbi.nIm.nih.gov/24091829/
[Accessed June 4, 2021].

Ellegood J et al. (2014) Clustering autism: using neuroanatomical differences in 26 mouse models
to gain insight into the heterogeneity. Mol Psychiatry 2015 201 20:118-125 Available at:
https://www.nature.com/articles/mp201498 [Accessed July 25, 2022].

Eyring KW, Geschwind DH (2021) Three decades of ASD genetics: building a foundation for
neurobiological understanding and treatment. Hum Mol Genet 30:R236—R244 Available at:
https://pubmed.ncbi.nim.nih.gov/34313757/ [Accessed July 28, 2022].

Ferrari L, Turrini G, Crestan V, Bertani S, Cristofori P, Bifone A, Gozzi A (2012) A robust
experimental protocol for pharmacological fMRI in rats and mice. J Neurosci Methods
204:9-18 Available at: http://www.ncbi.nlm.nih.gov/pubmed/22068031 [Accessed March
24, 2020].

Finucane BM, Lusk L, Arkilo D, Chamberlain S, Devinsky O, Dindot S, Jeste SS, LaSalle JM, Reiter
LT, Schanen NC, Spence SJ, Thibert RL, Calvert G, Luchsinger K, Cook EH (1993) 15q
Duplication Syndrome and Related Disorders. University of Washington, Seattle. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/27308687 [Accessed June 4, 2021].

Floris DL et al. (2021) Towards robust and replicable sex differences in the intrinsic brain function
of autism. Mol Autism 2021 121 12:1-17 Available at:
https://molecularautism.biomedcentral.com/articles/10.1186/s13229-021-00415-z
[Accessed October 14, 2022].

Frohlich J, Reiter LT, Saravanapandian V, Distefano C, Huberty S, Hyde C, Chamberlain S, Bearden
CE, Golshani P, Irimia A, Olsen RW, Hipp JF, Jeste SS (2019) Mechanisms underlying the EEG
biomarker in Dup15qg syndrome. Mol Autism 10:1-15 Available at:
https://doi.org/10.1186/513229-019-0280-6 [Accessed June 4, 2021].

Gandal MJ et al. (2018) Transcriptome-wide isoform-level dysregulation in ASD, schizophrenia,
and bipolar disorder. Science (80- ) 362 Available at:
https://pubmed.ncbi.nim.nih.gov/30545856/ [Accessed April 27, 2021].

Gao X, Mohsin SK, Gatalica Z, Fu G, Sharma P, Nawaz Z (2005) Decreased Expression of E6-
Associated Protein in Breast and Prostate Carcinomas. Available at: www.endo-society.org.

Gegenhuber B, Wu M V., Bronstein R, Tollkuhn J (2022) Gene regulation by gonadal hormone
receptors underlies brain sex differences. Nature 606:153-159 Available at:
https://pubmed.ncbi.nim.nih.gov/35508660/ [Accessed July 27, 2022].

Germain ND, Chen PF, Plocik AM, Glatt-Deeley H, Brown J, Fink JJ, Bolduc KA, Robinson TM,
Levine ES, Reiter LT, Graveley BR, Lalande M, Chamberlain SJ (2014) Gene expression
analysis of human induced pluripotent stem cell-derived neurons carrying copy number
variants of chromosome 15q11-g13.1. Mol Autism 5:1-19 Available at:
https://molecularautism.biomedcentral.com/articles/10.1186/2040-2392-5-44 [Accessed
November 9, 2022].

Gozzi A, Ceolin L, Schwarz A, Reese T, Bertani S, Crestan V, Bifone A (2007) A multimodality
investigation of cerebral hemodynamics and autoregulation in pharmacological MRI. Magn
Reson Imaging 25:826—833 Available at: http://www.ncbi.nlm.nih.gov/pubmed/17451905
[Accessed March 24, 2020].

27


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Gozzi A, Zerbi V (2022) Modelling brain dysconnectivity in rodents. Biol Psychiatry:ISSN 0006-
3223.

Han K, Jr JLH, Schaaf CP, Lu H, Chen H, Kang H, Tang J, Wu Z, Hao S, Cheung SW, Yu P, Sun H,
Breman AM, Patel A, Lu H-C, Zoghbi HY (2013) SHANK3 overexpression causes manic-like
behaviour with unique pharmacogenetic properties. Nat 2013 5037474 503:72-77
Available at: https://www.nature.com/articles/nature12630 [Accessed July 15, 2021].

Hogart A, Wu D, LaSalle JM, Schanen NC (2010) The comorbidity of autism with the genomic
disorders of chromosome 15g11.2-g13. Neurobiol Dis 38:181-191 Available at:
https://pubmed.ncbi.nim.nih.gov/18840528/ [Accessed March 31, 2022].

Hong SJ, Vogelstein JT, Gozzi A, Bernhardt BC, Yeo BTT, Milham MP, Di Martino A (2020) Toward
Neurosubtypes in Autism. Biol Psychiatry 88:111-128.

Hu VW, Addington A, Hyman A (2011) Novel autism subtype-dependent genetic variants are
revealed by quantitative trait and subphenotype association analyses of Published GWAS
Data. PLoS One 6:€19067 Available at:
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0019067 [Accessed July
27,2022].

Huang H, Michetti C, Busnelli M, Manago F, Sannino S, Scheggia D, Giancardo L, Sona D, Murino
V, Chini B, Scattoni ML, Papaleo F (2014) Chronic and acute intranasal oxytocin produce
divergent social effects in mice. Neuropsychopharmacology 39:1102-1114 Available at:
https://pubmed.ncbi.nim.nih.gov/24190025/ [Accessed April 8, 2021].

Hull J, Dokovna L, Jacokes Z, Torgerson C, Irimia A, Van Horn J (2017) Resting-State Functional
Connectivity in Autism Spectrum Disorders: A Review. Front psychiatry 7 Available at:
https://pubmed.ncbi.nim.nih.gov/28101064/ [Accessed July 16, 2021].

letswaart R, Gyori BM, Bachman JA, Sorger PK, Churchman LS (2021) GeneWalk identifies
relevant gene functions for a biological context using network representation learning.
Genome Biol 22 Available at: https://pubmed.ncbi.nlm.nih.gov/33526072/ [Accessed April
27,2021].

Jacquemont S, Coe BP, Hersch M, Duyzend MH, Krumm N, Bergmann S, Beckmann JS, Rosenfeld
JA, Eichler EE (2014) A higher mutational burden in females supports a “female protective
model” in neurodevelopmental disorders. Am J Hum Genet 94:415-425 Available at:
https://pubmed.ncbi.nim.nih.gov/24581740/ [Accessed March 31, 2022].

Katsigianni M, Karageorgiou V, Lambrinoudaki |, Siristatidis C (2019) Maternal polycystic ovarian
syndrome in autism spectrum disorder: a systematic review and meta-analysis. Mol
Psychiatry 24:1787-1797 Available at: https://pubmed.ncbi.nlm.nih.gov/30867561/
[Accessed March 31, 2022].

Kelava |, Chiaradia I, Pellegrini L, Kalinka AT, Lancaster MA (2022) Androgens increase excitatory
neurogenic potential in human brain organoids. Nature 602:112—-116 Available at:
https://pubmed.ncbi.nim.nih.gov/35046577/ [Accessed July 27, 2022].

Khatri N, Gilbert JP, Huo Y, Sharaflari R, Nee M, Qiao H, Man HY (2018) The Autism Protein
Ube3A/E6AP Remodels Neuronal Dendritic Arborization via Caspase-Dependent
Microtubule Destabilization. J Neurosci 38:363—378 Available at:
https://www.jneurosci.org/content/38/2/363 [Accessed October 3, 2022].

Khatri N, Man HY (2019) The autism and Angelman syndrome protein Ube3A/E6AP: The gene, E3
ligase ubiquitination targets and neurobiological functions. Front Mol Neurosci 12:109

28


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Available at: www.frontiersin.org [Accessed June 4, 2021].

Krishnan V, Stoppel DC, Nong Y, Johnson MA, Nadler MJS, Ozkaynak E, Teng BL, Nagakura |,
Mohammad F, Silva MA, Peterson S, Cruz TJ, Kasper EM, Arnaout R, Anderson MP (2017)
Autism gene Ube3a and seizures impair sociability by repressing VTA Cbinl. Nature
543:507-512 Available at: /pmc/articles/PMC5364052/ [Accessed June 10, 2021].

Krumm N, Turner TN, Baker C, Vives L, Mohajeri K, Witherspoon K, Raja A, Coe BP, Stessman HA,
He ZX, Leal SM, Bernier R, Eichler EE (2015) Excess of rare, inherited truncating mutations in
autism. Nat Genet 47:582-588 Available at: https://pubmed.ncbi.nlm.nih.gov/25961944/
[Accessed March 31, 2022].

Kihnle S, Mothes B, Matentzoglu K, Scheffner M (2013) Role of the ubiquitin ligase EGAP/UBE3A
in controlling levels of the synaptic protein Arc. Proc Natl Acad Sci U S A 110:8888—8893
Available at: www.pnas.org/cgi/doi/10.1073/pnas.1302792110 [Accessed June 4, 2021].

Kuleshov M V., Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, Koplev S, Jenkins SL,
Jagodnik KM, Lachmann A, McDermott MG, Monteiro CD, Gundersen GW, Ma’ayan A
(2016) Enrichr: a comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res 44:W90-W97 Available at: https://pubmed.ncbi.nlm.nih.gov/27141961/
[Accessed April 27, 2021].

Lai MC, Lerch JP, Floris DL, Ruigrok ANV, Pohl A, Lombardo M V., Baron-Cohen S (2017) Imaging
sex/gender and autism in the brain: Etiological implications. J Neurosci Res 95:380-397
Available at: https://pubmed.ncbi.nlm.nih.gov/27870420/ [Accessed March 31, 2022].

Lai MC, Lombardo M V., Auyeung B, Chakrabarti B, Baron-Cohen S (2015) Sex/Gender
Differences and Autism: Setting the Scene for Future Research. J Am Acad Child Adolesc
Psychiatry 54:11-24 Available at: www.jaacap.org [Accessed June 1, 2021].

LaSalle JM, Reiter LT, Chamberlain SJ (2015) Epigenetic regulation of UBE3A and roles in human
neurodevelopmental disorders. Epigenomics 7:1213-1228 Available at:
/pmc/articles/PMC4709177/ [Accessed June 4, 2021].

Law CW, Chen'Y, Shi W, Smyth GK (2014) Voom: Precision weights unlock linear model analysis
tools for RNA-seq read counts. Genome Biol 15:R29 Available at:
http://genomebiology.biomedcentral.com/articles/10.1186/gb-2014-15-2-r29 [Accessed
April 8, 2021].

Lawrence KE, Hernandez LM, Bowman HC, Padgaonkar NT, Fuster E, Jack A, Aylward E, Gaab N,
Van Horn JD, Bernier RA, Geschwind DH, McPartland JC, Nelson CA, Webb SJ, Pelphrey KA,
Green SA, Bookheimer SY, Dapretto M, Consortium G (2020) Sex Differences in Functional
Connectivity of the Salience, Default Mode, and Central Executive Networks in Youth with
ASD. Cereb Cortex 30:5107-5120 Available at:
https://academic.oup.com/cercor/article/30/9/5107/5827033 [Accessed July 20, 2021].

Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD (2012) The SVA package for removing batch
effects and other unwanted variation in high-throughput experiments. Bioinformatics
28:882—-883.

Li L, Li Z, Howley PM, Sacks DB (2006) E6AP and calmodulin reciprocally regulate estrogen
receptor stability. J Biol Chem 281:1978-1985 Available at:
https://pubmed.ncbi.nim.nih.gov/16314411/ [Accessed November 9, 2022].

Liska A, Bertero A, Gomolka R, Sabbioni M, Galbusera A, Barsotti N, Panzeri S, Scattoni ML,
Pasqualetti M, Gozzi A (2018) Homozygous Loss of Autism-Risk Gene CNTNAP2 Results in

29


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Reduced Local and Long-Range Prefrontal Functional Connectivity. Cereb Cortex 28:1141—
1153 Available at: https://pubmed.ncbi.nim.nih.gov/28184409/ [Accessed July 25, 2022].

Liska A, Galbusera A, Schwarz AJ, Gozzi A (2015) Functional connectivity hubs of the mouse
brain. Neuroimage 115:281-291.

Lombardo M V., Ashwin E, Auyeung B, Chakrabarti B, Taylor K, Hackett G, Bullmore ET, Baron-
Cohen S (2012) Fetal testosterone influences sexually dimorphic gray matter in the human
brain. J Neurosci 32:674—680 Available at: https://pubmed.ncbi.nim.nih.gov/22238103/
[Accessed March 31, 2022].

Lombardo M V., Auyeung B, Pramparo T, Quartier A, Courraud J, Holt RJ, Waldman J, Ruigrok
ANV, Mooney N, Bethlehem RAI, Lai MC, Kundu P, Bullmore ET, Mandel JL, Piton A, Baron-
Cohen S (2020) Sex-specific impact of prenatal androgens on social brain default mode
subsystems. Mol Psychiatry 25:2175-2188 Available at:
https://pubmed.ncbi.nim.nih.gov/30104728/ [Accessed April 27, 2021].

Loomes R, Hull L, Mandy WPL (2017) What Is the Male-to-Female Ratio in Autism Spectrum
Disorder? A Systematic Review and Meta-Analysis. ] Am Acad Child Adolesc Psychiatry
56:466—474 Available at: https://pubmed.ncbi.nlm.nih.gov/28545751/ [Accessed March 31,
2022].

Lopes-Ramos CM, Chen CY, Kuijjer ML, Paulson JN, Sonawane AR, Fagny M, Platig J, Glass K,
Quackenbush J, DeMeo DL (2020) Sex Differences in Gene Expression and Regulatory
Networks across 29 Human Tissues. Cell Rep 31 Available at:
https://pubmed.ncbi.nim.nih.gov/32579922/ [Accessed April 27, 2021].

Margolis SS, Salogiannis J, Lipton DM, Mandel-Brehm C, Wills ZP, Mardinly AR, Hu L, Greer PL,
Bikoff JB, Ho HYH, Soskis MJ, Sahin M, Greenberg ME (2010) EphB-mediated degradation of
the RhoA GEF Ephexin5 relieves a developmental brake on excitatory synapse formation.
Cell 143:442-455 Available at: /pmc/articles/PMC2967209/ [Accessed June 4, 2021].

Montani C, Canella C, Schwarz AJ, Li J, Gilmour G, Galbusera A, Wafford K, Gutierrez-Barragan D,
McCarthy A, Shaw D, Knitowski K, McKinzie D, Gozzi A, Felder C (2020) The M1/M4
preferring muscarinic agonist xanomeline modulates functional connectivity and NMDAR
antagonist-induced changes in the mouse brain. Neuropsychopharmacology Available at:
https://pubmed.ncbi.nim.nih.gov/33342996/ [Accessed March 9, 2021].

Nair A, Jolliffe M, Lograsso YSS, Bearden CE (2020) A Review of Default Mode Network
Connectivity and Its Association With Social Cognition in Adolescents With Autism Spectrum
Disorder and Early-Onset Psychosis. Front Psychiatry 0:614.

Nakatani J, Tamada K, Hatanaka F, Ise S, Ohta H, Inoue K, Tomonaga S, Watanabe Y, Chung Y,
Banerjee R, Iwamoto K, Kato T, Okazawa M, Yamauchi K, Tanda K, Takao K, Miyakawa T,
Bradley A, Takumi T (2009) Abnormal behavior in a chromosome-engineered mouse model
for human 15q11-13 duplication seen in autism. Cell 137:1235-1246 Available at:
https://pubmed.ncbi.nim.nih.gov/19563756/ [Accessed July 16, 2021].

Nawaz Z, Lonard DM, Smith CL, Lev-Lehman E, Tsai SY, Tsai M-J, O’Malley BW (1999) The
Angelman Syndrome-Associated Protein, E6-AP, Is a Coactivator for the Nuclear Hormone
Receptor Superfamily. Mol Cell Biol 19:1182-1189 Available at:
https://pubmed.ncbi.nim.nih.gov/9891052/ [Accessed June 4, 2021].

Ober C, Loisel DA, Gilad Y (2008) Sex-specific genetic architecture of human disease. Nat Rev
Genet 9:911-922 Available at: https://pubmed.ncbi.nlm.nih.gov/19002143/ [Accessed

30


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

March 31, 2022].

Olson LA, Mash LE, Linke A, Fong CH, Muller R-A, Fishman | (2020) Sex-related patterns of
intrinsic functional connectivity in children and adolescents with autism spectrum disorders.
Autism Available at: https://doi.org/10.1177/1362361320938194.

Oostra B, Willemsen R (2003) A fragile balance: FMR1 expression levels. Hum Mol Genet 12 Spec
No Available at: https://pubmed.ncbi.nlm.nih.gov/12952862/ [Accessed July 15, 2021].

Pagani M, Barsotti N, Bertero A, Trakoshis S, Ulysse L, Locarno A, Miseviciute |, De Felice A,
Canella C, Supekar K, Galbusera A, Menon V, Tonini R, Deco G, Lombardo M V., Pasqualetti
M, Gozzi A (2021) mTOR-related synaptic pathology causes autism spectrum disorder-
associated functional hyperconnectivity. Nat Commun 2021 121 12:1-15 Available at:
https://www.nature.com/articles/s41467-021-26131-z [Accessed July 25, 2022].

Pagani M, Bertero A, Liska A, Galbusera A, Sabbioni M, Barsotti N, Colenbier N, Marinazzo D,
Scattoni ML, Pasqualetti M, Gozzi A (2019) Deletion of autism risk gene shank3 disrupts
prefrontal connectivity. J Neurosci 39:5299-5310 Available at:
https://doi.org/10.1523/JNEUROSCI.2529-18.2019 [Accessed March 9, 2021].

Pagani M, Bifone A, Gozzi A (2016a) Structural covariance networks in the mouse brain.
Neuroimage 129:55-63 Available at: https://pubmed.ncbi.nim.nih.gov/26802512/
[Accessed March 11, 2021].

Pagani M, Damiano M, Galbusera A, Tsaftaris SA, Gozzi A (2016b) Semi-automated registration-
based anatomical labelling, voxel based morphometry and cortical thickness mapping of the
mouse brain. J Neurosci Methods 267:62—73 Available at:
https://pubmed.ncbi.nim.nih.gov/27079699/ [Accessed March 9, 2021].

Parikshak NN, Swarup V, Belgard TG, Irimia M, Ramaswami G, Gandal MJ, Hartl C, Leppa V,
Ubieta LDLT, Huang J, Lowe JK, Blencowe BJ, Horvath S, Geschwind DH (2016) Genome-
wide changes in IncRNA, splicing, and regional gene expression patterns in autism. Nature
540:423-427 Available at: https://www.nature.com/articles/nature20612 [Accessed April 1,
2022].

Posserud M-B, Solberg BS, Engeland A, Haavik J, Klungsgyr K (2021) Male to female ratios in
autism spectrum disorders by age, intellectual disability and attention-deficit/hyperactivity
disorder. Acta Psychiatr Scand 00:1-12 Available at:
https://onlinelibrary.wiley.com/doi/full/10.1111/acps.13368 [Accessed October 4, 2021].

Pucilowska J, Vithayathil J, Pagani M, Kelly C, Karlo JC, Robol C, Morella |, Gozzi A, Brambilla R,
Landreth GE (2018) Pharmacological inhibition of ERK signaling rescues pathophysiology
and behavioral phenotype associated with 16p11.2 chromosomal deletion in mice. J
Neurosci 38:6640-6652 Available at: https://www.jneurosci.org/content/38/30/6640
[Accessed March 9, 2021].

Punt AM, Judson MC, Sidorov MS, Williams BN, Johnson NS, Belder S, den Hertog D, Davis CR,
Feygin MS, Lang PF, Jolfaei MA, Curran PJ, van lilcken WF, Elgersma Y, Philpot BD (2022)
Molecular and behavioral consequences of Ube3a gene overdosage in mice. JCl Insight 7
Available at: https://doi.org/10.1172/jci.insight.158953DS1 [Accessed October 3, 2022].

Quartier A, Chatrousse L, Redin C, Keime C, Haumesser N, Maglott-Roth A, Brino L, Le Gras S,
Benchoua A, Mandel JL, Piton A (2018) Genes and Pathways Regulated by Androgens in
Human Neural Cells, Potential Candidates for the Male Excess in Autism Spectrum Disorder.
Biol Psychiatry 84:239-252 Available at: https://pubmed.ncbi.nlm.nih.gov/29428674/

31


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[Accessed April 27, 2021].

Raznahan A, Disteche CM (2021) X-chromosome regulation and sex differences in brain
anatomy. Neurosci Biobehav Rev 120:28—-47 Available at:
https://pubmed.ncbi.nim.nih.gov/33171144/ [Accessed July 28, 2022].

Robinson MD, Oshlack A (2010) A scaling normalization method for differential expression
analysis of RNA-seq data. Genome Biol 11:R25 Available at:
http://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-3-r25 [Accessed
April 8, 2021].

Rocchi F, Canella C, Noei S, Gutierrez-Barragan D, Coletta L, Galbusera A, Stuefer A, Vassanelli S,
Pasqualetti M, lurilli G, Panzeri S, Gozzi A (2022) Increased fMRI connectivity upon
chemogenetic inhibition of the mouse prefrontal cortex. Nat Commun 2022 131 13:1-15
Available at: https://www.nature.com/articles/s41467-022-28591-3 [Accessed July 29,
2022].

Rutter M, Caspi A, Moffitt TE (2003) Using sex differences in psychopathology to study causal
mechanisms: unifying issues and research strategies. J Child Psychol Psychiatry 44:1092—
1115 Available at: https://pubmed.ncbi.nlm.nih.gov/14626453/ [Accessed March 31, 2022].

Salvat C, Wang G, Dastur A, Lyon N, Huibregtse JM (2004) The -4 phenylalanine is required for
substrate ubiquitination catalyzed by HECT ubiquitin ligases. J Biol Chem 279:18935-18943
Available at: https://pubmed.ncbi.nlm.nih.gov/14966115/ [Accessed November 9, 2022].

Sanders SJ et al. (2012) De novo mutations revealed by whole-exome sequencing are strongly
associated with autism. Nature 485:237-241 Available at:
https://pubmed.ncbi.nlm.nih.gov/22495306/ [Accessed March 31, 2022].

Sarachana T, Hu VW (2013) Genome-wide identification of transcriptional targets of RORA
reveals direct regulation of multiple genes associated with autism spectrum disorder. Mol
Autism 4 Available at: https://pubmed.ncbi.nlm.nih.gov/23697635/ [Accessed July 27,
2022].

Satterstrom FK et al. (2020) Large-Scale Exome Sequencing Study Implicates Both Developmental
and Functional Changes in the Neurobiology of Autism. Cell 180:568-584.e23 Available at:
https://pubmed.ncbi.nim.nih.gov/31981491/ [Accessed March 31, 2022].

Sforazzini F, Bertero A, Dodero L, David G, Galbusera A, Scattoni ML, Pasqualetti M, Gozzi A
(2016) Altered functional connectivity networks in acallosal and socially impaired BTBR
mice. Brain Struct Funct 221:941-954 Available at:
https://pubmed.ncbi.nim.nih.gov/25445840/ [Accessed March 9, 2021].

Sforazzini F, Schwarz AJ, Galbusera A, Bifone A, Gozzi A (2014) Distributed BOLD and CBV-
weighted resting-state networks in the mouse brain. Neuroimage 87:403—415.

Silverman JL, Tolu SS, Barkan CL, Crawley JN (2010a) Repetitive self-grooming behavior in the
BTBR mouse model of autism is blocked by the mGIuR5 antagonist MPEP.
Neuropsychopharmacology 35:976-989 Available at: /pmc/articles/PMC2827881/
[Accessed April 8, 2021].

Silverman JL, Yang M, Lord C, Crawley JN (2010b) Behavioural phenotyping assays for mouse
models of autism. Nat Rev Neurosci 11:490 Available at: /pmc/articles/PMC3087436/
[Accessed May 19, 2022].

Smith SEP, Zhou YD, Zhang G, Jin Z, Stoppel DC, Anderson MP (2011) Increased gene dosage of
Ube3a results in autism traits and decreased glutamate synaptic transmission in mice. Sci

32


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Transl Med 3 Available at: https://pubmed.ncbi.nim.nih.gov/21974935/ [Accessed June 4,
2021].

Spijker S (2011) Dissection of rodent brain regions. Neuromethods 57:13-26.

Storey JD (2002) A direct approach to false discovery rates. J R Stat Soc Ser B (Statistical
Methodol 64:479-498 Available at: http://doi.wiley.com/10.1111/1467-9868.00346
[Accessed April 27, 2021].

Sun J, LiuY, Moreno S, Baudry M, Bi X (2015a) Imbalanced mechanistic target of rapamycin C1
and C2 activity in the cerebellum of angelman syndrome mice impairs motor function. J
Neurosci 35:4706—4718 Available at: https://pubmed.ncbi.nlm.nih.gov/25788687/
[Accessed June 4, 2021].

Sun J, Zhu G, Liu Y, Standley S, Ji A, Tunuguntla R, Wang Y, Claus C, Luo Y, Baudry M, Bi X (2015b)
UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel
Endocytosis. Cell Rep 12:449-461 Available at: https://pubmed.ncbi.nlm.nih.gov/26166566/
[Accessed June 4, 2021].

Supekar K, De Los Angeles C, Ryali S, Cao K, Ma T, Menon Background V (2022) Deep learning
identifies robust gender differences in functional brain organization and their dissociable
links to clinical symptoms in autism. Available at: https://doi.org/10.1192/bjp.2022.13.

Takumi T, Tamada K (2018) CNV biology in neurodevelopmental disorders. Curr Opin Neurobiol
48:183-192.

Trakoshis S, Martinez-Cafiada P, Rocchi F, Canella C, You W, Chakrabarti B, Ruigrok ANV,
Bullmore ET, Suckling J, Markicevic M, Zerbi V, Baron-Cohen S, Gozzi A, Lai MC, Panzeri S,
Lombardo M V. (2020) Intrinsic excitation-inhibition imbalance affects medial prefrontal
cortex differently in autistic men versus women. Elife 9:1-31.

Urraca N, Cleary J, Brewer V, Pivnick EK, Mcvicar K, Thibert RL, Schanen NC, Esmer C, Lamport D,
Reiter LT (2013) The interstitial duplication 15g11.2-g13 syndrome includes autism, mild
facial anomalies and a characteristic EEG signature. Autism Res 6:268—-279 Available at:
https://pubmed.ncbi.nim.nih.gov/23495136/ [Accessed March 31, 2022].

Vatsa N, Jana NR (2018) UBE3A and its link with autism. Front Mol Neurosci 11:448 Available at:
/pmc/articles/PMC6290346/ [Accessed June 4, 2021].

Velmeshev D, Schirmer L, Jung D, Haeussler M, Perez Y, Mayer S, Bhaduri A, Goyal N, Rowitch
DH, Kriegstein AR (2019) Single-cell genomics identifies cell type-specific molecular changes
in autism. Available at: https://www.science.org.

Werling DM (2016) The role of sex-differential biology in risk for autism spectrum disorder. Biol
Sex Differ 7 Available at: https://pubmed.ncbi.nim.nih.gov/27891212/ [Accessed June 1,
2021].

Werling DM, Geschwind DH (2013) Sex differences in autism spectrum disorders. Curr Opin
Neurol 26:146—-153 Available at: https://pubmed.ncbi.nIm.nih.gov/23406909/ [Accessed
March 31, 2022].

Werling DM, Parikshak NN, Geschwind DH (2016) Gene expression in human brain implicates
sexually dimorphic pathways in autism spectrum disorders. Nat Commun 7 Available at:
https://pubmed.ncbi.nim.nih.gov/26892004/ [Accessed February 11, 2022].

Weston KP, Gao X, Zhao J, Kim K-S, Maloney SE, Gotoff J, Parikh S, Leu Y-C, Wu K-P, Shinawi M,
Steimel JP, Harrison JS, Yi JJ (2021) Identification of disease-linked hyperactivating
mutations in UBE3A through large-scale functional variant analysis. Nat Commun 12, 6809

33


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.25.513747; this version posted November 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Available at: https://doi.org/10.1038/s41467-021-27156-0 [Accessed November 10, 2022].

Wigdor EM et al. (2021) The female protective effect against autism spectrum disorder.
medRxiv:2021.03.29.21253866 Available at:
https://www.medrxiv.org/content/10.1101/2021.03.29.21253866v2 [Accessed March 31,
2022].

Wilfert A, Turner T, Murali S, Hsieh P, Sulovari A, Wang T, Coe B, Guo H, Hoekzema K, Bakken T,
Winterkorn L, Evani U, Byrska-Bishop M, Earl R, Bernier R, Zody M, Eichler E (2020) Recent
ultra-rare inherited mutations identify novel autism candidate risk genes. Nat Genet
2021:1-10 Available at: https://www.nature.com/articles/s41588-021-00899-8 [Accessed
August 3, 2021].

Willsey HR, Exner CRT, Xu Y, Everitt A, Sun N, Wang B, Dea J, Schmunk G, Zaltsman Y, Teerikorpi
N, Kim A, Anderson AS, Shin D, Seyler M, Nowakowski TJ, Harland RM, Willsey AJ, State MW
(2021) Parallel in vivo analysis of large-effect autism genes implicates cortical neurogenesis
and estrogen in risk and resilience. Neuron 109:788-804.e8 Available at:
http://www.cell.com/article/S0896627321000027/fulltext [Accessed April 8, 2021].

Wilson RB, Elashoff D, Gouelle A, Smith BA, Wilson AM, Dickinson A, Safari T, Hyde C, Jeste SS
(2020) Quantitative gait analysis in Duplication 15q Syndrome and Nonsyndromic ASD.
Autism Res 13:1102 Available at: /pmc/articles/PMC7498372/ [Accessed July 27, 2022].

Yao Z et al. (2021) A taxonomy of transcriptomic cell types across the isocortex and hippocampal
formation. Cell 184:3222-3241.e26 Available at:
https://pubmed.ncbi.nim.nih.gov/34004146/ [Accessed July 16, 2021].

Zerbi V, Pagani M, Markicevic M, Matteoli M, Pozzi D, Fagiolini M, Bozzi Y, Galbusera A, Scattoni
ML, Provenzano G, Banerjee A, Helmchen F, Basson MA, Ellegood J, Lerch JP, Rudin M, Gozzi
A, Wenderoth N (2021) Brain mapping across 16 autism mouse models reveals a spectrum
of functional connectivity subtypes. Mol Psychiatry Available at:
https://doi.org/10.1038/s41380-021-01245-4.

34


https://doi.org/10.1101/2022.10.25.513747
http://creativecommons.org/licenses/by-nc-nd/4.0/

