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ABSTRACT
BACKGROUND: The X-chromosome gene USP9X encodes a deubiquitylating enzyme that has been associated with
neurodevelopmental disorders primarily in female subjects. USP9X escapes X inactivation, and in female subjects de
novo heterozygous copy number loss or truncating mutations cause haploinsufficiency culminating in a recognizable
syndrome with intellectual disability and signature brain and congenital abnormalities. In contrast, the involvement of
USP9X in male neurodevelopmental disorders remains tentative.
METHODS: We used clinically recommended guidelines to collect and interrogate the pathogenicity of 44 USP9X
variants associated with neurodevelopmental disorders in males. Functional studies in patient-derived cell lines
and mice were used to determine mechanisms of pathology.
RESULTS: Twelve missense variants showed strong evidence of pathogenicity. We define a characteristic phenotype
of the central nervous system (white matter disturbances, thin corpus callosum, and widened ventricles); global delay
with significant alteration of speech, language, and behavior; hypotonia; joint hypermobility; visual system defects;
and other common congenital and dysmorphic features. Comparison of in silico and phenotypical features align
additional variants of unknown significance with likely pathogenicity. In support of partial loss-of-function
mechanisms, using patient-derived cell lines, we show loss of only specific USP9X substrates that regulate
neurodevelopmental signaling pathways and a united defect in transforming growth factor b signaling. In addition,
we find correlates of the male phenotype in Usp9x brain-specific knockout mice, and further resolve loss of
hippocampal-dependent learning and memory.
ª 2019 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved.
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CONCLUSIONS: Our data demonstrate the involvement of USP9X variants in a distinctive neurodevelopmental and
behavioral syndrome in male subjects and identify plausible mechanisms of pathogenesis centered on disrupted
transforming growth factor b signaling and hippocampal function.

Keywords: Brain malformation, Deubiquitylating enzyme, Hippocampus, Neurodevelopmental disorder, TGFb,
USP9X

https://doi.org/10.1016/j.biopsych.2019.05.028
USP9X is a highly conserved X-chromosome gene that en-
codes a substrate-specific deubiquitylating enzyme (1). Com-
plete Usp9x loss of function (LOF) is embryonic lethal in mice
(2), and homo- or hemizygous complete LOF germline muta-
tions have never been identified in humans. We previously
reported the identification of 17 female individuals with neu-
rodevelopmental disorders (NDDs) due to USP9X de novo
heterozygous complete LOF mutations (predominately early
frame shift and/or stop gain mutations) (3). USP9X escapes X
inactivation, and in these individuals the messenger RNA and
protein levels are significantly reduced. The phenotype is
recognizable, and it involves intellectual disability (ID), struc-
tural brain abnormalities, characteristic facial features, and
distinctive congenital malformations (3). We also reported 2
missense variants and a truncating frame shift variant
(escaping nonsense-mediated messenger RNA decay) asso-
ciated with male ID (4). These variant proteins retained core
enzymatic activity and instead impaired specific USP9X brain
functions, including neuronal migration and growth (4). Two
additional novel missense variants were also implicated in
epilepsy, one de novo and likely pathogenic and another of
unknown significance (5). Thus, the involvement of USP9X
remains only tentatively associated with nonspecific male
NDDs.

USP9X has a central deubiquitylating catalytic domain and
long N- and C-terminal extensions used to mediate substrate
recognition (1). USP9X interacts with at least 53 proteins, each
in a tissue- and context-dependent manner. USP9X deubi-
quitylates substrates, typically antagonizing their proteasomal
degradation and as such stabilizing their levels (1). In the brain,
many USP9X substrates are encoded by NDD-associated
genes (1), while others regulate neurodevelopmental
signaling pathways including transforming growth factor b
(TGFb), Notch, Wnt, and mammalian target of rapamycin
(mTOR) pathways (6–15). Conditional deletion of Usp9x in
the embryonic forebrain alters these signaling pathways and
causes defective neural progenitor cell function, neuronal cell
growth, and cell maturation (4,7,12,16–18). Prominent
anatomical features of these mice include agenesis of the
corpus collosum and loss of postnatal hippocampal growth
(17,18). Establishing behavioral phenotypes of these mice is
critical to establishing models of human NDDs involving
USP9X.

Here we interrogate 44 additional USP9X missense variants
in male participants with NDDs, establish a characteristic
clinical phenotype, and resolve key features in knockout mice.
We use patient-derived cell lines to discover molecular
mechanisms involving neurodevelopmental signaling path-
ways. Our data underscore the relevance of partial LOF effect
Biological Psy
of human USP9X variants and point to a loss of TGFb
signaling and hippocampal function as major contributors to
pathology.

METHODS AND MATERIALS

Participants

This study was approved by the Women’s and Children’s
Health Network Human Research Ethics Committee, South
Australia, Australia (HREC786–07–2020). All participant infor-
mation was provided following informed parental consent
(Table S7 in Supplement 1).

Cell Culture

Primary fibroblasts were maintained as previously described
(3). TGFb luciferase assays were conducted as previously
described (18) in biological quadruplicate using 20 ng/mL
TGFb (R&D Systems, In Vitro Technologies, Melbourne, Vic-
toria, Australia). Scratch migration assays were conducted as
previously described (19). Number of cells migrating into the
scratch was quantified using ImageJ (National Institutes of
Health, Bethesda, MD). Assays were blinded to genotype, and
biological triplicates were assayed in technical triplicate.
TGFb–SMAD family member 4 (SMAD4) localization assay was
performed by incubating cells without serum for 8 hours prior
to addition of 20 ng/mL TGFb. Assay was conducted blinded
to genotype and conducted across 5 experiments.

Immunofluorescence

Immunofluorescence was performed as previously described
(20). A list of antibodies is provided in Table S6 in
Supplement 1.

Biochemical Analysis

Protein isolation and Western blots were performed as previ-
ously described (3). A list of antibodies is provided in Table S6
in Supplement 1. RNA isolation and quantitative polymerase
chain reaction was described previously (3).

Proteomics

Immunoprecipitation was as previously described (4). Rabbit
immunoglobulin G or anti-USP9X antibody (5 mg/treatment)
(A301-350A; Bethyl Laboratories, Montgomery, TX) were used.
Proteins were identified and quantified using tandem-mass-tag
1-dimensional liquid chromatography electrospray ionization
tandem-mass-spectrometry by Australian Proteome Analysis
Facility (Sydney, Australia). Raw data were searched using
Proteome Discoverer version 2.1 (ThermoFisher Scientific,
chiatry January 15, 2020; 87:100–112 www.sobp.org/journal 101
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Waltham, MA) to identify proteins. Raw quantitative values
were mean normalized to handle batch effects and logarith-
mically transformed. Paired t tests identified proteins signifi-
cantly enriched (adjusted p , .05 and fold change . 0.5) in
USP9X (wild-type and mutant) immunoprecipitates compared
with those of immunoglobulin G control subjects.

Mouse Husbandry

Usp9xLoxP/LoxP female mice (129SvJ/C57BL/6 mixed back-
ground) and Emx1-Cre male mice (C57BL/6 background) were
crossed as previously described (17,18). As Usp9x is located
on the X chromosome, male offspring that inherit the Emx1-
Cre allele lacked Usp9x in the telencephalon and derived
cortex and hippocampal structures (referred to as Usp9x2/Y;
Emx1-Cre or simply knockout mice). Cre-negative male mice
were used as controls (referred to as Usp9xloxP/Y or simply
wild-type). Female mice were not analyzed.

Open Field Test

Locomotor behavior was assessed in adult mice as previously
described (21). Ethovision XT software (Noldus Information
Technology, Leesburg, VA) recorded distance traveled over a
30-minute test period and data were assessed in 6 time bins of
5 minutes each.

Primary SHIRPA Screen

Adult mice were screened for gross neurological deficits using
a primary SHIRPA (SmithKline Beecham Pharmaceuticals;
Harwell, MRC Mouse Genome Centre and Mammalian Ge-
netics Unit; Imperial College School of Medicine at St. Mary’s;
Royal London Hospital, St. Bartholomew’s and the Royal
London School of Medicine phenotype assessment) screen
(22). Mice were observed in a cylindrical viewing jar for 5 mi-
nutes and then transferred to an arena (45 cm 3 45 cm), where
they underwent a series of anatomical and neurological mea-
sures, including assessments of muscular, spinocerebellar,
sensory, neuropsychiatric, and autonomic functions.

Active Place Avoidance Task

Adult animals included (6–7 months) Usp9x2/Y; Emx1-Cre
(n = 17) knockout and Usp9xloxP/Y control subject (n = 16)
mice. Littermates were raised together regardless of genotype.
Test mice were placed onto a rotating platform arena within a
room marked by visual cues (23). On entering the stationary
shock zone, mice received electric shocks (0.5 mA at 15-ms
intervals) until they exited. Habituation consisted of explora-
tion without shock. In each of the following 5 consecutive
days, mice were placed on the rotating platform for 10 minutes
with active shocks. Data were acquired using Ethovision XT
software (Noldus Information Technology). Testing and anal-
ysis were performed blinded to genotype. Two-way analysis of
variance was performed involving 2 independent variables,
Figure 1. Likely pathogenic USP9X variants cause a characteristic neurodev
defining clinical features. (B) Magnetic resonance imaging of the brains of individ
white matter loss and ventricular widening in all, and in particular periventricul
periventricular white matter (p.Asn971Ser), cerebellar vermis hypoplasia (p.Arg208
of individuals with USP9X variants. Note short, tapered fingers. n = the number
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with repeated measures if applicable. Multiple comparisons
were adjusted (Bonferroni correction). Statistical significance
was set at p , .05.

Histology

Histology and immunofluorescence testing were conducted as
previously described (17).

RESULTS

Identification of De Novo and Inherited USP9X
Missense Variants in Affected Male Subjects

Targeting male subjects with NDDs, we discovered 48 cases
with 44 unique USP9X variants (3 were recurrent), primarily
through trio-based exome sequencing (Table S1 in Supplement
1). Of these, 2 participants were obtained via DECIPHER (http://
decipher.sanger.ac.uk) (UK1 = DECIPHER patient 260068 and
Netherlands 2 = DECIPHER patient 323395) (24). The clinical
history of each case is provided in the Supplement. We classi-
fied each variant’s pathogenicity in accordance with the
American College of Medical Genetics and Genomics guide-
lines (Figure S1 in Supplement 1) (25). Eleven variants (from 13
families) were classified as likely benign (Table S1 in
Supplement 1). The remaining 33 variants (from 35 families)
were considered the most plausible genetic cause, either
because the variant was the sole genetic finding or because it
was prioritized over other variants of unknown or unlikely sig-
nificance (Table S2 in Supplement 1). Nine de novo variants
were classified as likely pathogenic (Table S1 and Figures S1
and S2 in Supplement 1). Three of these are located in the
catalytic domain; however, structural homology modeling
mapped these variants to positions outside of the core catalytic
site (Figures S3 and S4 in Supplement 1) (26). The remaining 24
variants (from 26 families) were maternally inherited; segrega-
tion beyond trio analysis was able to be performed in 12 of these
families (Table S1 in Supplement 1). We conducted functional
studies to provide evidence of pathogenicity of 3 such inherited
variants (Figure S2 in Supplement 1). Another variant,
p.Ala2481fs*17, was recurrent in 3 unrelated cases (Table S1 in
Supplement 1). However, this variant affected only the longer of
2 alternative coding USP9X isoforms and was intronic in the
short (Figure S5 in Supplement 1). Interpretation was further
complicated by the presence of 4 hemizygous alleles in the
genome aggregation database gnomAD (Table S1 in
Supplement 1). Preferential isoform usage could underlie a
variable penetrance, and rare single nucleotide polymorphisms
(dbSNP and gnomAD) affecting the 50 donor splice sites exist,
but we were unable to classify their involvement beyond vari-
ants of unknown significance (VUSs) (Figure S5 in Supplement
1). Thus, from our collection of 44 variants, 12 were likely
pathogenic (9 de novo, 3 maternally inherited), 11 likely benign,
and 21 VUS (Table S1 and Figure S1 in Supplement 1). The likely
<
elopmental disorder in male subjects. (A) Constellation and penetrance of
uals with likely pathogenic USP9X variants. Examples highlight evidence of
ar leukomalacia (p.Ile79Val), loss of myelination and/or gliosis of posterior
5His), and hypoplastic corpus callosum (p.Ser2233Pro). (C, D) Photographs
of participants whose information contributed to the data.
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pathogenic variants altered highly conserved residues andwere
distributed throughout the protein (Figure S2 in Supplement 1).

USP9X Variants Are Associated With a Spectrum of
Neurodevelopmental Features in Male Subjects

We collated clinical information on participants with the 12
likely pathogenic variants and from the 4 previously published
male likely pathogenic variants (Table S3 in Supplement 2)
(4,5). Global developmental delay or ID, varying from mild to
severe, was reported in all cases (Figure 1A). Speech and
language problems and motor disability were also found in all
cases (where reported). Participants also presented with
behavioral issues, predominantly autistic and obsessive
behaviors but also attention-deficit/hyperactivity disorder,
anxiety, and aggression (Figure 1A). Ophthalmic abnormalities,
in particular strabismus, were also prevalent. In all cases where
neuroimaging was performed, brain malformations were pre-
sent that included (but were not limited to) white matter dis-
turbances, hypoplastic corpus callosum, widened ventricles,
and cerebellar defects (Figure 1A, B). Outside of the brain, the
affected individuals’ most common features included joint
hypermobility, a range of gastroenterological problems
(feeding difficulties, reflux, and constipation, in particular) and
growth defects of pre- and postnatal onset (Figure 1A). All
affected male participants presented with dysmorphic facial
features, although the nature of these varied across the cohort
(Figure 1C). Digital defects, mainly tapered and pointed fingers,
were also frequently reported (Figure 1D). Collectively, we
associate several anomalies of the central nervous system;
global delay with significant alteration of speech, language,
and behavior; hypotonia; joint hypermobility; strabismus; and
some common dysmorphic features with missense USP9X
variants in male individuals. The prominent neurological fea-
tures reported in female subjects with USP9X variants (3) are
frequent in this male cohort; however, other major congenital
features of female subjects are infrequent or absent in male
subjects (Figure S6 in Supplement 1).

USP9X VUSs Exhibit Features of Pathogenicity

We leveraged our resources of likely pathogenic and benign
variants (Table S1 in Supplement 1) and common USP9X
variants (gnomAD hemizygous variants with allele frequency
.1:100,000) to comparatively assess VUSs. There was no
clear difference in spatial distribution of variant types across
the protein (Figure 2A). Three VUSs located in the catalytic
domain were also shown to lie outside of the catalytic site
(Figure S4 in Supplement 1). All variants were then compared
using ANNOVAR predictive tools (27) to discover algorithms
with discriminatory power for USP9X. Eight predictive tools
were validated, for which 1) common and benign variant
scores were similar and 2) common and pathogenic variants
scores were significantly different (Figure 2B). These validated
tools aligned VUSs more closely with likely pathogenic variants
(Figure 2B). CADD and MUT_PRED2 tools employ indepen-
dent algorithms (28,29), and respective variant scores were
moderately correlated (Figure 2C). Combining these scores to
predict pathogenicity (CADD .25 and MUT_PRED2 .0.7)
enriched for likely pathogenic variants (80% of all likely path-
ogenic variants) and were accompanied by approximately half
104 Biological Psychiatry January 15, 2020; 87:100–112 www.sobp.or
of VUSs (Figure 2C). Similar results were obtained by
combining CADD and PROVEAN scores (Figure S7 in
Supplement 1).

We also compared the prevalence of the characteristic
clinical features in participants with VUSs. Developmental
delay, speech and language problems, and behavioral prob-
lems were frequent, while other features, including motor
problems, brain malformation, and gastroenterological prob-
lems (among others), were observed at reduced frequency
(Figure S7 in Supplement 1 and Table S4 in Supplement 2). In
aggregate, these data reveal in silico and clinical overlap be-
tween USP9X VUSs with likely pathogenic variants.
USP9X Missense Variants Affect Levels of USP9X
and Its Substrates

For 4 maternally inherited variants, we generated patient-
derived skin fibroblast cell lines and performed functional
studies: USA 6 (p.Ile79Val); France 2 (p.Ala696Val); Portugal 1
(p.Ser2233Pro); and the recurrent frame shift variant from
Netherlands 3 (p.Ala2481fs*17). Studies on the p.Ala2481fs*17
variant were uninformative, as the long isoform was barely
expressed (Figure S5 in Supplement 1). We investigated the
steady-state levels of USP9X messenger RNA and protein
(Figure 3). The p.Ser2233Pro variant line showed a significant
(w50%) reduction of USP9X protein level (Figure 3A, B and
Figure S8 in Supplement 1). Subcellular localization of USP9X
variants was not overtly affected (Figure 3C and Figure S9 in
Supplement 1).

As complete Usp9x LOF is embryonic lethal, we hypothe-
sized that a molecular mechanism of USP9Xmissense variants
disrupted only specific subsets of USP9X protein–protein in-
teractions rather than all. To test this hypothesis, we immu-
noprecipitated USP9X and interacting proteins from control
and variant fibroblast cell lines and subjected them to tandem-
mass-tag–based quantitative proteomic analysis (Figure 3D, E
and Figure S10 in Supplement 1). We identified 6 proteins (high
mobility group nucleosomal binding domain 2 [HMGN2],
dihydrolipoamide S-acetyltransferase [DLAT], rho-associated
protein kinase 2 [ROCK2], potassium channel tetramerization
domain containing 9 [KCTD9], formin-binding protein 1-like
[FNBP1L], and ribosomal protein S7 [RPS7]) in addition to
USP9X that were statistically enriched in control USP9X IPs-
over immunoglobulin G (Figure S10 in Supplement 1). Of these
interactors, only KCTD9 was significantly depleted (by 20%) in
the p.Ile79Val IPs and RPS7 was significantly depleted (by
w40%) in the p.Ala697Val IPs (Figure 3E). We conclude that
the variants did not overtly affect most USP9X interactions
detectable by IP-coupled proteomics.

As USP9X is a deubiquitylating enzyme, USP9X-substrate
interactions are rapid and transient, which can render
vigorous detection of interactions refractory to IP. We therefore
took a targeted Western blot approach to study the protein
expression levels of USP9X substrates. We studied substrates
specifically involved in neurodevelopmental signaling path-
ways (Figure 3F, G, and Figure S8 in Supplement 1) (1,4,7,12).
All USP9X missense variant cell lines had reduced levels of
substrates SMAD specific E3 ubiquitin protein ligase 1
(SMURF1), a regulator of TGFb signaling (30), and the activated
(hypophosphorylated) form of catenin b-1 (known as CTNNB1
g/journal
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Figure 2. USP9X variants of uncertain signifi-
cance share in silico signatures with likely patho-
genic variants. (A) Protein location of ubiquitin
specific peptidase 9 X-linked (USP9X) variants and
common variants extracted from the gnomAD
database. (B) Bulk comparison of common, benign,
and likely pathogenic variants and variants of un-
known significance by a suite of in silico prediction
tools. (C) Comparison of CADD and MUT_PRED2
scores reveal clustering of variants of unknown
significance with likely pathogenic variants in the
upper-right quadrant, which is consistent with
pathogenicity (CADD . 25, MUT_PRED2 . 0.7).
Scores are significantly correlated (Pearson’s cor-
relation given). Color scheme as in panels (A) and
(B). Inset identifies each variant in the “pathogenic
quadrant.” Graphs show percent of each type of
variant and the overall composition of variant types
within the pathogenic quadrant. *Significantly
different from common variants; p , .05 by Stu-
dent’s t test. NDD, neurodevelopmental disorder;
Pfam/ncoils, Protein Family Database term coiled-
coil regions; Pfam/SEG, Pfam term low complexity
region.
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or b-Catenin), a regulator of Wnt signaling (31). In addition,
total b-Catenin level was significantly reduced in the p.Ile79Val
and p.Ser2233Pro cell lines (Figure 3F, G and Figure S8 in
Supplement 1). We also found significant reduction of
regulatory-associated protein of mTOR (RAPTOR) (mTOR
pathway) and myeloid cell leukemia sequence 1 (apoptotic
pathway) levels in the p.Ala696Val cell lines (n = 2 brothers)
(32,33). Other substrates, including itchy E3 ubiquitin protein
ligase, mindbomb E3 ubiquitin protein ligase 1, and SMAD4
(regulators of epidermal growth factor, NOTCH, and TGFb
Biological Psy
pathways, respectively), were unchanged (Figure 3F and
Figure S8 in Supplement 1). Ubiquitylation can also direct the
nuclear localization of SMAD4 and b-Catenin, but we failed
to identify any major difference in localization under standard
culture conditions (Figures S11 and S12 in Supplement 1).
Taken together, USP9X missense variants lead to reduced
levels of substrates specifically involved in neuro-
developmental signaling pathways, while other more stable
and/or robust interactions that were identified via immuno-
precipitation were largely unaffected.
chiatry January 15, 2020; 87:100–112 www.sobp.org/journal 105
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Figure 3. Ubiquitin specific peptidase 9 X-linked (USP9X) variants affect substrates that regulate neurodevelopmental signaling pathways. (A) Quantitative
real-time polymerase chain reaction of USP9X messenger RNA (mRNA) expression in male control and patient-derived fibroblasts. (B) Quantitation of n = 3
Western blot experiments analyzing protein expression (see Figure S8 in Supplement 1). The p values were calculated via Student’s t test. (C) Representative
immunofluorescence images from control and USP9X variant fibroblast cell lines. (D) Western blot of representative USP9X immunoprecipitation experiment
from control and USP9X variant fibroblast lysates. Immunoprecipitated proteins from n = 3 independent experiments (see Figure S10 in Supplement 1) were
analyzed by tandem-mass-tag mass spectroscopy for quantitation. (E) Relative protein quantities of significantly enriched USP9X interactors (enriched in
USP9X immunoprecipitates (IPs) compared with immunoglobulin G (IgG) immunoprecipitates in control cells) in variant USP9X immunoprecipitation experi-
ments. The p values were calculated via paired Student’s t test. (F) Representative Western blot analysis of USP9X substrates implicated in neurodevelopmental
signaling pathways in control and variant USP9X fibroblast cell lines. (G)Quantitation of Western blots in panel C and replicates experiments (n = 3 experiments)
(Figure S8 in Supplement 1). Values represent relative abundance compared that in with control subjects (n = 3 cell lines); values underlined are significantly
reduced (p values were obtained via Student’s t test). *p , .05. b-Catenin, catenin beta-1; DAPI, 40,6-diamidino-2-phenylindole; DLAT, dihydrolipoamide S-
acetyltransferase; FNBP1L, formin-binding protein 1-like; HMGN2, high mobility group nucleosomal binding domain 2; ITCH, itchy E3 ubiquitin protein ligase;
KCTD9, potassium channel tetramerization domain containing 9; MCL1, MCL1 apoptosis regulator, BCL2 family member; MINDBOMB, mindbomb E3 ubiquitin
protein ligase 1;MW,molecular weight; RAPTOR, regulatory-associated protein ofmammalian target of rapamycin; ROCK2, rho-associated protein kinase 2; RPS7,
ribosomal protein S7; SMAD4, SMAD family member 4; SMURF1, SMAD specific E3 ubiquitin protein ligase 1; USP9X, ubiquitin specific peptidase 9 X-linked.
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Figure 4. Transforming growth factor b (TGFb)
signaling is disrupted in USP9X variant fibroblast cell
lines. Cells were serum starved (0.2% serum) for 16
hours prior to the addition of TGFb and were
assayed 24 hours later. (A) In the absence of added
TGFb, cells display similar basal levels of signaling,
as assessed by TGFb luciferase reporter assay. (B)
Relative increase of TGFb signaling following addi-
tion of ligand as assessed by TGFb luciferase re-
porter assays. Experiment done in quadruplicate. (C)
Representative immunofluorescent images of SMAD
family member 4 (SMAD4) localization before (time =
0 hour) and after (time = 24 hours) the addition of
TGFb. Arrowheads indicate nuclear localization. (D)
Quantitation of SMAD4 nuclear translocation
following the addition of TGFb. n = 5 replicates. (E)
Representative images of scratch migration assay.
(F) Quantitation of the relative stimulation of migra-
tion of cells into the scratch area following the
addition of TGFb. n = 3 technical 3 3 biological
replicates. *Statistical difference between 1/2
TGFb. #Statistical difference between controls and
USP9X variant cell lines. #*p , .05, Student’s t test.
ACTB, actin B; DAPI, 40,6-diamidino-2-phenylindole;
n.s., nonsignificant difference between controls and
USP9X variant cell lines.
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USP9X Missense Variants Lead to a Loss of TGFb
Signaling

As SMURF1 levels were reduced across USP9X variant fibro-
blast lines, we assessed TGFb signaling capacity. Basal levels
of signaling assessed by TGFb luciferase reporter assays were
not affected (Figure 4A and Figure S13 in Supplement 1). The
addition of TGFb resulted in an approximately 8-fold increase in
luciferase activity in control cells and in the p.Ala2481fs*17 cell
line in which the variant isoform is barely expressed (Figure 4B
and Figures S5 and S13 in Supplement 1). In contrast, only a 2-
to 4-fold induction was observed in the remaining inherited
variant cell lines. A similar result was obtained from a cell line
derived from participant USA1 harboring the de novo likely
pathogenic variant p.Val1868Glu (Figure 4B and Figure S13 in
Supplement 1). We tested TGFb signaling further using the
inherited variant cell lines. SMAD4 is translocated into the nu-
cleus during TGFb signaling, and an approximately 8-fold in-
crease in nuclear SMAD4 was identified in control cells
following TGFb stimulation, which is a significantly greater in-
crease than that in the variant cell lines tested (Figure 4C, D and
Figure S14 in Supplement 1). Lastly, we conducted a scratch
migration assay to determine whether variant cell lines are
induced to migrate in response to TGFb (19,34). The TGFb–
stimulated migration in control cells (w20% increase) was not
observed in variant cells (Figure 4E, F and Figure S15 in
Supplement 1). In addition, we tested mTOR signaling capacity
specifically in the p.Ala696Val cell lines (n = 2 brothers) in which
RAPTOR levels were reduced (Figure 4C, D and Figure S8 in
Biological Psy
Supplement 1). Across 2 independent assays involving either
a standard or serum-stimulated cell culture protocol, the
p.Ala696Val variant cell lines displayed evidence of a reduced
mTOR response as assessed by reduced phospho-S6 ribo-
somal protein levels and reduced phospho-S6:S6 ribosomal
protein ratio (Figure S16 in Supplement 1). We await additional
cell lines with this variant or phenotype for more rigorous
testing.

Collectively, these data provide functional support for
pathogenicity of 3 inherited USP9X missense variants,
p.Ile79Val, p.Ala696Val, and p.Ser2233Pro, and reveal that the
strongest impact of these variants was on neurodevelopmental
signaling pathways.

Loss of Usp9x Function Causes Learning and
Memory Deficits in Mice

Our collective data on USP9X variants to date in male and
female subjects suggest partial LOF as the initial molecular
driver of the associated pathology. To support this hypothesis,
we interrogated the phenotypic consequence of Usp9x defi-
ciency in mice. We mated floxed Usp9x allelic mice with Emx1-
Cre driver mice to delete Usp9x in the embryonic forebrain as
previously described (17,18). Unlike in humans, Usp9x is
subjected to X inactivation in mice (35), and as such we
forwent studies in heterozygous female offspring and studied
hemizygous deletion in male mice (compared with wild-type
male littermates). These mice, herein referred to as
“knockout mice,” survive and provide opportunity to study
chiatry January 15, 2020; 87:100–112 www.sobp.org/journal 107
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Figure 5. Behavioral deficits in Usp9x knockout
mice. (A) Adult Usp9x forebrain-specific knockout
mice (Usp9x2/Y; Emx1-Cre) travel farther than wild-
type littermate controls (Usp9xLoxP/Y) in an open
field test. (B) Knockout mice also exhibited signifi-
cant differences in various parameters of the modi-
fied SHIRPA (SmithKline Beecham Pharmaceuticals;
Harwell, MRC Mouse Genome Centre and
Mammalian Genetics Unit; Imperial College School
of Medicine at St. Mary’s; Royal London Hospital,
St. Bartholomew’s and the Royal London School of
Medicine phenotype assessment) neurological
screening protocol (also see Table S4 in Supplement
2); the p values were calculated via 2-tailed unpaired
t test. (C) Schematic of the Active Place Avoidance
(APA) arena. (D–I) Knockout mice exhibited signifi-
cantly reduced performance on different aspects of
the APA task. Statistics relate to comparisons be-
tween wild-type and knockout animals on individual
days of the 5 day test. Two-way analysis of variance
(also see Figure S16 in Supplement 1). (J–L) Coronal
sections of adult wild-type (left 2 panels) and mutant
(right 2 panels) mice at the level of the hippocampus.
Oct6 (red) was used as a marker for CA1 hippo-
campal neurons, and 40,6-diamidino-2-phenylindole
(DAPI; blue) was used to label nuclei. Whereas the
density of Oct6-expressing neurons was not
different between control and mutant animals (panel
K), the total number of Oct6-expressing neurons per
CA1 region was reduced within the hippocampus of
mutant animals. The p values were calculated via
Student’s t test. Scale bar in panel (J) low-
magnification images = 250 mm. Scale bar in panel
(J) high-magnification images = 30 mm. *p , .05, **p
, .01, ***p , .001.
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behavior. At postnatal day 60, we subjected knockout mice
to a broad modified SHIRPA (SmithKline Beecham Pharma-
ceuticals; Harwell, MRC Mouse Genome Centre and
Mammalian Genetics Unit; Imperial College School of Medi-
cine at St. Mary’s; Royal London Hospital, St. Bartholomew’s
and the Royal London School of Medicine phenotype
assessment) phenotype screen (see Methods and Materials,
Figure 5A, B, and Table S5 in Supplement 1) (22). Knockout
mice displayed a significant increase in distance traveled in an
open field test (Figure 5A) and exhibited deficits in weight, gait,
grip strength, and visual placing (Figure 5B). Body position was
also altered (less likely to be rearing or jumping), while no
significant difference between control and knockout mice was
identified for all other tests (Table S5 in Supplement 1).

Next, we interrogated hippocampal-dependent cognitive
function using the Active Place Avoidance (APA) test (23). This
test assesses the capacity to learn and remember the position
of a fixed shock zone within a rotating platform, using visual
cues (Figure 5C). No significant differences in behavior were
observed during the APA habituation phase (Figure S17 in
Supplement 1). Total distance traveled and average speed
were also comparable over the test period (Figure S17B, C in
Supplement 1). Knockout mice did, however, display
108 Biological Psychiatry January 15, 2020; 87:100–112 www.sobp.or
significantly reduced performance across a variety of test pa-
rameters in the APA task, including number of entrances into
the shock zone (Figure 5D), total number of shocks (Figure 5E),
latency to first shock (a measure of long-term memory)
(Figure 5F), latency to second entry to the shock zone (a
measure of short-term memory) (Figure 5G), maximum time,
and path avoiding the shock zone (Figure 5H, I). Moreover,
intragenotype analyses revealed that wild-type mice showed
significant improvements in learning the avoidance task, while
knockout mice did not (Figure S17D-I in Supplement 1). As the
APA test is highly dependent on the CA1 region of the hip-
pocampus, we assessed CA1 cellular architecture. Analysis
revealed reduced total numbers of CA1 neurons in knockout
mice, albeit at equivalent density (Figure 5J-L). Collectively,
these data show that complete Usp9x LOF severely impacts
hippocampal-dependent learning and memory, with additional
(central nervous system–derived) motor, muscular, and visual
defects in adult mice.
DISCUSSION

Our study redefines the molecular and clinical effects of rare
USP9X variants that are predicted to be deleterious in male
g/journal
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individuals. Through integrated studies of patient-derived cell
lines, and with evidence of learning and memory deficits of
knockout mice, we conclude that DNA variation in USP9X
leading to partial LOF has detrimental effects on normal brain
development.

Prior to this study, only 4 male USP9X variants had been
associated with pathogenicity in participants with limited clin-
ical information (4,5). Here we report an additional 12 likely
pathogenic cases. Although further clinically actionable infor-
mation cannot be solely provided by in silico predictive tools,
we discovered and used the best USP9X-centric tools to
provide support of pathogenicity to approximately half of our
cohort of VUSs. This proportion aligned with the prevalence of
the clinical attributes as defined by our likely pathogenic
cohort. Taken together, our work provides incentive and
framework for clinical and genetic studies aimed at resolving
these cases.

We characterize the USP9X clinical presentation in male
subjects. Some features, including global developmental
delay, ID, hypotonia, motor and speech delay, and brain ab-
normalities including thin corpus callosum and cerebellar de-
fects, overlap with the more clearly defined female USP9X
syndrome (3); however, consistent congenital features found in
female subjects were rare or absent in male subjects. This
difference is likely due to differing molecular consequences
acting downstream of the mutation type: In female subjects,
mutations cause loss of USP9X dosage (with potential to affect
all substrates) compared with missense mutations in male
subjects (including those inherited through apparently
asymptomatic mothers), which involve disruption to particular
subsets of substrates. The shared core neurological features
between male and female subjects do, however, suggest a
convergent mechanism of pathology, despite the differing
mutation types. While it remains to be tested in female sub-
jects, we speculate that disruption to TGFb is a prime candi-
date, whereby either reduced USP9X dosage (female subjects)
or missense mutation (male subjects) may culminate in a loss
of TGFb signaling in brain, stemming from a loss of key USP9X
substrate(s) involved in signal transduction. Disrupted TGFb
signaling has been implicated in several NDDs (36) and is
involved in multiple aspects of brain development and function
(37–40). USP9X joins an emerging group of X-linked genes,
including DDX3X, IQSEC2, KDM5C, SMC1A, ALG13, and
OFD1, that 1) escape X inactivation, 2) feature de novo het-
erozygous LOF mutations in female subjects with NDDs, and 3)
feature missense variants with milder allelic impact (e.g., partial
LOF) in male subjects with NDDs, which are often maternally
inherited (41–46).

The hippocampus plays significant roles in learning and
memory and in human ID and NDDs, and we discovered
hippocampal-dependent learning and memory deficits in
Usp9x knockout mice (47–50). Reductions in grip strength,
body tone, gait, and visual placement also phenocopies hy-
potonia, motor deficits, and visual defects seen in humans.
Previous studies in mice revealed several brain malformations,
including agenesis of the corpus callosum, dilated ventricles
(ventriculomegaly), and other brain malformations, which we
now show are frequent in human male subjects (18). The
remarkable phenotypic similarities between human and mouse
Biological Psy
models have two implications. First, they align the mechanism
of USP9X missense variation in male subjects with partial LOF.
We appreciate that the mouse is a complete LOF model with a
comparatively severe phenotype, and analogous germline
complete LOF mutations in humans (i.e., hemizygous or ho-
mozygous) are not likely compatible with life (2). Nevertheless,
the similarities between human subjects and the knockout
mice suggest the variants hinder specific USP9X brain func-
tions. Second, because a brain LOF mechanism is suggested,
we speculate that the cellular and molecular mechanisms
resolved in knockout mice may indeed be relevant to human
pathology.

Using this same Usp9x knockout mice model, we previ-
ously established that loss of Usp9x results in decreased
TGFb-mediated axonogenesis (18), decreased mTOR-
mediated neural stem cell proliferation (7), and differentiation
defects associated with defective Wnt and Notch signaling
(12). As USP9X variant cell lines were refractory to TGFb
stimulation, it is plausible that loss of axonal tracts (e.g.,
agenesis of the corpus callosum) stems in part from defective
TGFb signaling. USP9X has several substrates involved in
regulating the TGFb pathway, including SMURF1, SMAD4,
and Praja ring finger ubiquitin ligase 1 (6,9,15). In our male
participants, we observed evidence of both downregulation of
SMURF1 and loss of nuclear localization of SMAD4. Both
phenomena are consistent with a loss of USP9X interaction
and may drive defective TGFb signaling, but they may alter-
natively reflect loss of TGFb signaling stemming from other
molecular calamities downstream of USP9X. Indeed, it is
intriguing that the variants tested in these assays are located
in divergent regions of the protein that are predicted to
mediate distinct protein–protein interactions. Thus, while all
tested variants caused a loss of TGFb signaling, the key
substrates driving this effect may differ. We provide evidence
that different variants can uniquely impact various USP9X
substrate interactions. For example, only the p.Ala696Val
variant cell lines had reduced RAPTOR and myeloid cell leu-
kemia sequence 1 protein levels, with loss of RAPTOR
correlating with evidence of reduced mTOR activity. Thus, the
p.Ala696Val variant resulted in both defective TGFb and mTOR
signaling, and it was associated with the two most severely
affected participants. USP9X has also other substrates that
are encoded by genes whose LOF are associated with NDDs
(CTNNB1, ITCH, NUAK1, PEX5, SMAD4, SMURF1, DCX,
MIB1, SOX2, HERC2, NONO, RPGRIP1L, PRICKLE1,
PRICKLE2, MTORC1) (1). Importantly, USP9X functions up-
stream of all these substrates by maintaining their stability
(and hence function) via deubiquitylation, and therefore, any
loss of interaction between USP9X and the substrate has
potential to cause the neurodevelopmental pathology associ-
ated with that substrate.

USP9X sits at the hub of a protein interactome network
enriched with NDD genes. It is also known that USP9X regu-
lates processes relevant to NDDs, including neurogenesis,
migration, neurite growth, and synaptogenesis, through this
NDD network. Resolving the molecular, cellular, and develop-
mental pathologies underpinning USP9X variants is likely to
converge on pathologies of NDDs of diverse genetic origins
and potentially offer a point for intervention.
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