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Partial loss of USP9X function leads to a male 
neurodevelopmental and behavioural disorder converging on 
TGFβ signalling.

A full list of authors and affiliations appears at the end of the article.

Abstract

BACKGROUND: The X-chromosome gene USP9X encodes a deubiquitylating enzyme that has 

been associated with neurodevelopmental disorders (NDDs) primarily in females. USP9X escapes 

X-inactivation, and in females de novo heterozygous copy number loss or truncating mutations 

cause haploinsufficiency culminating in a recognisable syndrome with intellectual disability (ID), 

signature brain and congenital abnormalities. In contrast, the involvement of USP9X in male 

NDDs remains tentative.

METHODS: We collected and interrogated the pathogenicity of 44 male-ascertained USP9X 
variants associated with NDDs using clinically recommended guidelines. 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 CNS (white matter disturbances, thin corpus callosum and widened 

ventricles), global delay with significant alteration of speech, language and behaviour, 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 which regulate 

neurodevelopmental signalling pathways and a united defect in TGF signalling. 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.

CONCLUSION: Our data demonstrate the involvement of USP9X variants in a distinctive 

neurodevelopmental and behavioural syndrome in males and identify plausible mechanisms of 

pathogenesis centred on disrupted TGFβ signalling and hippocampal function.
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INTRODUCTION

USP9X is a highly conserved X-chromosome gene encoding a substrate specific 

deubiquitylating enzyme (1). Complete Usp9x loss of function (LOF) is embryonic lethal in 

mouse (2), and homo- or hemizygous complete LOF germline mutations have never been 

identified in human. We previously reported the identification of 17 females with 

neurodevelopmental disorders (NDDs) due to USP9X de novo heterozygous complete LOF 

mutations (predominately early frame shift / stop gain mutations) (3). USP9X escapes X-

inactivation and in these subjects the mRNA and protein levels are significantly reduced. 

The phenotype is recognisable, and involves intellectual disability (ID), structural brain 

abnormalities, characteristic facial features, and distinctive congenital malformations (3). We 

also reported two missense variants and a truncating frame shift variant (escaping NMD) 

associated with male intellectual disability (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 to 

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 deubiquitylates substrates, 

typically antagonising their proteasomal degradation and as such stabilising their levels (1). 

In brain, many USP9X substrates are encoded by NDD-associated genes (1), whilst others 

regulate neurodevelopmental signalling pathways including TGFβ, Notch, Wnt and mTOR 

(6–15). Conditional deletion of Usp9x in the embryonic forebrain alters these signalling 

pathways, and causes defective neural progenitor cell function, neuronal cell growth and 

maturation (4, 7, 12, 16–18). Prominent anatomical features of these mice include agenesis 

of the corpus collosum, and loss of post-natal hippocampal growth (17, 18). Establishing 

behavioural phenotypes of these mice is critical to establish models of human NDDs 

involving USP9X.

Here we interrogate 44 additional USP9X missense variants in males 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 

signalling pathways. Our data underscore the relevance of partial LOF effect of human 

USP9X variants and point to a loss of TGFβ signalling and hippocampal function as major 

contributors to pathology.
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METHODS

Subjects

This study was approved by the Women’s and Children’s Health Network Human Research 

Ethics Committee, South Australia, Australia (HREC786-07-2020). All subject information 

was provided following informed parental consent (Table S7).

Cell Culture

Primary fibroblasts were maintained as previously described (3). TGFβ luciferase assays 

were conducted as previously described (18) in biological quadruplicate using 20ng/ml 

TGFβ (R&D Systems, In Vitro Technologies, Australia). Scratch migration assays were 

conducted as previously described (19). Number of cells migrating into the scratch were 

quantified using ImageJ (NIH, USA). Assays were blinded to genotype, and biological 

triplicates were assayed in technical triplicate. TGFβ-SMAD4 localisation assay were 

performed by incubating cells without serum for 8 hours prior to addition of 20ng/ml TGFβ. 

Assay was conducted blinded to genotype and conducted across 5 experiments.

Immunofluorescence

Immunofluorescence was performed as previously described (20). List of antibodies is 

provided in Table S6.

Biochemical Analysis

Protein isolation and western blots were performed as previously described (3). List of 

antibodies is provided in Table S6. RNA isolation and qPCR was described previously (3).

Proteomics

Immunoprecipitation was as previously described (4). Rabbit IgG or anti-USP9X antibody 

(5 μg/treatment; A301–350A, Bethyl Laboratories, USA) were used. Proteins were 

identified and quantified using tandem-mass-tag 1D-liquid-chromatography Electron-Spray-

Ionisation tandem-mass-spectrometry by Australian Proteome Analysis Facility, Sydney 

Australia. Raw data was searched using Proteome Discoverer v2.1 to identify proteins. Raw 

quantitative values were mean normalized to handle batch effects and log transformed. 

Paired t-tests identified proteins significantly enriched (adjusted p<0.05 and fold 

change>0.5) in USP9X (wildtype and mutant) IPs compared to IgG controls.

Mouse husbandry

Usp9xLoxP/LoxP female mice (129SvJ / C57Bl6 mixed background) and Emx1-Cre male 

mice (C57Bl6 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 Usp9x−/Y; 

Emx1-Cre or simply knockout mice). Cre-negative males were used as controls (referred to 

as Usp9xloxP/Y or simply wildtype). Female mice were not analysed.
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Open Field Test

Locomotor behaviour was assessed in adult mice as previously described (21). Ethovision 

XT software (Noldus Information Technology, NLD) recorded distance travelled over a 30 

minute test period and data were assessed in six 5 minute time-bins.

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 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) screen (22). Mice were observed in a cylindrical viewing jar for 5 min, 

transferred to an arena (45 cm × 45 cm), followed by a series of anatomical and neurological 

measures, including assessments of muscular, spinocerebellar, sensory, neuropsychiatric and 

autonomic functions.

Active place avoidance task

Adult animals included (6–7 months) Usp9x −/Y; Emx1-Cre (n = 17) knockout and 

Usp9xloxP/Y control (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). Upon entering the stationary shock zone, mice received electric shocks (0.5 milliamps 

at 15 ms intervals) until they exited. Habituation consisted of exploration without shock. The 

following 5 consecutive days, mice were placed on the rotating platform for 10 minutes with 

active shocks. Data was acquired using Ethovision™XT software. Testing and analysis was 

performed blind to genotype. Two-way ANOVA was performed involving two independent 

variables, with repeated measures if applicable. Multiple comparisons were adjusted 

(Bonferroni correction). Statistical significance was set at p<0.05.

Histology

Histology and immunofluorescence was conducted as previously described (17).

RESULTS

Identification of de novo and inherited USP9X missense variants in affected males

Targeting males with NDDs, we discovered 48 cases with 44 unique USP9X variants (3 

were recurrent), primarily through trio-based exome sequencing (Table S1). Two of these 

subjects were obtained via DECIPHER (UK1 = Decipher Patient: 260068; and Netherlands 

2 = Decipher Patient: 323395; (24)). The clinical history of each case is provided in 

Supplemental Information. We classified each variant’s pathogenicity in accordance with the 

American College of Medical Genetics and Genomics (ACMG) guidelines (Figure S1); (25). 

Eleven variants (13 families) were classified as likely benign (Table S1). The remaining 33 

variants (in 35 families) were considered the most plausible genetic cause, either being the 

sole genetic finding, or prioritised over other variants of unknown/unlikely significance 

(Table S2). Nine de novo variants were classified as likely pathogenic (Table S1 and Figures 

S1–S2). Three of these located in the catalytic domain, however structural homology 
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modelling mapped these variants to positions outside of the core catalytic site (Figure S3 and 

S4); (26). The remaining 24 variants (26 families) were maternally inherited, of which 

segregation beyond trio analysis was able to be performed in 11 cases (Table S1). We 

conducted functional studies to provide evidence of pathogenicity of three such inherited 

variants (see below) (Figure S2). Another variant p.Ala2481fs*17 was recurrent in 3 

unrelated cases (Table S1). However, this variant impacted only the longer of two alternative 

coding USP9X isoforms, and was intronic in the short (Figure S5). Interpretation was further 

complicated by the presence of four hemizygous alleles in gnomAD (Table S1). Preferential 

isoform usage could underlie a variable penetrance, and rare SNPs (dbSNP and gnomAD) 

affecting the 5’ donor splice sites exist, but we were unable to classify its involvement 

beyond VUS (Figure S5). 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, Figure S1). 

The likely pathogenic variants altered highly conserved residues and were distributed 

throughout the protein (Figure S2).

USP9X variants are associated with a spectrum of neurodevelopmental features in males.

We collated clinical information of subjects with the 12 likely pathogenic variants and from 

the four previously published male likely pathogenic variants (Table S3); (4, 5). Global 

developmental delay / ID was reported in all cases varying from mild to severe (Figure 1A). 

Speech and language problems and motor disability were also found in all cases (where 

reported). Subjects also presented with behavioural issues, predominantly autistic and 

obsessive behaviours, but also attention deficit hyperactivity disorder (ADHD), anxiety and 

aggression (Figure 1A). Ophthalmic abnormalities, in particular strabismus, were also 

prevalent. In all cases where neuro-imaging was performed, brain malformations were 

present that included (but not limited to) white matter disturbances, 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 post-natal onset (Figure 1A). All affected males presented with 

dysmorphic facial features, although variable in nature across the cohort (Figure 1C). Digital 

defects were also frequently reported, mainly tapered and pointed fingers (Figure 1D). 

Collectively, we associate several anomalies of the central nervous system, global delay with 

significant alteration of speech, language and behaviour, hypotonia, joint hypermobility, 

strabismus and some common dysmorphic features with missense USP9X variants in males. 

The prominent neurological features reported in female USP9X subjects (3) are frequent in 

this male cohort, however other major congenital features of females are infrequent or 

absent in males (Figure S6).

USP9X variants of unknown significance exhibit features of pathogenicity

We leveraged our resources of likely pathogenic and benign variants (Table S1) and common 

USP9X variants (gnomAD hemizygous variants with allele frequency > 1:100,000) to 

comparatively assess VUS. There was no clear difference in spatial distribution of variant 

types across the protein (Figure 2A). Three VUS located in the catalytic domain were also 

shown to lie outside of the catalytic site (Figure S4). All variants were then compared using 

ANNOVAR predictive tools (27) to discover algorithms with discriminatory power for 
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USP9X. Eight predictive tools validated for which (1) common and benign variant scores 

were similar, and (2) common and pathogenic variants score were significantly different 

(Figure 2B). These validated tools aligned VUS more closely with likely pathogenic variants 

(Figure 2B). CADD and MutPred2 tools employ independent algorithms (28, 29), and 

respective variant scores were moderately correlated (Figure 2C). Combining these scores to 

predict pathogenicity (CADD >25 and MutPred2 >0.7) enriched for likely pathogenic 

variants (80% of all likely pathogenic variants), and were accompanied by ~half of VUS 

(Figure 2C). Similar results were obtained by combining CADD and PROVEAN scores 

(Figure S7).

We also compared the prevalence of the characteristic clinical features in subjects with VUS. 

Developmental delay, speech and language problems and behavioural problems were 

frequent, whilst other features including motor problems, brain malformation and 

gastroenterological problems (among others) were observed at reduced frequency (Figure S7 

and Table S4). In aggregate, these data reveal in silico and clinical overlap between USP9X 
VUS with likely pathogenic variants.

USP9X missense variants affect levels of USP9X and its substrates.

For four 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 frameshift 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). We investigated the steady-state levels of USP9X mRNA and protein 

(Figure 3). The p.Ser2233Pro variant line showed a significant (~50%) reduction of USP9X 

protein level (Figures 3A–B, Figure S8). Subcellular localisation of USP9X variants was not 

overtly affected (Figure 3C and Figure S9).

As complete Usp9x LOF is embryonic lethal, we hypothesised a molecular mechanism of 

USP9X missense variants consisting of disruption of only specific subsets of USP9X 

protein-protein interactions, rather than all. To test this, we immunoprecipitated (IP) 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). We 

identified 6 proteins (HMGN2, DLAT, ROCK2, KCTD9, FNBP1L and RPS7) in addition to 

USP9X statistically enriched in control USP9X IPs over IgG (Figure S10). Of these 

interactors, only KCTD9 was significantly depleted (by 20%) in the p.Ile79Val IPs; and 

RPS7 was significantly depleted (~40%) in the p.Ala697Val IPs (Figure 3E). We conclude 

that the variants did not overtly impact the majority of USP9X interactions detectable by IP 

coupled proteomics.

As 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 signalling pathways (Figure 

3F–G and Figure S8); (1, 4, 7, 12). All USP9X missense variant cell lines had reduced levels 

of substrates SMURF1, a regulator of TGFβ signalling (30), and the activated (hypo-

phosphorylated) form of CTNNB1 (aka β-CATENIN), a regulator of Wnt signalling (31). In 
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addition, total β-CATENIN was significantly reduced in the p.Ile79Val and p.Ser2233Pro 

cell lines (Figure 3 F–G and Figure S8). We also found significant reduction of RAPTOR 

(mTOR pathway) and MCL1 (apoptotic pathway) levels in the p.Ala696Val cell lines (n=2 

brothers) (32, 33). Other substrates including ITCH, MINDBOMB, and SMAD4 (regulators 

of EGF, NOTCH and TGFβ pathways respectively) were unchanged (Figure 3F and Figure 

S8). Ubiquitylation can also direct the nuclear localisation of SMAD4 and β-CATENIN, but 

we failed to identify any major difference in localisation under standard culture conditions 

(Figures S11 and S12). Taken together, USP9X missense variants lead to reduced levels of 

substrates specifically involved in neurodevelopmental signalling pathways, whilst other 

(more stable / robust interactions) identified via immunoprecipitation were largely 

unaffected.

USP9X missense variants lead to a loss of TGFβ signalling.

As SMURF1 levels were reduced across USP9X variant fibroblast lines, we assessed TGFβ 
signalling capacity. Basal levels of signalling assessed by TGFβ luciferase reporter assays 

were not affected (Figure 4A and Figure S13). The addition of TGFβ resulted in ~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 Figure S5 and S13). In contrast, only 

a 2–4 fold induction observed was observed in the remaining inherited variant cell lines. A 

similar result was obtained from a cell line derived from subject USA1 harbouring the de-
novo likely pathogenic variant p.Val1868Glu (Figure 4B and Figure S13). We tested TGFβ 
signalling further using the inherited variant cell lines. SMAD4 is translocated into the 

nucleus during TGFβ signalling, and an ~8-fold increase in nuclear SMAD4 was identified 

in control cells following TGFβ stimulation, significantly greater than in the variant cell 

lines tested (Figure 4C–D and Figure S14). Lastly, we conducted a scratch migration assay 

to determine if variant cell lines are induced to migrate in response to TGFβ (19, 34). The 

TGFβ stimulated migration in control cells (~20% increase) was not observed in variant 

cells (Figure 4 E–F and Figure S15). In addition, we tested mTOR signalling capacity 

specifically in the p.Ala696Val cell lines (n=2 brothers) in which RAPTOR levels were 

reduced (Figure 4 C–D and Figure S8). Across two 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 (pS6) 

levels and reduced pS6:S6 ratio (Figure S16). We await additional cell lines with this 

variant/phenotype for more rigorous testing.

Collectively, these data provide functional support for pathogenicity of three inherited 

USP9X missense variants p.Ile79Val, p.Ala696Val and p.Ser2233Pro, and reveal the 

strongest impact of these variants was on neurodevelopmental signalling pathways.

Loss of Usp9x function causes learning and memory deficits in mice

Our collective data on USP9X variants to date in males and females to date suggest partial 

LOF as the initial molecular driver of the associated pathology. To support this hypothesis, 

we interrogated the phenotypic consequence of Usp9x deficiency 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 human, Usp9x is subjected to X-inactivation in 
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mouse (35), and as such we forwent studies in heterozygous female offspring and studied 

hemizygous deletion in males (compared to wildtype male littermates). These mice, herein 

referred to as knockout mice, survive and provide opportunity to study behaviour. At 

postnatal day 60, we subjected knockout mice to a broad modified SHIRPA phenotype 

screen (See Methods, Figure 5A–B and Table S5); (22). Knockout mice displayed a 

significant increase in distance travelled 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), whilst no significant difference between 

control and knockout mice was identified for all other tests (Table S5).

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 behaviour were observed during the APA habituation Phase (Figure 

S17). Total distance travelled, and average speed were also comparable over the test period 

(Figure S17B, C). Knockout mice did however display significantly reduced performance 

across a variety of test parameters 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, intra-genotype analyses revealed that wild-type mice showed 

significant improvements in learning the avoidance task, whilst knockouts did not (Figure 

S17D–I). As the APA test is highly dependent on the CA1 region of the hippocampus, 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, 

together with additional (CNS derived) motor, muscular and visual defects in adult mice.

DISCUSSION

Our study redefines the molecular and clinical effect of rare, predicted to be deleterious 

USP9X variants in males. 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 four male USP9X variants had been associated with pathogenicity in 

subjects with limited clinical information (4, 5). Here we report an additional 12 likely 

pathogenic cases. Although further clinically actionable information cannot be solely 

provided by in silico predictive tools, we discovered and utilised the best USP9X-centric 

tools to provide support of pathogenicity to around half of our cohort of VUS. 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 ongoing 

clinical and genetic studies towards resolving these cases.
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We characterise the USP9X clinical presentation in males. Some features overlap with the 

more clearly defined female USP9X syndrome, including global developmental delay, ID, 

hypotonia, motor and speech delay and brain abnormalities including thin corpus callosum 

and cerebellar defects (3); however, consistent congenital features found in females were 

rare or absent in males. This difference is likely due to differing molecular consequences 

acting downstream of the mutation type: In females, mutations cause loss of USP9X dosage 

(with potential to impact all substrates) compared to missense mutations in males (including 

inherited through apparently asymptomatic mothers), which involve disruption to particular 

subsets of substrates (see below). The shared core neurological features between male and 

female cases do however suggest a convergent mechanism of pathology despite the differing 

mutation types. Whilst it remains to be tested in females, we speculate disruption to TGFβ 
as a prime candidate, whereby either reduced USP9X dosage (females) or missense mutation 

(males) may both culminate in a loss of TGFβ signalling in brain, stemming from a loss of 

key USP9X substrate(s) involved in signal transduction. Disrupted TGFβ 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 which (1) escape X-inactivation 

(2) feature de novo heterozygous LOF mutations in female NDDs, and (3) feature missense 

variants with milder allelic impact (e.g. partial LOF) in male NDDs, often maternally 

inherited (41–46).

The hippocampus plays significant roles in learning and memory, and 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 hypotonia, motor deficits and visual defects seen in humans. Previous studies 

revealed several brain malformations in the mouse, which we now show are frequent in male 

subjects, including agenesis of the corpus callosum, dilated ventricles (ventriculomegaly) 

and other brain malformations (18). The remarkable phenotypic similarities between human 

and mouse models have two implications. Firstly they align the mechanism of USP9X 
missense variation in males with partial LOF. We appreciate that the mouse is a complete 

LOF model with a comparatively severe phenotype, and analogous germline compete LOF 

mutations in humans (i.e. hemizygous or homozygous) are not likely compatible with life 

(2). Nevertheless, the similarities between human and the knockout mice suggest the variants 

hinder specific USP9X brain functions. Secondly, because a brain LOF mechanism is 

suggested, we speculate that the cellular and molecular mechanisms resolved in knockout 

mice may be indeed relevant to human pathology.

Using this same Usp9x knockout mice model, we previously established that loss of Usp9x 

results in decreased TGFβ-mediated axonogenesis (18), decreased mTOR-mediated neural 

stem cell proliferation (7) and differentiation defects associated with defective Wnt and 

Notch signalling (12). As USP9X variant cell lines were refractory to TGFβ stimulation, it’s 

plausible that loss of axonal tracts (e.g. agenesis of the corpus callosum) stems in part from 

defective TGFβ signalling. USP9X has several substrates involved in regulating the TGFβ 
pathway, including SMURF1, SMAD4 and PJA1 (6, 9, 15). In our male subjects, we 

observed evidence of both down regulation of SMURF1 and loss of nuclear localisation of 

SMAD4. Both phenomena are consistent with a loss of USP9X interaction and may drive 
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defective TGFβ signalling, but they may alternatively reflect loss of TGFβ signalling 

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 whilst all tested variants 

caused a loss of TGFβ signalling, the key substrates driving this effect may be different. 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 

MCL1 levels, with loss of RAPTOR correlating with evidence of reduced mTOR activity. 

Thus the p.Ala696Val variant resulted in both defective TGFβ and mTOR signalling, and 

was associated with the two most severely affected subjects. 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, PRICKLE 1, PRICKLE 2, MTORC1; (1)). Importantly, USP9X functions 

upstream of all these substrates by maintaining their stability (and hence function) via 

deubiquitylation, and therefore, any loss of interaction between USP9X has potential to 

cause the neurodevelopmental pathology associated with that substrate.

USP9X sits at the “hub” of a protein interactome network enriched with NDD genes. It is 

also known that USP9X regulates processes relevant to NDDs through this NDD network, 

including neurogenesis, migration, neurite growth and synaptogenesis. Resolving the 

molecular, cellular and developmental 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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Figure 1. Likely pathogenic USP9X variants cause a characteristic NDD in males.
A. Constellation and penetrance of defining clinical features. n = the number of subjects 

whose information contributed to the data. B. Magnetic Resonance Imaging of the brains of 

individuals with likely pathogenic USP9X variants. Examples highlight evidence of white 

matter loss and ventricular widening in all, and in particular peri-ventricular leukomalacia 

(p.Ile79Val), loss of myelination / gliosis of posterior peri-ventricular white matter 

(p.Asn971Ser), cerebellar vermis hypoplasia (p.Arg2085His) and hypoplastic corpus 

callosum (p.Ser2233Pro). C-D. Photographs of individuals with USP9X variants. Note short, 

tapered fingers.
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Figure 2. USP9X VUS share in silico signatures with likely pathogenic variants.
A. Protein location of USP9X variants and common variants extracted from gnomAD data 

base. B. Bulk comparison of common, benign, likely pathogenic and variants of unknown 

significance by a suite of in silico prediction tools. *significantly different from common 

variants p<0.05 by Student’s t-test. C. Comparison of CADD and MUT_PRED2 scores 

reveal clustering of variants of unknown significance with likely pathogenic variants in 

upper-right quadrant consistent with pathogenicity (CADD >25, MUT_PRED >0.7). Scores 

are significantly correlated (Pearson’s correlation given). Colour scheme as in 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.
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Figure 3. USP9X variants impact substrates that regulate neurodevelopmental signalling 
pathways.
A. qRT-PCR of USP9X mRNA expression in male control and patient derived fibroblasts. B. 

Quantitation of n=3 western blot experiments analysing USP9X protein expression (See 

Figure S8). *p<0.05 Student’s t-test. C. Representative immunofluorescence images from 

control and USP9X variant fibroblast cell lines. D. Western-blot of representative USP9X 

immunoprecipitation (IP) experiment from control and USP9X variant fibroblast lysates. 

Immunoprecipitated proteins from n=3 independent experiments (See Figure S10) were 

analysed by tandem mass tag mass spectroscopy for quantitation. E. Relative protein 

quantities of significantly enriched USP9X interactors (enriched in USP9X IPs compared to 

IgG IPs in control cells) in variant USP9X IP experiments. *p<0.05 paired Student’s t-test. 

F. Representative western blot analysis of USP9X substrates implicated in 

neurodevelopmental signalling pathways in control and variant USP9X fibroblast cell lines. 

G. Quantitation of western-blots in C and replicates experiments (Figure S8; n=3 
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experiments). Values represent relative abundance compared to controls (n=3 cell lines); 

values underlined are significantly reduced (p<0.05 Student’s t-test).
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Figure 4. TGFβ signalling is disrupted in USP9X variant fibroblast cell lines.
Cells were serum starved (0.2% serum) for 16 hours prior to addition of TGFβ and assayed 

24 hours later. A. In the absence of added TGFβ, cells display similar basal levels of 

signalling as assessed by TGFβ luciferase reporter assay. B. Relative increase of TGFβ 
signalling following addition of ligand as assessed by TGFβ luciferase reporter assays. 

Experiment done in quadruplicate. C. Representative immunofluorescent images of SMAD4 

localisation before (time = 0 hr) and after (time = 24 hours) addition of TGFβ. Arrow heads 

indicate nuclear localisation. D. Quantitation of SMAD4 nuclear translocation following 

addition of TGFβ. n=5 replicates. E. Representative images of scratch migration assay. F. 

Quantitation of the relative stimulation of migration of cells into the scratch area following 

addition of TGFβ. n=3 technical x 3 biological replicates. * statistical difference between +/

− TGFβ. # statistical difference between controls and USP9X variant cell lines. n.s.: non-

significant difference between controls and USP9X variant cell lines. #* p<0.05 Student’s t-

test.
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Figure 5. Behavioral deficits in Usp9x knockout mice.
A. Adult Usp9x forebrain-specific knockout mice (Usp9x−/Y; Emx1-Cre) travel further than 

wildtype littermate controls (Usp9xLoxP/Y) in an open field test. B. Knockout mice also 

exhibited significant differences in various parameters of the modified SHIRPA neurological 

screening protocol (also see Supplementary Table 4); * p < 0.05; 2-tailed unpaired t test. C. 

Schematic of the active place avoidance (APA) arena. D-I. Knockout mice exhibited 

significantly reduced performance on different aspects of the APA task. Statistics relate to 

comparisons between wild-type and knockout animals on individual days of the five day 

test. * p < 0.05, ** p < 0.01, *** p < 0.001; two way ANOVA (also see Figure S16). J-L. 

Coronal sections of adult wild-type (left 2 panels) and mutant (right two panels) at the level 

of the hippocampus. OCT6 (red) was used a marker for CA1 hippocampal neurons, and 

DAPI (blue) was used to label nuclei. Whereas the density of OCT6-expressing neurons was 

not different between control and mutant animals (K), the total number of OCT6-expressing 
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neurons per CA1 region was reduced within the hippocampus of mutant animals. * p < 0.05; 

t test. Scale bars in J; 250 μm in low magnification images; 30 μm in high magnification 

images.
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KEY RESOURCES TABLE

Resource Type Specific Reagent or 
Resource Source or Reference Identifiers Additional 

Information

Add additional rows as 
needed for each resource 
type

Include species and sex 
when applicable.

Include name of 
manufacturer, company, 
repository, individual, or 
research lab. Include PMID 
or DOI for references; use 
“this paper” if new.

Include catalog numbers, stock 
numbers, database IDs or 
accession numbers, and/or 
RRIDs. RRIDs are highly 
encouraged; search for RRIDs 
at https://scicrunch.org/
resources.

Include any 
additional 
information or 
notes if 
necessary.

Antibody Rabbit anti-USP9X 
A301–351A Bethyl Laboratories

A301–351A, 
RRID:AB_938084

Bacterial or Viral Strain

Biological Sample

Cell Line Human Dermal 
Fibrobalsts This Paper N/A

Chemical Compound or 
Drug

Commercial Assay Or Kit Dual-Luciferase® 
Reporter Assay System Promega E1910

Deposited Data; Public 
Database

Genetic Reagent

Organism/Strain Emx1-Cre mice 
(C57Bl6)

Shigeyoshi Itohara; PMID: 
10963597 N/A

Organism/Strain Usp9x-LoxP/LoxP mice 
(129SvJ/C57Bl6)

Stephen Wood; PMID: 
23861879 N/A

Peptide, Recombinant 
Protein

Human Recombinant 
TGFβ R&D Systems 240-B

Recombinant DNA

Sequence-Based Reagent

Software; Algorithm ANNOVAR
Hakonarson, H.; PMID: 
20601685 N/A

Software; Algorithm

Transfected Construct pGL3-CAGA-Luc
Gauthier, JM; PMID: 
9606191 N/A

Other Proteomics Service
Australian Proteome 
Analysis Facility (APAF) N/A
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