
 

  

USP9X IN CORTICAL 
DEVELOPMENT AND 
BEHAVIOUR 
Submitted in fulfilment of the requirements of the degree of Doctor 

of Philosophy 

Maria Kasherman 

BBioMedSci (Hons) 
 
School of Environment and Science 
Griffith University 
 
November 2019 



 i 

 

Abstract 
Autism Spectrum Disorder (ASD) and Intellectual Disability (ID) are two of the most common 

neurodevelopmental disorders classified by the Diagnostic and Statistical Manual of Mental 

disorders 5th Edition. Both are often comorbid, meaning that they often exist in the same 

patient. Due to this, it has been hypothesised that there may be a common cause for ID and 

ASD, a common disruption in the same neurodevelopmental pathway. A gene that has been 

implicated in both the pathogenesis of ID and ASD is the Ubiquitin-Specific Protease 9 X-

Linked (USP9X). Targets of USP9X and USP9X itself have been found to be part of mTOR, 

TGFb, and WNT signalling pathways, all equally important pathways in the developing brain. 

In addition, deletion of Usp9x in mice has been found to have immense effects on the postnatal 

development of the hippocampus. Recently, a study reported that Usp9x-null mice had learning 

and memory deficits, similar to that seen in ID patients with USP9X mutations. However, to 

date, there has been no extensive study into how the deletion of Usp9x in mice affects cortical 

development nor investigated if any ASD-related behaviour manifested from the deletion. 

Therefore, this study set out to address those questions by deleting Usp9x from the dorsal 

telencephalon of mice and used them as a model system to investigate the role of Usp9x in 

cortical development and behaviour. 

 

Adult male mice where Usp9x has been deleted (Usp9x-/y) and their control littermates 

(Usp9x+/y) were used in this project. Firstly, the adult neocortex was characterised using 

haematoxylin staining, where measurements were made in several areas of the neocortex. 

Results indicate that the neocortex were minimally affected with the deletion of Usp9x; the 

thickness of most areas remained not significantly different to controls, barring the 

retrosplenial cortex being thicker in Usp9x-/y mice compared to Usp9x+/y mice. However, the 

deletion of Usp9x lead to a significantly smaller corpus callosum compared to controls. 

Following that, the axonal initiation ability of neurons lacking Usp9x was investigated by 

culturing neurons from embryonic mouse cortices. Usp9x-/y cortical neurons were found to 

grow axons normally, comparable to the controls. 

 

To characterise any changes in behaviour as a result of deleting Usp9x from the dorsal 

telencephalon, Usp9x-/y mice were subjected to a battery of behavioural assays. The first set of 
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assays measured anxiety-related behaviour, including open-field test, elevated plus maze 

(EPM), light/dark box, and long-term readings using the Phenomaster. The results showed that 

Usp9x-/y mice displayed hyperactivity and low anxiety behaviour in short-term open field, 

EPM, and light/dark tests. However, Usp9x-/y mice also showed high anxiety-like traits in the 

home-cage Phenomaster readings, indicating that Usp9x-/y mice may have chronic, long-term 

anxiety. Next, Usp9x-/y mice were subjected to several tests that measured the three diagnostic 

traits of ASD, impaired communication, deficits in social interaction, and repetitive behaviour. 

To test for communication, Usp9x-/y pups were recorded for their ultrasonic vocalisations 

(USVs). Usp9x-/y pups were found to have changes in communication after being separated 

from the dams. Next, Usp9x-/y  mice were tested for any impairments in their socialisation 

skills. The mice were subjected to the standard three-chambered sociability test and a five-day 

social habituation/dishabituation test. Results from both tests indicated that Usp9x-/y mice have 

low social interest, confirming one of the most indicative traits of ASD is present in Usp9x-/y 

mice. However, Usp9x-/y mice did not display any repetitive behaviour when tested using the 

Y-maze. Despite that, based on these results, the morphological and behavioural phenotypes 

seen in the Usp9x-/y mouse model correspond to the symptoms seen in the human patients. This 

study shows that Usp9x-/y mouse model has the potential to be used as a model organism to 

explore therapeutic avenues, such as drug or compound screening.   
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 Neurodevelopmental Disorders 

1.2.1. Development Disorders: Intellectual Disability 

Intellectual disability (ID) falls under Neurodevelopmental Disorders in the Diagnostic and 

Statistical Manual of Mental Disorders 5th Edition (DSM 5, 2013), along with Autism Spectrum 

Disorder (ASD), Attention-Deficit/Hyperactivity Disorder (ADHD), and other disorders. DSM 

V also provides categories of the severity of the disease based on IQ: mild (IQ 55-70), moderate 

(IQ 40-55), severe (IQ 25-40), and profound (IQ <25). However, many publications choose to 

use the more direct classification of mild (IQ 50-70) and severe (IQ <50) (Ropers & Hamel, 

2005). ID is found across all populations at rates of between 1-3% (Maulik et al., 2011; 

McKenzie et al., 2016), with a higher prevalence among males (Maulik et al., 2011). In adults, 

the female to male ratio was between 0.7 and 0.9, whereas in children and adolescents the ratio 

was between 0.4 and 1.0 (Maulik et al., 2011). For this reason, many genes in the X-

chromosome have been the target of ID studies. An update of X-linked ID, published by the 

American Journal of Medical Genetics, reported that the X-chromosome accounts for roughly 

15% of approximately 1000 genes known to be associated with ID (Neri et al., 2018). 

 

Another recent study utilised a thorough analysis of the Online Mendelian Inheritance in Man 

(OMIM) as well as the National Center for Biotechnology Information (NCBI) GENE 

databases for their query (Chiurazzi & Pirozzi, 2016). Combining multiple search terms, they 

identified approximately 800 entries on genes related to ID on autosomal chromosomes. The 

study also found an enrichment of 86 possible ID genes on the X-chromosome alone, which is 

almost twice as many as any other chromosome. However, as OMIM and the Human Genome 

Organisation Gene Nomenclature Committee (HGNC) classify the entries based on their 

phenotypic appearances and the mapping of the disease gene involved through linkage 

analysis, in a portion of the cases the molecular basis of the disorder is unknown. 

Approximately 60% of cases of ID have no identifiable cause (Rauch et al., 2006), while the 

remaining 40% consists of copy number variations (CNV), cytogenetic aberrations, and point 

mutations or insertion/deletions (Topper et al., 2011). Environmental factors such as exposure 

to teratogenic chemicals, radiation, trauma, or hypoxia can also increase the risk of ID (Jusko 

et al., 2008; Kaufman et al., 2010). Pre-, peri-, or neonatal risk factors of ID also include 
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maternal age, alcohol use, tobacco use, diabetes and hypertension related to obesity, preterm 

births, and low birth weight (Huang et al., 2016; Langridge et al., 2013).  

 

ID can be both syndromic and non-syndromic, depending upon whether ID is part of a set of 

other clinical symptoms that manifests in the patient (Kaufman et al., 2010). The most 

prevalent cause of autosomal syndromic ID (S-ID) is Trisomy 21 (Rauch et al., 2006), also 

known as Down Syndrome. The leading cause for X-linked S-ID is Fragile X Syndrome (FXS) 

(Rauch et al., 2006), which is one of the most studied and characterised form of X-linked ID. 

The syndrome is caused by a mutation in the FMR1 gene located in the X-chromosome. The 

gene codes for the Fragile-X Mental Retardation Protein (FMRP), an RNA-binding protein that 

is important in synaptic plasticity and development. FMRP interacts with mRNA to form 

messenger ribonucleoprotein (mRNP) complexes, that are transported to the dendrites to 

regulate local protein synthesis (D'Hulst & of medical genetics, 2009). In mouse models of 

FXS, dendritic spines have been observed to be elongated, thin, denser, as well as being 

abnormally sinuous (Irwin et al., 2002), indicating perhaps a defect in the pruning process. 

FMRP knock-out mice also display smaller soma size and decreased neurite length, with 

immature spines characteristic of FXS (Comery et al., 1997; Grossman et al., 2006; Uutela et 

al., 2012). As dendritic spines form the anatomical connections of synapses, any alterations to 

their morphology may impair the transfer of information. 

 

1.2.2. Developmental Disorders: Autism Spectrum Disorder 

As noted above, ASD is listed in DSM 5 under Neurodevelopmental Disorders along with ID. 

The main ASD diagnostic criteria described in DSM 5 are: 1) Deficits in social-emotional 

reciprocity, 2) Deficits in verbal and non-verbal (e.g. body language or eye contact) 

communication, and 3) Restricted, repetitive behaviour or interest, including motor 

stereotypies and hypo- or hyperreactivity to sensory input (DSM 5, 2013). The severity of ASD 

can be classified according to the extent of deficits in social communication and repetitive 

behaviour into Level 1 to Level 3, with Level 3 being “requiring very substantial support” and 

Level 1 being “requiring support” (DSM 5, 2013). ASD has been reported to affect around 1 

child per 500 (Fombonne, 2009; Williams et al., 2006) and the Autism and Developmental 

Disabilities Monitoring (ADDM) Network of the Centre for Disease Control (CDC) in the 

United States reported a prevalence of 1 in 68 children (Christensen et al., 2016). A consistent 

finding spanning even the earliest studies is that boys are approximately four times more likely 
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to have autism than girls (Fombonne, 2009; Lotter, 1966; Rutter, 2005). In more recent studies, 

the ratio seems to rise from 3.5 in 2000 to 4.5 (Baio, 2014; Rice et al., 2012). In Australia, a 

recent study indicated a prevalence of between 2%-4% of parent-reported ASD in two cohorts 

of children between the ages of 10-11 (May et al., 2017).  

 

Caretakers and parents of children with ASD are burdened not only financially, but also 

mentally and emotionally. In the United States, the combined direct and indirect costs of 

children with ASD were estimated to be between US$11.5 billion - US$60.9 billion in 2011 

(Buescher et al., 2014; Lavelle et al., 2014). The cost includes health care, school, therapy, as 

well as loss of productivity for the caregivers. On top of that, children with ASD often require 

intensive behavioural therapies that cost US$40,000 – US$60,000 per child per year (Amendah 

et al., 2011). On average, the medical cost of children with ASD cost 4.1 – 6.2 times than those 

without ASD (Shimabukuro et al., 2008). Many parents of ASD patients complain of the 

emotional strain and psychological distress that they are under, which in turn may lead to 

psychological disorders in the parents themselves (Khanna et al., 2011; Kuhlthau et al., 2010).  

 

 Neurogenesis and Cortical Development 

ID and ASD are defined as neurodevelopmental disorders and perturbations at a number of 

stages of neurogenesis have been implicated in both ID and ASD. A brief description of the 

cellular events defining critical stages of neural development, especially of the brain and hence 

relevant to ID and ASD, are outlined below. 

 

During development, the formation of the nervous system starts with the process of 

neurulation. The ectoderm, the outermost layer of cells within the germinal layer, thickens to 

form the neural plate. The neural plate then continues to develop and eventually folds inward 

to form the neural tube. The lumen of the neural tube is lined by neuroepithelial stem cells 

which are derived from the neuroectoderm. Neuroepithelial cells are considered the neural stem 

cells in the developing nervous system, who ultimately give rise to the neurons, astrocytes and 

oligodendrocytes that comprise the brain and spinal cord (Mitchell & Sharma, 2009). The 

neural crest constitutes another population of neural precursors, with these cells giving rise to 

structures of the peripheral nervous system such as the dorsal root and cranial nerve ganglia 

(Mitchell & Sharma, 2009; Purves, 2012). 
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Neuroepithelial cells contact both the apical (ventricular) and pial (basal) sides of the neural 

tube. Neuroepithelial stem cells divide symmetrically to give rise to identical daughter cells 

which develop into radial glia cells (RGCs), which extend their projections radially outwards 

towards the basal side. RGCs acts as the resident stem cells in the ventricular zone during 

development. RGCs continue to symmetrically divide to maintain a pool of stem cells, however 

RGCs also divide asymmetrically where one daughter cell continues its RGC identity and one 

daughter cell becomes an intermediate progenitor cell (IPC) and eventually become a neuron 

(Figure 1) (Merkle & Alvarez-Buylla, 2006). RGCs also act as guides for migrating precursors, 

such as neuroblasts (Arnold Kriegstein & Alvarez-Buylla, 2009; Merkle et al., 2004).  

 

In neurodevelopmental disorders, often many of the processes described above are disrupted, 

leading to functional impairments that result in behavioural or intellectual deficits seen in 

ID/ASD. These important developmental milestones are controlled by both intrinsic and 

extrinsic factors, with extrinsic factors act through intrinsic signalling pathways to dictate the 

response of a cell to the outside stimulus (Esch et al., 2000; Shelly et al., 2007). In many cases 

of ID and ASD, these signalling pathways are dysregulated due to a mutation that leads to non-

functional proteins and a cascade of effects downstream of the affected protein. The signalling 

pathways affected that are important for neurodevelopment in particular are most vulnerable 

in causing ID or ASD. Three of the most important signalling pathways that are implicated in 

neurodevelopmental disorders are discussed below.  
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Figure 1.1 The Progression of Stem Cells in Cortical Development 

In the embryonic nervous system, neuroepithelial cells act as stem cells, giving rise to 

neurons and self-replicating. Later in development, neuroepithelial cells are replaced by 

radial glial cells. Radial glial cells extend their processes from the basal to the apical side 

and act as guides for migrating neurons. At the same time, it gives rise to a copy of itself as 

well as astrocytes and intermediate progenitor cells. Postnatally, radial glial-like (type B) 

cells reside in the subventricular zone (SVZ) and persist throughout adulthood. Type B cells 

continue to divide asymmetrically in the SVZ, giving rise to a copy of itself and as well as 

an intermediate transit-amplifying progenitor referred to as a type C cell. Intermediate type 

C progenitor cells divide symmetrically in SVZ to expand progenitor pools eventually 

differentiating into neuroblasts referred to as type A cells. Type B cells are also able to give 

rise to oligodendrocytes and ependymal cells. 

 

(Arnold Kriegstein & Alvarez-Buylla, 2009) 

  



 

8  
  

 

 Neurodevelopmental Signalling Pathways Affected in ASD and 

ID 

1.4.1. mTOR Signalling Overview 

The mechanistic target of the rapamycin (mTOR) pathway is one of the key regulatory 

signalling pathways involved in brain development, neural plasticity and neurogenesis. 

Perturbation of this pathway has been implicated in multiple neuropsychiatric diseases 

including ASD and ID (K. Au et al., 2007; Lewis et al., 2004; O'Roak et al., 2012). mTOR 

signalling regulates multiple aspects of cell homeostasis including protein synthesis, 

autophagy, lipid synthesis and mitochondrial metabolism (Laplante & Sabatini, 2009). The 

mTOR pathway comprises two signalling transducing complexes, mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2) (Laplante & Sabatini, 2012). mTOR is a 

tyrosine kinase common to both mTORC1 and mTORC2. The main structural differences 

between mTORC1 and mTORC2 are their scaffolding proteins, Regulatory-associated protein 

of mammalian target of rapamycin (Raptor) and rapamycin-insensitive companion of mTOR 

(Rictor), respectively. mTORC1 activity is tightly regulated by the tuberous sclerosis complex 

1 (Tsc1) and Tsc2 heterodimer, which acts as a GTPase-activating protein for the small Ras-

related GTPase Ras homolog enriched in brain (Rheb). The GTP bound active form of Rheb 

directly interacts with, and activates, mTORC1. As such, Tsc1/2 act as a negative regulator of 

mTORC1 by inactivating Rheb converting its bound GTP into GDP (Magdalon et al., 2017). 

Upstream of both mTORC1 and Tsc1/2 is Pten, a lipid phosphatase that converts the 

phospholipid PIP3 into PIP2. PIP3 is an activator of Akt, which in turn acts as an inhibitor of 

both Tsc1/2 (Laplante & Sabatini, 2012). The functional counterpart of Pten is the kinase PI3K, 

which converts PIP2 back into PIP3. Both proteins are important in balancing PI3K/Akt/mTOR 

signalling, with Pten being an inhibitor and PI3K an activator. Once activated, mTORC1 can 

phosphorylate an array of downstream proteins, with the most well established target being the 

phosphorylated S6 (pS6) (Laplante et al., 2012). In contrast, little is known about the upstream 

activation of the mTORC2. However, phosphorylation of Serine 473 of Akt and serum- and 

glucocorticoid-induced protein kinase 1 (Sgk1) have been identified as direct targets of 

mTORC2 (Oh & Jacinto, 2011).  
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1.4.2. Proteins of mTOR pathway are implicated in ASD and ID 

 

Among the proteins upstream of mTORC1, Pten and Tsc1/2 have been implicated in ID and 

ASD (K. Au et al., 2007; Lewis et al., 2004; O'Roak et al., 2012). PTEN mutations have been 

identified in ASD patients with macrocephaly (Butler et al., 2005). Deletion of Pten in the 

cerebral cortex and hippocampus of mice result in overactive mTORC1 signalling, causing 

dendritic and axonal overgrowth, neuronal hypertrophy, ASD-like behavioural patterns and 

macrocephaly (Kwon et al., 2006). Inhibition of mTORC1 with rapamycin prevented and 

reversed the neuronal hypertrophy in Pten knock-out mice (J. Zhou et al., 2009). Neuronal 

deletion of Pten also lead to impaired social interactions but not the repetitive behaviour or 

vocalisation abnormalities associated with ASD (Lugo et al., 2014). Mutations leading to a loss 

of function of Tsc1/2 also lead to increased mTORC1 signalling and converge on common 

functional and morphological changes, including macrocephaly, neuronal migration, 

lamination, and aberrant axonal projections (Magdalon et al., 2017).  

 

Downstream of mTOR, increased levels of the translational regulatory proteins 4E-BP and 

eIF4E have also been linked to ASD-like behavioural phenotypes (Santini et al., 2013). 

mTORC1 signalling results in the phosphorylation and subsequent release of 4E-BP from 

eIF4E to incorporate into the cap-dependent translation process (Magdalon et al., 2017; 

Thoreen et al., 2012). In a transgenic mouse strain where the expression of eIF4E was driven 

by the ubiquitous b-Actin promoter, atypical synaptic transmission and increased dendritic 

spine density in the prefrontal cortex, hippocampus and striatum were observed (Santini et al., 

2013). The mice also displayed typical ASD-related behaviour, such as repetitive self-

grooming and impaired social interactions. The authors concluded that the overexpression of 

eIF4E led to increased translation, including locally at the synapses, which contributed to 

altered spine density and function, and, ultimately, the behavioural phenotype of this strain 

(Santini et al., 2013).   

 

These studies establish that proper mTOR signalling is important in many aspects of brain 

development, including neuronal cell size, neurite growth, and migration (Kwon et al., 2006; 

Magdalon et al., 2017). Any disruption to either upstream or downstream components of the 

pathway may lead to pathological conditions such as ASD or ID. Interestingly, Fragile X 

Syndrome shows convergence in the same mTORC1 translational pathway. FMRP has been 
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shown to regulate the translation of many proteins involved in mTORC1 signalling. Mutations 

to the FMR1 gene is one of the most common causes of ID, and approximately 30% of FXS 

patients also show symptoms of ASD (Richards et al., 2015). Target proteins for FMRP-

dependent translation include ASD candidate genes NLGN3, NRXN1, SHANK3, PTEN, TSC2, 

NF1, and eIF4G, with the last 4 directly involved in the mTORC1 pathway (Darnell et al., 

2011; Darnell & Klann, 2013; Magdalon et al., 2017). As FMRP normally inhibits translation, 

the loss of its function leads to the same effect as gain-of-function mutations in mTORC1 

signalling and subsequently increase the translation of target proteins. Fmr1 knock-out mice 

share some characteristics of Pten, Tsc1/2, and eIF4E mutations, such as defects in migration, 

circuitry, and synaptic transmission (Fata et al., 2014; Huber et al., 2002; Sharma et al., 2010). 

However, Fmr1 knock-out mice also display smaller soma and decreased neurite length, with 

immature spines characteristic of FXS (Comery et al., 1997; Grossman et al., 2006; Uutela et 

al., 2012). In mouse models of FXS, dendritic spines were elongated and thin, but more densely 

grouped, as well as being abnormally sinuous (Irwin et al., 2002), indicating perhaps a defect 

in the pruning process. As dendritic spines form the anatomical connections of synapses, 

alterations to their morphology may impair the transfer of information. As FMRP is involved 

in the translation of many proteins in a broad array of pathways, there is a possibility that 

pathways other than mTORC1 may also be disrupted, leading to a different phenotype 

altogether.  

 

1.4.3. Wnt Signalling Overview 

Wnt signalling is another pivotal signalling pathway involved in embryonic brain development, 

neurogenesis, memory formation and neural polarization. There are two main categories of 

Wnt signalling, namely canonical and non-canonical. The canonical Wnt pathway is dependent 

on unbound cytoplasmic b-catenin, which acts as both a secondary messenger and co-

transcriptional activating factor. Conversely, non-canonical Wnt signalling is independent of 

b-catenin downstream signalling (MacDonald et al., 2009). In canonical Wnt signalling, the b-

catenin destruction complex plays a major role regulating b-catenin levels by targeting free b-

catenin for proteasomal degradation in the absence of Wnt ligand. The b-catenin destruction 

complex is mainly comprised of the scaffolding protein Axin1, two protein kinases, Casein 

kinase 1 (CK1) and glycogen synthase kinase 3b (Gsk3b), the E3 ubiquitin ligase b-Trcp and 

Adenomatous polyposis coli (Apc) (Mao et al., 2001, Davidson et al., 2005, Zeng et al., 2005). 
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Upon the binding of Wnt ligand to its receptor Frizzled, Wnt signalling cascade deactivates the 

b-catenin destruction complex. The exact molecular mechanisms involved with destruction 

complex inactivation are not yet fully understood. However, several mechanisms have been 

proposed including dissociation of b-Trcp from the destruction complex and sequestering of 

the destruction complex by Dishevelled 1 (Dvl1) (Li et al., 2012). Inactivation of the 

destruction complex causes accumulation of b-catenin within the cytoplasm which then enters 

the nuclei in a concentration dependent manner to activate gene transcription in combination 

with its co-transcriptional activating factors TCF/LEF (Hoppler et al., 2007).  

 

 

1.4.4. Proteins of Wnt Signalling Implicated in ID and ASD 

Many of the genes involved in Wnt signalling have been implicated in ID and/or ASD. The 

key component in canonical Wnt signalling, b-catenin, has been linked to both ASD and ID 

patients, through exome-sequencing (Kuechler et al., 2015; O'Roak et al., 2012; O’Roak et al., 

2012). A study of 16 individuals with CTNNB1 (that encodes b-catenin) loss of function 

mutations and ID revealed that 75% also displayed microcephaly, with four patients displaying 

some autistic characteristics (Kuechler et al., 2015). The levels of cytosolic b-Catenin are 

normally maintained in a very narrow range, mostly through the destruction complex, to 

control its downstream effects. Departing from this range leads to neurodevelopmental defects 

that may play a role in the pathogenesis of ID or ASD. The stabilisation of b-catenin and its 

increase in transcriptional activity results in an overproduction of radial glial cells in the 

ventricular-subventricular zone of developing brains of transgenic mice (Chenn, 2002). In 

contrast, when CTNNB1 is deleted from the brain, neural progenitors prematurely differentiate 

into neurons (Woodhead et al., 2006). The deletion of CTNNB1 from postmitotic parvalbumin-

expressing interneurons in the postnatal brain resulted in the mis-localisation of the neurons in 

the prefrontal cortex, as well as their activation (Dong et al., 2016). The authors suggested that 

the abnormal localisation in the prefrontal cortex may have disrupted neuronal circuitry, which 

in turn manifested in anxiety and ASD-like symptoms. In addition to playing a critical role in 

Wnt signalling, b-catenin also contributes to cell adhesion, which also plays an important part 

in the fate determination of cortical neural progenitors in early developmental periods 

(Junghans et al., 2005). b-catenin-cadherins complexes also regulate synaptic pruning to 

maintain dendritic spine growth (Bian et al., 2015).  
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A component of Wnt/b-catenin signalling is the chromodomain helicase DNA-binding protein 

8 (Chd8). It directly interacts with b-catenin and regulates its transcriptional activity through 

chromatin remodelling (Thompson et al., 2008). In vitro, the depletion of Chd8 led to increased 

expression of b-catenin dependent genes such as Axin2, Dkk1, and Nkd2. Therefore, Chd8 

possibly acts as a negative regulator of Wnt signalling (Nishiyama et al., 2012). However, 

Chd8 positively regulates Wnt signalling in neural progenitors. Durak and colleagues (2016) 

showed that Chd8 stimulates the proliferation of cortical neural progenitors and represses their 

differentiation into neurons. The knock-down of Chd8 expression led to the downregulation of 

several Wnt-related genes including Ctnnb1, Fzd1, Fzd2, Dvl2, and Dvl3. The opposing 

conclusions of the two studies reflect the fact that Wnt signalling is context-dependent; Chd8 

is a negative regulator of Wnt signalling in non-neuronal cells, whereas it is a positive regulator 

in cells of neuronal-lineage. As Chd8 plays an important role in maintaining the balance 

between the proliferation and differentiation of cortical neural progenitors, disruption of its 

function may be the underlying cause linking it to ASD (Durak et al., 2016; Krumm et al., 

2014; Rubeis et al., 2014). When Chd8 is deleted from neural progenitors destined to become 

upper layer cortical neurons, it resulted in social abnormalities and reduced exploratory 

behaviour in mice. Interestingly, the behavioural phenotypes can be rescued with the 

overexpression of b-catenin  (Durak et al., 2016), indicating that ASD-like behaviour that 

comes with the loss of Chd8 function is dependent on Wnt/b-catenin signalling.  

 

 

1.4.5. TGFb Signalling Overview 

The transforming growth factor beta (TGFb) signalling pathway regulates cell proliferation, 

differentiation, apoptosis, cancer metastasis, and many other cell functions in a cell context-

specific manner. With more than 30 ligands in the TGFb family interacting with various 

combinations of receptors and effectors/co-effectors to propagate the signal, it is not surprising 

that the signalling pathway can regulate many processes. Typically, the TGFb ligand binds to 

the type II TGFB Receptor (TbRII), which is a transmembrane serine-threonine kinase. TbRII 

then phosphorylates type I TGFBR at its glycine-serine domain, activating it. TbRI 

phosphorylates Smad proteins, which are the primary means through which TGFb initiates 

transcription of target genes (Shi & Massagué, 2003; Weiss & Attisano, 2013). The Smad 
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proteins themselves can be categorised in three groups: regulator Smad (R-Smad), common 

mediator Smad (co-Smad), and inhibitory Smad (I-Smad). R-Smad consists of TGFb-activated 

Smad2 and Smad3, and bone morphogenic protein (BMP)-activated Smad1, Smad5, and 

Smad8. Regardless of which R-Smad is phosphorylated (activated) by TbRI, they all converge 

on the hetero-dimerisation with Smad4 and binding of the Smad binding element (SBE) of the 

target DNA sequence (Shi & Massagué, 2003; Weiss & Attisano, 2013). In the event of TGFb 

ligand binding to the receptors, Smad7, an inhibitory Smad, is translocated into the plasma 

membrane to associate with activated TbRI and Smurf1 to allow ubiquitylation of TbRI and 

its subsequent proteasomal degradation. In the process, Smad7 itself also gets ubiquitylated 

and degraded (Ebisawa et al., 2001). In addition, the TGFb-dependent activation of Akt leads 

to the activation of the PI3K pathway, as well as being the intersection point with the mTOR 

pathway (Derynck & Zhang, 2003). A gradient of TGFb has been suggested to be highly 

important in the development of axons (Ng, 2008; Stegeman et al., 2013; Yi et al., 2010). 

TGFb was found to regulate axon specification through the phosphorylation of Par6, a major 

polarity protein, by TGFb receptor 2 (TbR2) (Yi et al., 2010). TbR2 also recruits the E3 

ubiquitin ligase Smurf1 upon activation, which promotes the degradation of RhoA, a Rho 

GTPase (Ozdamar et al., 2005), which may alter the actin cytoskeleton during axon 

specification (Bradke & Dotti, 1999)  

 

 

1.4.6. Proteins of TGFb Signalling Implicated in ID and ASD 

Many of the key players in TGFb signalling have been associated with ID and/or ASD. TGFb1 

levels are altered in the serum of ASD patients (Ashwood et al., 2008; El Gohary et al., 2015; 

Okada et al., 2007; Vargas et al., 2005). Post-mortem analysis of ASD patients, who were also 

intellectually disabled, revealed an increase in TGFb1 levels in cortical tissue, but not in the 

cerebrospinal fluid (CSF) (Vargas et al., 2005). This study also revealed a higher level of glial 

activation and proinflammatory cytokines in the patients compared to controls, indicating that 

the dysregulation of inflammatory responses in the brain is evident in patients with ASD. 

Okada and colleagues (2007) further investigated the TGFb1 levels in living ASD patients. 

However, contrary to the findings of Vargas et al., Okada and colleagues found lower TGFb1 

levels in the serum of adult ASD patients. While TGFb does play both proinflammatory and 

anti-inflammatory roles depending on various factors (Veldhoen & Stockinger, 2006), this 
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discrepancy has not been satisfactorily addressed. Subsequent studies also found lower TGFb1 

levels in the serum of children with ASD and correlated it with the severity of the symptoms, 

suggesting that the levels of serum TGFb1 could potentially be used as an early diagnostic tool 

for ASD (Ashwood et al., 2008; El Gohary et al., 2015).  

 

The exact role of TGFb signalling in the development of the nervous system and its 

contribution to the pathogenesis of ID/ASD has been difficult to elucidate because TGFb1 

knock-out mice normally die prenatally due to fatal vascular and haematopoietic impairments 

(Dickson et al., 1995). However, a TGFb1-/- mouse line that survives three weeks postnatally 

showed impaired synaptic integrity and neuronal survival (Brionne et al., 2003). Another 

isoform of the TGFb ligand, TGFb2, was also shown to be critical in gestational survival 

(Heupel et al., 2008; Sanford et al., 1997). TGFb2 is pivotal for the development of synapses 

in the central nervous system, with its loss ultimately leading to respiratory failure and perinatal 

death. TGFb2 knock-out mice exhibit craniofacial deformities such as cleft palate, as well as 

congenital heart defects (Heupel et al., 2008). In humans, the loss of TGFb signalling can 

happen in multiple ways, leading to an array of developmental disorders. The loss of functional 

TGFb2 in humans leads to the Loeys-Dietz Syndrome (LDS) 4 (OMIM: 614816), with patients 

displaying developmental delays, as well as vascular defects such as aortic aneurysms (Lindsay 

et al., 2012). LDS1 and LDS2, caused by mutations in the TGFBR1 and TGFBR2 genes, 

respectively, have both been linked to intellectual disability (Loeys et al., 2005; Loeys et al., 

2006). Again, it is difficult to explore the full effect of the loss of TGFBR1 and TGFBR2 in 

the nervous system as any knock-out animal model die mid-gestation due to haematopoietic 

and vascular defects (Larsson et al., 2001; Oshima et al., 1996). To circumvent this, a 

conditional knockout model to target the nervous system perhaps could be utilised. Patients 

with mutations in TGFBR1 have also been diagnosed with Marfan Syndrome with Mental 

Retardation (Ades et al., 2006). The diagnosis of Marfan Syndrome (MFS, OMIM: 154700) is 

normally reserved for patients with mutations in the FBN1 gene, coding for Fibrillin 1, a key 

component of the extracellular matrix. However, some symptoms of MFS overlap with LDS, 

making it hard for clinical diagnoses without genetic testing. Ades and colleagues (2006) 

proposed that LDS1, LDS2, and MFS (with or without ID) all fall along the TGFb pathway 

axis, which may account for the similar clinical presentation of craniosynostosis, craniofacial 

dysmorphisms, vascular abnormalities, as well as neurocognitive impairments.  
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Smad4 is a convergence point for TGFb and BMP signalling; propagating signals in different 

contexts depending on its upstream activators, downstream co-activators and transcriptional 

targets. Mutation of Smad4 has been found to be the underlying cause of Myhre Syndrome 

(OMIM 139210) (Caputo et al., 2012; Goff et al., 2012; Lindor & of …, 2012). The disease is 

characterised by skeletal anomalies, dysmorphic facial features, as well as intellectual 

disability. Patients have also been reported to display autistic behaviour (Caputo et al., 2012; 

A. E. Lin, Michot, et al., 2016; Titomanlio et al., 2001). Interestingly, almost all of the 

published mutations were found on Ile500 residue; six out of 54 mutations described by Lin 

and colleagues (2016) were on residue Arg496, while the remainder affected Ile500. Both 

residues are located in the MH2 domain of Smad4, which is important for protein-protein 

interaction (Caputo et al., 2012). In particular, the MH2 domain enables Smad4 to bind its 

coactivators and initiate transcription of target genes. Therefore, any mutation in this region 

may possibly weaken or completely diminish Smad4 binding to R-Smad proteins and lead to 

improper TGFb/BMP signalling (Caputo et al., 2012). This hypothesis seems unlikely 

however, considering the mutations lead to a gain of function of Smad4 and increased TGFb 

signalling instead (A. E. Lin, Michot, et al., 2016). Another residue near the mutation sites is 

Lys519, which is a site of ubiquitylation (Caputo et al., 2012; Goff et al., 2012). Interestingly, 

Le Goff and colleagues (2012) found that Smad4 protein levels were elevated in patients, 

suggesting that the degradation of Smad4 by the ubiquitin system may be impaired due to the 

mutation and be the reason behind increased TGFb signalling.  
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 The Ubiquitin System as a Convergence Point of Signalling 

Pathways in ASD and ID 

The mTOR, Wnt, and TGFb pathways regulate specific developmental events as specified 

above. However, elements between these pathways are often shared through crosstalk of their 

signal transducing elements (Lebrilla et al., 2009, Wang et al., 2014). One of the mechanisms 

that allow this crosstalk is through post-translational modifications (PTMs). PTMs facilitate a 

rapid and quantitative response when compared to other regulatory mechanisms such as 

epigenetic changes and microRNAs (Lebrilla et al., 2009). Proteins can be modified through a 

combination of PTMs, the majority of which are reversible, enabling proteins to rapidly switch 

between pathways or functions. One of the most well-known form of PTM is phosphorylation, 

which regulates the activation of the mTOR, Wnt, and TGFb pathways in different ways 

(Laplante et al., 2012, Li et al., 2012, Shi et al., 2003). Another equally important form of PTM 

that can regulate these pathways is ubiquitylation (Kuslansky et al, 2016, Zheng et al., 2008, 

He et al., 2013). This dissertation will discuss further the potential role of ubiquitylation as the 

nexus in the pathogenesis of ID and ASD, and at the same time being a potential avenue of 

treatment. 

 

1.5.1. The Ubiquitin System in ID and ASD 

The major challenge to research into ASD and ID is that the causes of these disorders are 

extremely heterogeneous. As such, only small numbers of patients exhibit mutations in any 

given gene. Given that genetic studies have implicated hundreds of genes in ASD and ID, 

investigating genes individually is difficult, both economically and logistically. Looking 

forward, one way to address this impasse could be to analyse genes that function in the same 

pathway. Indeed, researchers in the field are now concentrating on such convergent pathways 

such as the ubiquitin system (UbS), both in order to study the development of ID/ASD, but 

also as pivots around which treatment options can be studied. The UbS is a post-translational 

protein modification process that has been shown to regulate protein stability, signalling, 

protein localisation and trafficking. While the best-known function for the ubiquitin system is 

the degradation of target proteins through the proteasome, here, I refer to the UbS as 

encompassing all ubiquitin-modifying activity. Critically, the UbS has been implicated at the 
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nexus of multiple key signalling nodes involved in the aetiology of ASD/ID, including mTOR, 

Wnt and TGFb pathways.  

 

1.5.2. The ubiquitin system: a key regulator of post-translational modification 

Ubiquitylation is the process of covalently attaching a 76 amino acid ubiquitin moiety to a 

lysine residue on a protein substrate and is one of the most common post-translational 

modification for proteins. Ubiquitylation involves three enzymes: E1 ubiquitin activating 

enzyme, E2 ubiquitin conjugating enzyme, and E3 ubiquitin ligase enzyme (Pickart & Eddins, 

2004). E1 enzymes activate ubiquitin through ATP-dependent adenylation. Activated ubiquitin 

is then transferred to an E2 enzyme, where it delivers the ubiquitin to an E3 ligase. E3 ligases 

then facilitate the attachment of ubiquitin to the substrate. The human genome encodes for 

hundreds of E3 ligases, many with substrate specificity. E3 enzymes can be classified into three 

categories, including the really interesting new gene (RING) group, homologous to E6-AP 

carboxyl terminus (HECT), or the RING-between-RING (RBR) E3 family. RING ligases 

directly transfer ubiquitin from E2 enzymes to the substrate through hydrolysis of the substrate. 

HECT and RBR E3 ligases catalyse the transfer of ubiquitin to a lysine residue on the E3 ligase 

itself before transferring it to the substrate (Pickart & Eddins, 2004).  
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Figure 1.2 The Ubiquitylation Process 

The conjugation of ubiquitin to substrate proteins involves three enzymes: E1 ubiquitin 

activating enzyme, E2 ubiquitin conjugating enzyme, E3 ubiquitin ligases. Ubiquitylation 

can manipulate the fate of proteins, including activation, trafficking, and degradation. 

Deubiquitylating enzymes (DUBs) remove, in contrast, remove ubiquitin from proteins and 

can reverse the effects of ubiquitylation. 

 

Variations in ubiquitylation differentially regulate the fate of target proteins. 

Monoubiquitylation is where a single ubiquitin protein is attached to a lysine residue, whereas 

multi-monoubiquitylation is when multiple lysine residues are ubiquitylated with single 

moiety. Both monoubiquitylation and multi-monoubiquitylation can alter protein trafficking 

and cellular localisation, DNA repair, endocytosis, as well as signal transduction (Sadowski et 

al., 2012). Polyubiquitylation can be achieved when multiple ubiquitin proteins are attached to 

the lysine residue of previously attached ubiquitin. All seven K residues of ubiquitin (positions 
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6, 11, 27, 29, 33, 48, and 63) can be used to form polyubiquitin chains (Passmore & Barford, 

2004; Peng et al., 2003). Furthermore, ubiquitin chains can also be branched, depending on 

which K residue is used. Indeed, specificity of cellular consequence of ubiquitylation lies in 

the different K residues; polyubiquitylation of K-48 and K-11 target proteins for proteasomal 

degradation, while the K63 residue regulate endocytosis and signal transduction (Passmore & 

Barford, 2004). The process of ubiquitin attachment is reversible through the actions of 

deubiquitylating enzymes (DUBs). The complex process of ubiquitylation / deubiquitylation 

regulates many cellular processes, such as vesicular trafficking, cell-cycle progression,  DNA 

repair and signal transduction (Hurley et al., 2006; Joberty et al., 2000; Stegmüller & Bonni, 

2010).  

 

Many proteins involved in the aetiology of ID and ASD can be categorised in terms of the 

signalling pathways that they fall into. Here, the roles of Wnt, mTOR and TGFb signalling in 

ID/ASD pathology will be discussed, given their role in ASD (see above). These pathways are 

temporally and spatially regulated during neural development, and impairments to these 

signalling cascades may interrupt brain development in multiple ways. The UbS also regulates 

several important neural processes that are impaired in ID/ASD, such as axonal initiation, 

development, dendritic maturation, and synaptic pruning (Ding & Shen, 2008; Schwamborn et 

al., 2007). Indeed, between 10-15% of the newly found genes associated with ID are ubiquitin 

modifying proteins (E3, DUBS, etc.) or their substrates (Neri et al., 2018). The UbS has also 

been implicated in neuropsychiatric disorders, such as ADHD and schizophrenia (Cheon et al., 

2018). As the UbS potentially regulates and/or integrates multiple pathways simultaneously, it 

is important to understand the role of the UbS in the aetiology of ID/ASD, either by controlling 

neural development directly or by regulating signalling pathways such as Wnt, mTOR and 

TGFb. Therefore, understanding the roles of these signalling pathways in the aetiology of ID 

and ASD, and the higher order mechanisms, such as the UbS, that regulate them, may bring us 

closer to possible treatments of these disorders. 

 

1.5.3. Ubiquitin Ligases in ASD and ID 

In addition to mutations in components of signalling pathways, mutations in ubiquitin-

modifying proteins have also been found in ASD and ID patients. Several of these are known 

to interact with components of the Wnt, TGFb, and mTOR pathways or with other substrates 
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important in the development of the brain. Gain of function mutations in the HECT E3 

ubiquitin ligase UBE3A, for example, have been associated with increased risk of autism (Yi 

et al., 2015). In contrast, loss of function mutations in UBE3A are associated with Angelman 

Syndrome (OMIM: 105830), a developmental disorder that features severe ID, atypical 

behavioural characteristics, such as excessive laughter, as well as limited speech. Two Ube3a 

substrates are important in the development of the nervous system, with Uchl5 being integral 

in embryonic brain development, and Psmd4 regulating the development of dendrites (Al-

Shami et al., 2010; Puram & Bonni, 2013). Ube3a also plays a role in maintaining Wnt 

signalling through the direct polyubiquitylation of b-catenin (Kuslansky et al., 2016). The 

ubiquitylation of b-catenin in this context does not target it for proteasomal degradation, but 

instead stabilises it. Ube3a and Wnt signalling can also converge at the proteasome, with Ube3a 

directly inhibiting the function of proteasomal subunits, thereby stabilising b-catenin and 

stimulating Wnt signalling (Yi et al., 2017). The authors hypothesised that the ubiquitylation 

of proteasomal subunits directly inhibits the docking of the destruction complex protein Axin1 

and therefore prevents the degradation of b-catenin. A de novo mutation of UBE3A (p.Y485A) 

has been associated with ASD, where Tyrosine485 is the site of phosphorylation by protein 

kinase A (PKA). Phosphorylation at this site acts as an ‘off’ switch for Ube3a and inhibits its 

ubiquitin ligase activity (Yi et al., 2015). The Ube3a (p.Y485A) protein is therefore 

hyperactivated, blocking the proteasome and b-catenin degradation. As proteasomal 

degradation of b-catenin is a central part of canonical Wnt signalling, Ube3a plays an integral 

role in maintaining the activation of the pathway by maintaining the balance of b-catenin. The 

loss of UBE3A reduces the activation of Wnt pathway two-fold, by allowing b-catenin to be 

degraded by the destruction complex and by unblocking the proteasome subunit for 

degradation. In contrast, a gain of function of UBE3A will result in the upregulation of Wnt 

signalling. Ube3a also upregulates the mTORC1 signalling by promoting the degradation of 

TSC2 an upstream inhibitor of the mTORC1 complex (Zheng et al., 2008). As a component 

common to both the Wnt and mTOR pathways, both gain and loss of function mutations in 

Ube3a could potentially lead to downstream effects on both pathways and lead to 

neurodevelopmental disorders. 

 

Another E3 ligase linked to ID and ASD is the X-linked HECT ubiquitin ligase, Huwe1 

(Froyen et al., 2008; McCarthy et al., 2014; Moortgat et al., 2018; Srivastava & Schwartz, 

2014; Turner et al., 1994). Huwe1 plays an important role in neuronal differentiation during 
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development as well as maintaining quiescence of the stem cell population within the adult 

hippocampal dentate gyrus (D'Arca et al., 2010; Urbán et al., 2016; X. Zhao et al., 2009). With 

a total of 479 currently known unique interactors, Huwe1 possesses a very large interactome. 

A recent mass spectrometry-based high-throughput screening study identified 327 potential 

interactors of Huwe1 (J. W. Thompson et al., 2014). Among the proteins identified were b-

catenin and eIF4E, components of the Wnt and mTOR pathways, respectively. However, the 

exact mechanism whereby Huwe1 post-translationally modifies these proteins was not 

investigated. Nonetheless, Huwe1 is hypothesized to play an important role in protein 

homeostasis in both the Wnt and mTOR pathways. Another study identified Dvl2 and Dvl3, 

both scaffold proteins in the Wnt signalling pathway, as interactors of Huwe1 (de Groot et al., 

2014). Polyubiquitin K63 and K11 chains on Dvl2 and Dvl3 do not destine them for 

degradation, but inhibit them from polymerising and in effect inhibits the propagation of the 

Wnt pathway (de Groot et al., 2014). With the importance of Wnt signalling especially during 

early neural development, any deviation from the normal levels of Wnt/b-catenin activation 

that could shed light on the cause of Huwe1-related ID and ASD. 

 

Cul4b and its homolog Cul4a belong to the CRL4 subfamily of E3 ligases. Mutations in CUL4B 

were initially identified as associated with X-linked intellectual disability in 2007 by two 

groups (Tarpey et al., 2007; Zou et al., 2007). Subsequently, more ID patients harbouring 

CUL4B mutations have been identified (Badura-Stronka et al., 2010; Broussard & Ugrasbul-

Eksinar, 2019; Isidor et al., 2010; Londin et al., 2014; Okamoto et al., 2017; Ravn et al., 2012; 

Weissbach et al., 2017). The deletion of CUL4B resulted in a decrease in parvalbumin-positive 

GABA-ergic interneurons, particularly in the hippocampus (C.-Y. Y. Chen et al., 2012). 

Moreover, Cul4b-deficient mice also have differences in the dendritic spines of CA1 and DG 

neurons, specifically shorter dendrites overall, thinner spines, but higher spine density. The 

authors postulated that deletion of Cul4b could affect the morphogenesis and plasticity of 

dendritic spines in the hippocampus via the accumulation of the Cul4b target, Tsc1/2, and 

subsequent overactivation of the mTOR pathway (C.-Y. Y. Chen et al., 2012; Hu et al., 2008). 

The mTOR pathway has also been implicated in the proper development of GABA-ergic 

interneurons (Fu et al., 2011). In addition to the mTOR pathway, Cul4b has also been 

implicated in the BMP pathway, which share components with the TGFb pathway (He et al., 

2013). One of the direct substrates for Cul4b is Jab1, a regulator of both the BMP and TGFb 
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pathways. Jab1, together with Smurf1, degrades the inhibitory Smad7, allowing target genes 

to be activated by R-Smads (Kim et al., 2004; Wan et al., 2002).  

 

1.5.4. DUBs in ASD and ID 

In addition to E3 ubiquitin ligases, deubiquitylating enzymes (DUBs) have also been identified 

to be candidate genes in ID and ASD. DUBs possess the ability to cleave the thiol-ester bond 

which covalently attaches ubiquitin to its target protein. As ubiquitylation is a post-translational 

modification, deubiquitylation is a post-post-translational modification and is implicated in cell 

growth, differentiation, and development (Komander et al., 2009; Wilkinson, 1997). There are 

five classes of DUBs, depending on their catalytic domain properties: ubiquitin-specific 

proteases (USPs), ubiquitin C-terminal hydrolases, Machado-Joseph disease proteases, ovarian 

tumour proteases, and metalloproteases-JAMM-motif-containing proteases (Todi & Paulson, 

2011). USPs are the most common, as well as the largest class, of DUBs (Nijman et al., 2005). 

USPs share structural homology in their catalytic domains, however each USP displays 

different substrate specificities (Komander et al., 2009). Usp7, mostly known for its role in 

actin assembly and endosomal recycling, was found to be mutated in patients showing signs of 

ID and ASD (Hao et al., 2015). The molecular mechanism was not explored although it was 

speculated that it involved disruption of endosomal protein recycling. The role of Usp7 in 

neural development itself has not been described, however Usp7 has been shown to associate 

with Sox2, an essential transcription factor of neural stem cells (Cox et al., 2013). Furthermore, 

Usp7 also interacts with a regulatory component of TGFb signalling, Smad3 (K. A. Brown et 

al., 2008; Wang et al., 2011). Interestingly, Usp7 has been reported to also associate with 

Huwe1, though not as a target for proteasomal degradation. Instead, Usp7 protects Huwe1 from 

auto-ubiquitylation and stabilises it (J. W. Thompson et al., 2014).  

 

Another member of the USP family, Usp9x, has been found to play a role in the pathogenesis 

of ID and ASD (Al-Mubarak et al., 2017; Homan et al., 2014; Reijnders et al., 2016; Johnson 

et al., 2019). Usp9x have been found to function in many of the signalling pathways implicated 

in ID/ASD and/or the development of the nervous system. This versatile DUB will be the focus 

of the projects discussed in this thesis. 
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 Ubiquitin-Specific Protease 9, X-Linked 

 

Usp9x was first identified in a gene trap study to identify murine genes involved in gastrulation 

and neurulation in mouse embryonic stem cells (ESC). Due to its high similarity to the fat 

facets (faf) of Drosophila, Usp9x was first named Fam (fat facets in mouse) (Wood et al., 

1997). In humans, homologues of Faf were identified using human cDNA library and Usp9x 

was first called DFFRX (Drosophila fat facets related X) (Jones et al., 1996). USP9X and 

USP26 are two X-linked DUBs that evade X-inactivation in humans (X. Deng et al., 2014; 

Dirac & Bernards, 2010). Eight alternative splice variants of USP9X mRNA have been 

reported, but only three encode functional proteins (Aken et al., 2016). Usp9x does not escape 

X-inactivation in mouse, however (Jones et al., 1996). Usp9x is also very highly conserved, 

much like other developmental regulators as Notch1, Shh, and epidermal growth factor (Egf) 

(Khut et al., 2007). Although most of the domain structure of USP9X is unknown, a ubiquitin-

like domain in the N-terminus and a USP catalytic domain close to the C-terminus (Murtaza et 

al., 2015). USP9X is able to deubiquitylate both monoubiquitylated as well as 

polyubiquitylated substrates (Marx et al., 2010; Mouchantaf et al., 2006).  

 

Usp9x has been found to be important in embryonic development, as mouse embryos fail to 

develop into blastocysts when Usp9x was depleted from preimplantation mouse embryos 

(Pantaleon et al., 2001). Failure for embryos to develop in the absence of Usp9x also happened 

in Drosophila and Xenopus embryos (Dupont et al., 2009; Fischer-Vize et al., 1992) indicating 

the importance of Usp9x in embryonic development. The conditional deletion of Usp9x in 

Nestin-expressing neural progenitors within the rodent brain results in perinatal lethality 

(Stegeman et al., 2013). Later in development, Usp9x is expressed highly in the brains of 

embryonic mice (Xu, 2005). Usp9x is robustly expressed in neural progenitors of the VZ (Jolly 

et al., 2009; Premarathne et al., 2017; Stegeman et al., 2013). In the adult brain, Usp9x 

expression is retained in the subventricular zone (SVZ) and the subgranular zone (SGZ) of the 

hippocampus, two niches where neurogenesis persists throughout adult life (Oishi et al., 2016; 

Xu et al., 2005). These studies suggest that Usp9x has an important role in neural progenitor 

regulation. When Usp9x is overexpressed in ESC-derived neural progenitors, there was an 

increase in the self-renewal resulting in the formation of neural rosettes (Jolly et al., 2009). 

Furthermore, the deletion of Usp9x caused neuronal disorganisation in the cortical plate, VZ 

and SVZ region of late embryonic mouse brains (Stegeman et al., 2013). This suggests that the 
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altered fate of neural progenitors may underlie the disrupted corticogenesis seen following the 

loss of Usp9x . In a mouse model where Usp9x is deleted under the Emx1 promoter (Emx1 is 

expressed by neuroepithelial cells of the dorsal telencephalon from E9.5), the animals survive 

into adulthood without major complications (Stegeman et al., 2013). The hippocampi of these 

mice were reported to be significantly smaller (Oishi et al., 2016), whereas the cortex remained 

relatively normal (Stegeman et al., 2013). Further analysis revealed that in the postnatal 

hippocampus of Usp9x-null mice, there was a significant decrease in the number of neural 

progenitors, neuroblasts, as well as dentate granule neurons (Oishi et al., 2016). Though the 

study provides strong evidence for the role of Usp9x in the postnatal development of the 

hippocampus, to date there has been no studies investigating the specific effects of the deletion 

of Usp9x in the adult cortex and how it may manifest in changes in behaviour. 

 

1.6.1. USP9X in ID/ASD 

The most recent published study of USP9X in ID/ASD, where 48 male patients harbouring 44 

unique missense mutations in USP9X were characterised, identified global developmental 

delay in all the patients, and 80% of the tested patients displayed symptoms of autistic-like 

behaviour (B. V. Johnson et al., 2019). The molecular mechanisms behind the pathogenesis of 

USP9X-related ID and ASD have not been extensively investigated. However, Usp9x has been 

reported to modulate the function of many of the signalling pathways implicated in ID/ASD, 

in addition to regulating development of the nervous system. Usp9x has been reported to 

regulate mTORC1 by binding to Raptor and stabilising it in neural progenitors (Bridges et al., 

2017), though Usp9x has been found to regulate both mTORC1 and mTORC2 signalling  in 

myoblasts. This further supports the idea that Usp9x function may differ depending on the 

cellular context (Agrawal et al., 2012). Deletion of Usp9x in the brain of mice was found to 

increase the pool of cytosolic b-catenin. The study went on to show that Usp9x regulates the 

composition of the b-catenin destruction complex in neural stem cells (Premarathne et al., 

2017). Other reports, however, have found that Usp9x stabilises b-catenin  in mouse fibroblasts 

(Taya et al., 1999) as well as stabilising Dvl2 in breast cancer cells (Nielsen et al., 2019), both 

resulting in the activation of the canonical Wnt pathway. Although these studies seemingly 

offer contradicting results, they support the idea that the function of Usp9x is context and cell 

type-specific. Finally, the absence of Usp9x has been reported to disrupt TGFb-dependent 

axonal growth (Stegeman et al., 2013). Indeed, human ID mutations of USP9X reported by 
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Homan et al. (2014) were found to impair axonal growth in hippocampal neurons. Usp9x may 

regulate TGFb signalling through its association with Smad4 and Smurf1, a common second 

messenger and, an E3 ubiquitin ligase of the TGFb pathway, respectively (Dupont et al., 2012; 

Xie et al., 2013). An overall impairment of TGFb and WNT signalling were detected in 

cultured patient fibroblasts harbouring missense USP9X mutations, wherein a decrease in 

SMURF1, a substrate of USP9X and a regulator of TGFb signalling, and activated b-

CATENIN, the central component of canonical WNT signalling, were detected. Furthermore, 

two patient cell lines harbouring missense mutations of USP9X also displayed a reduction of 

RAPTOR (scaffolding protein of the mTORC1) (B. V. Johnson et al., 2019). The study 

concluded that as USP9X regulates these substrates, the pathogenicity behind the mutations 

stem from either impaired TGFb, WNT, and/or mTORC1 signalling pathways, causing a 

cascade of effects that result in the neurodevelopmental pathology seen in the patients. Usp9x 

have also been found to interact with Huwe1 to control the homeostasis of the antiapoptotic 

protein Mcl1 (Gomez-Bougie et al., 2011; Schwickart et al., 2009), as well as working together 

with Usp7 in regulating the autoubiquitylation of the E3 ligase March7 (Nathan et al., 2008).  

 

As Usp9x has been implicated in the pathology of ID and ASD, there is the question of what 

the mechanism Usp9x works through that could lead to the disorders. Mouse models have been 

commonly used in trying to figure out how the disorder works. In the case of Usp9x, the mouse 

model has been used to previously discern how Usp9x works in brain development in general, 

but it has not been investigated in how it relates to ID and ASD. This project will investigate 

how the deletion of Usp9x in the cortex affects the morphology and ultimately function which 

manifest in behaviour.  
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Table 1 List of ID/ASD-Related Genes and Their Affected Pathways 

Gene ID/ASD Pathway Reference 

PTEN ID, ASD with 

macrocephaly 

mTOR (K. Au et al., 2007; Butler et al., 2005; Lewis 

et al., 2004; O'Roak et al., 2012) 

TSC1/2 ID and ASD mTOR (K. Au et al., 2007; Lewis et al., 2004; O'Roak 

et al., 2012) 

4E-BP ASD mTOR (Santini et al., 2013)  

eIF4E ASD mTOR (Santini et al., 2013)  

FMRP ID and ASD mTOR (Richards et al., 2015)  

b-

CATENIN 

ID with microcephaly 

and ASD 

Wnt (Kuechler et al., 2015)  

CHD8 ASD Wnt (Durak et al., 2016; Krumm et al., 2014; 

Rubeis et al., 2014)  

TGFb1 ASD TGFb (Ashwood et al., 2008; Ashwood et al., 2011; 

El Gohary et al., 2015; Okada et al., 2007; 

Vargas et al., 2005) 

TGFb2 LDS 4 TGFb (Lindsay et al., 2012)  

TGFbR1 LDS 1, Marfan with 

ID 
TGFb (Ades et al., 2006; Loeys et al., 2005)  

TGFbR2 LDS 2 TGFb (Adès, 2008; Loeys et al., 2006)  

SMAD4 Myhre Syndrome ID, 

ASD symptoms 
TGFb (Caputo et al., 2012; Goff et al., 2012)  

UBE3A Autism Wnt, 

mTOR 

(Yi et al., 2015)  

HUWE1 ID and ASD Wnt, 

mTOR 

(Moortgat et al., 2018; Srivastava & Schwartz, 

2014) 

CUL4B XLID mTOR, 

TGFb 

(C.-Y. Y. Chen et al., 2012; He et al., 2013; 

Hu et al., 2008) 

USP7 ID and ASD TGFb (K. A. Brown et al., 2008; Hao et al., 2015; 

Wang et al., 2011)  
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USP9X ID and ASD mTOR, 

Wnt, 

TGFb 

(Al-Mubarak et al., 2017; Bridges et al., 2017; 

Dupont et al., 2009; Homan et al., 2014; 

Premarathne et al., 2017; Reijnders et al., 

2016; Stegeman et al., 2013) 
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Figure 1.3 The Ubiquitin System At The Centre Of Three Neurodevelopmental Signalling 

Pathways: WNT, mTOR, And TGFb.  

Ubiquitin ligases CUL4B, UBE3A, and HUWE1, as well as deubiquitylating enzymes 

USP9X and USP7, regulate members of crucial signalling pathways involved in the 

aetiology of ID/ASD. These members of the UbS have been found to be mutated in cases of 

ID/ASD, leading to dysregulation of their downstream substrates. As the UbS is able to 

regulate multiple pathways concurrently, aberrations in the UbS may affect more than one 

pathway at the same time, potentially altering important processes in the development of the 

nervous system and ultimately manifesting as neurodevelopmental disorders such as 

ID/ASD. UbS proteins also often self-regulate or regulate other components of the UbS 

(dashed arrows). The UbS therefore acts as the hub in the middle of these signalling pathways 

affected in ID/ASD. 
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 Aims and Hypotheses 

 

This project investigated the effects of the deletion of Usp9x from the forebrain on cortical 

development and how it may be reflected in behavioural changes. Therefore, the following 

aims and hypotheses was addressed: 

 

Aim 1: Characterise the neocortex of brains lacking Usp9x (Usp9x-/y) 

H1: The loss of Usp9x in the dorsal telencephalon alters the cortical structure in terms of 

cellular density, lamination, or the major commissural fibres. 

 

For this aim, a combination of immunofluorescence, hematoxylin staining was used to 

characterize the gross cortical morphology and lamination in Emx1-cre deleted Usp9x-/y brains 

in comparison to controls. 

 

Aim 2: Investigate the ability of cortical neurons to initiate and grow axons. 

H2: The loss of Usp9x alters the ability of cortical neurons to properly develop axons.  

 

In vitro cortical neuronal culture was used to first investigate their properties of axonal 

initiation and growth. This includes using microscopy and immunofluorescence to stain for 

markers of cellular polarity. 

 

Aim 3: Characterise the behaviour of Usp9x-/y mice for autistic and anxious traits. 

H3: The loss of Usp9x in the dorsal telencephalon and the resulting changes in the 

neuroarchitecture leads to behavioural alterations in mice, similar to those observed in human 

USP9X ID/ASD patients.  

 

Behavioural assays were used to investigate the major diagnostic traits of ASD: social 

interaction, communication deficits, and repetitive behaviour. This included recording 

ultrasonic vocalisations, Y-maze, as well as the three-chambered social interaction and social 

habituation/dishabituation. In addition, different assays were also used to investigate anxious 

behaviour in Usp9x-/y mice: open field test, elevated plus maze, and light/dark box. 
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 Usp9x Conditional Knockout Mice 

2.1.1. Animal Ethics 

 

Animals were housed and handled in accordance with the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes. Protocols for experimental usage were 

approved by the Animal Ethics Committee of Griffith University (GU Ref No: 

GRIDD/04/18/AEC and ESK/004/15), as well as the University of Queensland (UQ Ref No: 

QBI/351/16).  

 

2.1.2. Development of Usp9x knock-out mouse line and genotyping 

 

The mouse line used in this study is based on the Cre/loxP system (Stegeman et al., 2013). The 

Usp9xloxP/loxP female mice were crossed with heterozygous males expressing the codon-

improved Cre recombinase (iCre) under the transcriptional control of Emx1, which is restricted 

to the dorsal telencephalon (Kessaris et al., 2005). The Emx1-iCre mice also express 

Gt(ROSA)26Sor Tm14(CAG-tdTomato)Hze reporter gene, wherein the red fluorescent protein 

TdTomato will be co-expressed in mice expressing the iCre recombinase (Madisen et al, 2009). 

As Usp9x is an X-linked gene, female offspring inherit one allele from each parent and were 

heterozygous for Usp9xloxP/loxP. All male offspring inherit floxed Usp9x allele, while only half 

will inherit the iCre gene and result in Usp9x knockout. Experiments were carried out using 

males that inherited the iCre gene (Usp9x-/y), and littermates who did not (Usp9x+/y) as controls. 

Genotyping was done using ear notch samples collected during weaning for adult experimental 

animals, as well as tail tips for embryos and postnatal animals. Polymerase chain reactions 

(PCRs) were performed on the samples using primers and conditions specified in section 2.1.3. 

 

2.1.3. Tissue Preparation 

 

Tissue samples were processed using the REDExtract-N-Amp Tissue PCR Kit (Sigma) 

according to the manufacturer’s protocol. Briefly, DNA was extracted from the tissue using 

1:4 mix of the Tissue Preparation Solution and the Extraction Solution. Samples were 
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incubated at room temperature (RT) for 10 minutes and at 95˚C for 3 minutes. Following that 

Neutralization Solution was added to the same volume of the Extraction Solution to stop the 

reaction. Samples were then prepared in a 20 µL PCR reaction (see Table 2) and run on the 

ProFlex PCR System (Applied Biosystems). The products were run on a 1% agarose gel 

containing 0.5 µg/mL ethidium bromide at 100V for 30 minutes in TAE buffer. Gels were 

imaged using the AlphaImager Gel Imaging System (Alpha Innotech). 

 

Table 2 PCR Reagent List 

Reagent Volume (µL) 

DNA 2.00 

Red PCR Mix 10.00 

Primer F (10 µM) 1.25 

Primer R (10 µM) 1.25 

Extraction Solution 1.25 

Neutralization Solution 1.25 

dH2O 3.00 

 

Table 3 Primer Sequences 

Primer Sequence 5’ to 3’ 

iCre Forward GAG GGA CTA CCT CCT GTA CC 

iCre Reverse TGC CCA GAG TCA TCC TTG GC 

Sry Forward GAG GCA CAA GTT GGC CCA GCA 

Sry Reverse GGT TCG TGT CCC ACT GCA GAA G 

 

Table 4 PCR Cycle for iCre Genotyping 

Cycle (iCre) Temperature (˚C) Time (s) 

Initial denaturation 98 30 

35x cycles 

Template denaturation 92 5 

Annealing 53 30 
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Extension 68 30 

 

Final Extension 72 30 

Hold 4  

 

Table 5 PCR Cycle for SRY Genotyping 

Cycle (Sry) Temperature (˚C) Time (s) 

Initial denaturation 98 30 

35x cycles 

Template denaturation 92 5 

Annealing 61 30 

Extension 68 30 

 

Final Extension 72 30 

Hold 4  

 

 Immunochemistry and Histology 

2.2.1. Animal Perfusion, Fixation, and Sectioning 

 

All procedures followed the University of Queensland Standard Operating Procedures of 

Laboratory Animal Research. Adult male Usp9x+/y and Usp9x-/y mice (ages 8 weeks and above) 

were euthanized by injection of 0.8 mL of 1:50 Lethabarb (Virbac) intraperitoneally. An 

incision was made to expose the rib cage where two cuts were made alongside the sternum. 

The ribcage was then lifted up to expose the heart. A 27-gauge needle attached to a peristaltic 

perfusion pump carrying 1X PBS solution was inserted into the left ventricle of the still-beating 

heart of the mouse. Another incision was made on the right atrium to allow the flow of liquid. 

PBS was pumped through the body of the mouse until the liver was clear (approx. 15-20 mL). 

Following that, 30-40 mL of 4% paraformaldehyde (PFA) was pumped through. Upon 

completion, the animal was decapitated and the brain removed by making a longitudinal 

midline incision on the skull, from the external occipital protuberance rostral towards the 

frontal bone, fragmenting the skull cap laterally for removal. The brain was further fixed in 4% 
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PFA for 48 hours following the perfusion to ensure adequate fixation before storing in PBS at 

4˚C until use. 

 

Fixed and perfused brains were embedded in 3% noble agar prior to sectioning. Brains were 

mounted and sectioned on the Vibratome VT1000S (Leica) at 50 µm thickness as free-floating 

sections. Sections were then mounted on Superfrost Plus microscope slides (Menzel-Glasser, 

Thermo-Fisher Scientific) prior to performing immunohistochemistry or hematoxylin staining. 

Unused sections were stored in PBS with 0.02% sodium azide at 4˚C until further use. 

 

 

2.2.2. Microscopy and Imaging 

Sections stained using DAB and hematoxylin were imaged using the Aperio Slide Scanner 

(Aperio). Brightfield images were analysed using the ScanScope and ImageJ softwares. 

Fluorescent images were imaged using the Diskovery Spinning Disk Confocal equipped with 

the Andor Zyla 4.2 10-tap camera on a Nikon Eclipse Ti-E microscope platform with NIS-

Elements software. Confocal images were analysed using ImageJ software (National Institutes 

of Health). 

 

 Neuronal Culture 

2.3.1. Embryo Collection 

 

Mice were time-mated, and mating was confirmed by detection of vaginal plugs. The day of 

plug detection was determined to be embryonic day 0.5 (E0.5). Pregnant mothers were 

euthanized by carbon dioxide inhalation and cervical dislocation on E17.5, after which the 

embryos were collected for neuronal culture. 

 

2.3.2. Primary Neuronal Culture 

 

The uterine horn of the pregnant mouse was removed through an incision on the abdomen and 

placed into a clean petri dish. Each embryo was then removed from the horn, placed in a new 
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petri dish containing ice-cold Dissection Media (DM) consisting of Hanks’ Buffered Salt 

Solution (HBSS, Invitrogen), 1% Penicillin/Streptomycin (P/S, Invitrogen), 1 mM sodium 

pyruvate (Invitrogen), 25 mM glucose (Sigma), and 10 mM Hepes. Their heads were removed 

using a pair of scissors and tail tips were prepared from the bodies for genotyping. From this 

point onwards, every step was performed separately on each brain to ensure pure cultures of 

each genotype. 

 

The skin was removed from the head using a pair of spring scissors and the skull removed 

using forceps. The brain was then removed completely before separating the cerebellum and 

brainstem from the cerebrum. A midsagittal cut was then made to separate the two hemispheres 

and the hippocampus separated. Collected tissue was roughly chopped using a razor blade for 

one minute, rotating the dish 90˚ every 10 seconds. The macerated tissue was then incubated 

in solution of pre-warmed 1% papain and 0.01% DNAse in DM for 20 minutes at 37˚C. The 

digestion was neutralized using Neurobasal media without supplements and the tissue was then 

further homogenized using fire-polished Pasteur pipettes. The cell suspension was then strained 

using a 70 µm cell strainer. Cells were then plated on poly-l-lysine-coated coverslips in NM5 

(Neurobasal medium supplemented with 5% serum, 1x GlutaMax, 0.5% P/S, 2% B27, 5 µM 

fluoro-deoxy-uridine, and 5 µM uridine. After 5 days in culture, the medium was changed into 

NM1 (same composition as NM5 media, but with 1% serum instead of 5%).  

 

 Animal behaviour assays 

Animals were subjected to a battery of behavioural tests further described in chapters 4 and 5. 

Briefly, two cohorts of mice (n=6 for Usp9x+/y, n=10 for Usp9x-/y) were housed in the 

Phenomaster for seven days to monitor their physical and metabolic activity. Two more cohorts 

were subjected to behavioural assays to investigate anxiety-related behaviours, namely the 

open field test, elevated plus maze, and the light/dark box (nUsp9x+/y=16-26, nUsp9x+/y=15-

16). Finally, animals were also subjected to behavioural assays that specifically investigate 

ASD-related behaviour, which are ultrasonic vocalisation recordings, three-chambered social 

interaction test, social memory test, and  Y-maze test (nUsp9x+/y=15-16, nUsp9x-/y=7-14). 

 

 Statistical Analysis 
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All statistical analyses were performed using Prism 7 (GraphPad). At least three biological 

repeats were done for each analysis. Student’s t-test was used to compare results between 

Usp9x+/y and Usp9x-/y group. In the case of three or more groups, an analysis of variance 

(ANOVA) was used. Data is presented as mean ± standard error of mean (SEM). Statistical 

significance on graphs are presented as * (p<0.05), ** (p<0.01), and *** (p<0.001). 

  



 

37  
  

 

 
 

 

 

 

 

 

 

 

 

3. Chapter 3: Usp9x-/y Brains Display Callosal 

Dysgenesis and Cortical Dysplasia 
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 Introduction 

3.2.1. Cortical lamination 

As discussed in the previous section, the development of the cortex begins at the 

neuroepithelial fold. The neuroepithelial stem cells will end up giving rise to the entire cortex. 

The neurons in the cortex develop in an inside-out fashion, with the deeper layer neurons being 

born first, and subsequent layers migrating past their older counterparts. In both the mouse and 

human brains, this results in the neocortex having a total of six layers (Molyneaux et al., 2007). 

This is in contrast to the three-layered archicortex, including the hippocampus, the olfactory 

bulb, and the dorsal cortex of early amniotes (Shepherd & Rowe, 2017). Evolutionary studies 

suggest that upper-layer neurons are a comparatively recent evolution compared to neurons of 

layers V and VI, which are related to the pyramidal neurons of the primitive cortex (Aboitiz, 

Morales, et al., 2003). Each layer of the neocortex features different populations of neurons, 

each with their own distinct connectivity features. 

 

The main neuronal types that exist in the neocortex are excitatory projection neurons and 

inhibitory interneurons (Fame et al., 2011).  Excitatory neocortical projection neurons arise 

from the progenitor pool in the dorsal ventricular zone (VZ) and later, SVZ, whereas 

progenitors in the ventral ganglionic eminences give rise to interneurons (Hevner, 2007; 

Kowalczyk et al., 2009; Noctor et al., 2004).  The main type of excitatory neurons in the 

cerebral cortex, as well as forming the majority of the corticospinal tract. They are named so 

due to the cell bodies that are pyramidal in shape. Intratelencephalic (IT) pyramidal neurons 

exist in layers II-VI and project within the telencephalon itself, as well as into the striatum 

(Shepherd & Rowe, 2017). IT cells in layer IV receives thalamic input and project only locally, 

usually to targets in layer II/III and V. However, a population of pyramidal cells project their 

axons through the pyramidal tract to far away targets, including the brain stem and spinal cord 

(Shepherd & Rowe, 2017). Corticothalamic pyramidal neurons reside in layer VI, connecting 

the cortex with the thalamic nuclei and thalamic reticular nucleus. Layer VI neurons play an 

important role in modulating increased sensory input in the neocortex during certain 

behavioural states (Thomson, 2010). The specific localisation of layer VI and layer VB neurons 

have been speculated to evolve so that each population of neurons can perform distinct 

functions. Layer VI corticothalamic neurons function to direct output from IT neurons of the 

rest of the cortical layers to the thalamus, whereas layer VB pyramidal tract neurons serve to 
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distribute outputs from IT neurons throughout the rest of the neuraxis (Shepherd & Rowe, 

2017). 

 

To achieve the lamination in the neocortex, several molecular markers have been proposed that 

may control the development of the distinct neuronal population of each layer. The 

transcription factors Emx2 and Pax6 are expressed in opposite sides of the telencephalon and 

have been found to be important in establishing the identity of dorsal progenitors of the VZ 

(Mallamaci & Stoykova, 2006; Muzio et al., 2002). Pax6 is initially highly expressed in the 

progenitors residing in the VZ. Subsequently, as the progenitors migrate into the SVZ, they 

lose their expression of Pax6 and begin to express Tbr2 and transition into becoming 

intermediate progenitors (Englund et al., 2005). In the absence of Pax6, however, there is a 

reduction in the number of Tbr2-positive intermediate progenitors, indicating that Pax6 plays 

a role in the expansion of the SVZ as well as corticogenesis in general (Englund et al., 2005; 

Quinn et al., 2007). As the neurons migrate and mature, each layer-specific population express 

different markers. For example, Cux1 and Cux2 are expressed by neurons in layers II/III and 

IV, Foxp2 is expressed by neurons of layer VI, Satb2 is expressed by most neurons from layers 

II-V, and Ctip2 is expressed by subcerebral neurons of layer V and corticothalamic neurons of 

layer VI (Fame et al., 2011; Molyneaux et al., 2007). Ctip2, also known as Bcl11b, was found 

to be important in regulating axonal development of maturing subcerebral neurons, with mice 

lacking Ctip2 displaying defects in fasciculation, outgrowth, and pathfinding, as well as a 

decreased number of axons reaching the brainstem (Arlotta et al., 2005). The transcription 

factor Satb2 was found to be expressed in the neuronal population that extend their axonal 

projections through the corpus callosum, also called callosal projection neurons (CPN) 

(Alcamo et al., 2008). Axonal connectivity of CPN occurs through the inhibition of Ctip2 by 

Satb2 (Alcamo et al., 2008; Britanova et al., 2008). This aligns with the fact that 80% of CPN 

reside in the upper layers of II/III and Ctip2 expression is restricted to the deeper layers of V 

and VI. Therefore, the two markers can be used to delineate between upper layer neurons that 

express Satb2 and deeper layer neurons that express Ctip2. 

 

3.2.2. Callosal Projection Neurons 

As mentioned above, most of the CPN exist in layers II/III, however, approximately 20% reside 

in layers V and VI (Fame et al., 2011). CPN are the largest class of commissural neurons in 

placental mammals, including mice and humans (Aboitiz, López, et al., 2003; Fame et al., 
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2011). CPNs are born amongst other neurons during development, with layer VI CPNs being 

born first and superficial CPNs born later during the embryonic period (Fame et al., 2011; 

Molyneaux et al., 2007). In mice, by E17.5, most of the population of CPNs will have been 

born. Following that, the two hemispheres of the telencephalon begins to fuse with the help of 

the midline zipper glia and indusium griseum glia (Lindwall et al., 2007; Shu et al., 2003; 

Silver et al., 1982). Deep-layer CPNs are the first to cross the midline, along with cingulate 

pioneer neurons and reach their targets across the hemispheres. The formation of the corpus 

callosum, and indeed all the commissural fibres, is dependent on the actin cytoskeletal 

dynamics of the neurons (Lanier et al., 1999). Axonal guidance as well as the process of axonal 

initiation itself are processed that are most crucial in the early development of the commissures. 

Any defects in axonal guidance or initiation typically do not only affect the corpus callosum, 

but will affect broader populations of commissures (Fame et al., 2011). 

 

3.2.3. Axonal Development within the Cortex 

IPCs that migrate from the stem cell niche eventually mature into neurons of the cerebral 

cortex, which is the main processing and cognitive centre in mammalian brains (Rodriguez et 

al., 2012). Neurons possess a highly polarised morphology, with one main neurite that extends 

longer than the rest and becomes the axon, as well as multiple shorter dendrites. These 

extensions are responsible for transmitting information between one neuron and the next. 

Axonal and dendritic specification, therefore, are key to neuronal development. In vivo, 

pyramidal neurons of the cortex and hippocampus become polarised when migrating radially 

(Noctor et al., 2004). Neurons of the neocortex form a leading process and a trailing process 

along the RGC, becoming the dendrites and the axon, respectively (Polleux & Snider, 2010). 

However, many still debate what factors determine the specification of axons and dendrites 

from neurites. 

 

The morphogenesis of axons and dendrites have been a topic that has interested researchers for 

years, with many models of neuronal polarization have been studied. In vivo studies of C. 

elegans revealed that extracellular factors such as Wnt and Netrin were important for 

determining neurite growth (Adler et al., 2006; Pan et al., 2006; Prasad & Clark, 2006). In 

zebrafish, Randlett et al. (2011) found that retinal ganglion cells require laminin, an 

extracellular matrix protein, for the formation of growth cones. Most studies though, use 

embryonic hippocampal neurons to investigate axonal specification mechanisms in vitro. The 
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process of how these neurons develop axons and dendrites in culture has been described to 

happen in several stages. Stage 1 occurs immediately after plating of cells on a coated surface, 

where the cell appears symmetrical with no processes. Within the first 12 hours of plating the 

cells move into stage 2, where neurites will appear on the cells while still being symmetrical. 

After 24 hours, one neurite will break the symmetry and rapidly grow into becoming the axon 

in stage 3. The rest of the neurites will become dendrites. In stage 4, the axon and dendrites 

continue to grow rapidly. Finally, stage 5 occurs approximately 2 weeks after plating, where 

the neuron finally matures and the dendrites develop dendritic spines and synapses with 

neighbouring neurons (Barnes & Polleux, 2009; Cheng & Poo, 2012).  
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Figure 3.1 Establishment of polarity and stages of development in hippocampal neurons 

Dissociated hippocampal neurons form lamellipodia or filopodia structures surrounding the 

nucleus a few hours after plating (Stage 1), and shortly after multiple neurites begin to sprout 

(Stage 2). These neurites extend and retract without net elongation. The following day, one 

of the neurites, with an enlarged growth cone at its tip, elongates rapidly without retraction 

to form the axon (Stage 3; see darkened arrow). Several days later, the remaining neurites 

continue to grow and branch to form the dendrites (Stage 4). In a final step of maturation, 

the axon and dendrites develop further and dendritic protrusions, or spines, appear (Stage 5).  

 

(Barnes & Polleux, 2009) 
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A combination of intrinsic and extrinsic factors has been implicated in axonogenesis. In 

culture, neurites that are exposed to laminin, BDNF, Wnt5A, and Netrin (Esch et al., 2000; 

Mai et al., 2009; Shelly et al., 2007; X. Zhang et al., 2007) are more likely to develop into 

axons. Exposure to Sema3A, however, encouraged the development of dendrites instead 

(Shelly et al., 2011). Indeed, in the cortex, Sema3A is expressed as a gradient, with the highest 

concentration being at the apical side of the cortex (Polleux et al., 2000). Another extracellular 

factor that is expressed as a gradient is TGF-b, which has been suggested to be highly important 

in the development of axons (Ng, 2008; Stegeman et al., 2013; Yi et al., 2010). TGF-b was 

found to regulate axon specification through the phosphorylation of Par6, a major polarity 

protein, by TGF-b receptor 2 (TbR2) (Yi et al., 2010). TbR2 also recruits the E3 ubiquitin 

ligase Smurf1 upon activation, which promotes the degradation of RhoA, a Rho GTPase 

(Ozdamar et al., 2005), which may alter the actin cytoskeleton during axon specification 

(Bradke & Dotti, 1999). External cues therefore, act through intrinsic factors to relay 

information to influence axonal growth.  

 

One of the major intrinsic factors in neuronal polarisation and morphogenesis is the 

cytoskeleton, which is comprised of microtubules and actin. Microtubules consist of a- and b-

tubulin subunits and are themselves polarised. Polymerisation of the subunits occur at the plus-

end of microtubules, while the negative-end undergo depolymerisation (Conde & Cáceres, 

2009). The polymerisation process is highly dynamic, with cycles of growth and shrinkage. At 

the tip of the microtubule filament, ab-tubulin dimer binds to GTP, becoming a stable cap at 

the plus-end. Hydrolysis of GTP-tubulin to GDP-tubulin causes the filament to curl and 

destabilises the plus-end. Early studies in neuronal cytoskeleton revealed that the 

depolymerisation of actin in fact promotes axonal growth (Bradke & Dotti, 1999). The 

destabilisation of actin filaments into its monomeric form (G-actin) is thought to allow the 

elongation of microtubules in the neurite that is destined to be an axon (Bradke & Dotti, 1999). 

While extrinsic and intrinsic factors have been demonstrated to be important for axonal growth, 

it is difficult to ascertain which is important for axonal initiation. Ubiquitylation and 

deubiquitylation is thought to be one of the key post-translational regulatory mechanism in 

neurons to transiently and spatially control protein expression during axonal initiation, 

elongation or synaptogenesis (Ding & Shen, 2008; Schwamborn et al., 2007). The current 

chapter will discuss the effects of the deletion of the deubiquitylating enzyme, Usp9x, from the 

dorsal telencephalon, including how the neuronal population and lamination were affected, as 
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well as how the corpus callosum was found to be significantly decreased in size in the Usp9x-

/y mice. In addition, cortical neurons taken from the brains of embryonic Usp9x-/y mice were 

grown in culture to investigate how the lack of Usp9x may have affected the axonal initiation 

process.  

 

 Methods 

3.3.1. Hematoxylin Staining 

Mounted sections were allowed to dry on the glass for 20 minutes at 37˚C or 1 hour at RT to 

ensure proper adhesion. Sections were then rehydrated in dH2O for 1 minute, followed by 

incubation in Mayer’s Hematoxylin Solution for 2.5 minutes. The reaction was stopped by 

washing the slides under gentle running water for 1 minute. The slides were submerged in a 

gradient of 70%, 95%, and three 100% ethanol washes for 1 minute each. Following 

dehydration, sections were cleared in a series of two xylene washes for a period of 3 minutes 

each. Slides were coverslipped with Dibutylphthalate Polystyrene Xylene (DPX) mounting 

medium (Labchem). 

 

3.3.2. Golgi-Cox Staining 

Perfused and fixed brains were dissected out as before and incubated in 0.9% saline/50 mM 

glycine/0.2% sodium azide solution for 14 days at 4˚C. The brains were then transferred in a 

pre-made Golgi-Cox solution for a further 14 days at RT, refreshing the solution at 24 hours 

and at 7 days. After 14 days, brains were sectioned on the vibratome and mounted as described 

earlier and allowed to dry. Sections were washed with dH2O twice for 2 minutes each and 

soaked in a solution of 75% ammonia for 10 minutes in the dark at RT to develop. Immediately 

afterwards the sections were washed three times with dH2O for 5 minutes each. Dehydration 

steps and coverslipping were done as previously described in the Hematoxylin Staining section. 

 

3.3.3. Immunohistochemistry 

Mounted sections were allowed to dry as previously described. A heat-induced epitope 

retrieval step was performed by placing the slides in a Decloaking Chamber (Biocare Medical) 

for 15 minutes at 95˚C in 10 mM sodium citrate buffer pH 6.0. Sections were washed twice 
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with PBS for five minutes each before proceeding to the blocking and permeabilisation step. 

Sections were blocked using a solution of 2% goat serum and 0.1% Triton X-100 for one hour. 

Primary antibodies were made in the same blocking solution and were added to the sections 

and allowed to incubate overnight at 4˚C. Primary antibodies used were: rat anti-Ctip2 (Abcam 

ab18465, 1:500), rabbit anti-Satb2 (Abcam ab34735, 1:200), and rabbit anti-Oct6 (Abcam 

ab220860, 1:500), rabbit anti-human Tau (Dako A0024, 1:2000), and chicken anti-Map2 

(Abcam ab5392, 1:2000).  The following day, primary antibodies were washed with PBS three 

times for 5 minutes each. Sections were then incubated in secondary antibodies made in 

blocking solution for 2 hours at RT. The secondary antibodies were then washed with three 

five-minute PBS washes. As a counterstain, Hoechst stain (1:1000 in PBS) was added to 

sections and incubated for 10 minutes at RT. Dako Fluorescent Mounting Solution was applied 

and sections were coverslipped and sealed with clear nail polish. Sections were stored at 4˚C 

until used.   

  



 

47  
  

 Results 

3.4.1. Morphological Characterization of Adult Usp9x-/y Cortex 

Previous results from our lab revealed that conditional deletion of Usp9x from the developing 

mouse neocortex resulted in a diffused cellular architecture throughout Usp9x-/y brains 

(Stegeman et al., 2013). However, this observation was not further investigated in terms of the 

reduction in cell number as well as location. Therefore, the current study aimed to identify the 

specific brain regions affected by the ablation of Usp9x and the extent of the decrease in cell 

number. As in the previous studies, the current study used an Emx1-Cre transgenic mice that 

resulted in the deletion of Usp9x from the dorsal forebrain (Stegeman et al., 2013, Oishi et al., 

2016).  

 

Firstly, Usp9x-/y and Usp9x+/y brains were sectioned and stained with hematoxylin and analysed 

for gross morphological changes in the somatosensory, somatomotor, and cingulate cortices, 

as well as corpus callosal structure. The overall thickness of the somatomotor cortex was not 

statistically different between Usp9x-/y (1158.21 µm ± 33.55 SEM, n=3) and Usp9x+/y cortices 

(1192.45 mm ± 39.07 SEM, n=3, p=0.728, Figure 3.2 A, B, G). Cortical thickness of the 

somatosensory region was measured at both rostral and caudal anatomical positions. However, 

no significant difference was observed between Usp9x-/y (rostral: 1166.43 µm ± 77.26 SEM, 

n=3 and caudal: 888.47 µm ± 15.57 SEM, n=3, Figure 3.2) and Usp9x+/y brains (rostral: 

1247.44 µm ± 23.51 SEM, n=3, p=0.416 and caudal: 941.32 µm ± 26.60 SEM, n=3, p=0.359) 

at both anatomical positions. The anterior cingulate gyrus, part of the prefrontal cortex, was 

significantly thicker at the midline in Usp9x-/y brains (2059.26 µm ± 123.81 SEM, n=3) 

compared to Usp9x+/y (1605.66 µm ± 57.32 SEM, n=3, p<0.01, Figure 3.2 G-H). In contrast, 

the retrosplenial cortex did not show a significant difference in thickness between Usp9x-/y 

(1115.51 µm ± 53.82 SEM, n=3) and Usp9x+/y (1061.32 µm ± 45.23 SEM, n=3, p=0.347, 

Figure 3.2 H). Overall, the cortical plate thickness of Usp9x-/y mice is not different to Usp9x+/y 

brains except for the cingulate cortex which is increased at the midline.  

 

Despite the unaffected cortical thickness observed in the majority of the analysed brain regions, 

there was still a possibility that the cellular organization within these areas was affected by the 

deletion of Usp9x as was seen in previous studies (Stegeman et al., 2013, Premarathne et al., 

2017, Figure 3.2 C, D). This was investigated in hematoxylin-stained sections, where cells 
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within the somatosensory, somatomotor, and anterior cingulate cortices were counted. Regions 

of interest (250 x 250 µm2) were drawn within the areas and cells counted semi-automatically 

using ImageJ. 

 

The cellular density within the somatomotor cortex was found to be lower in Usp9x-/y (1533.84 

cells/mm2 ± 86.87 SEM, n=3) compared to Usp9x+/y (2158.22 cells/mm2 ± 172.72 SEM, n=3, 

p<0.05, Figure 3.2 I). The somatosensory cortex showed a similar reduction in cellular density 

in Usp9x-/y cortices (1147.73 cells/mm2 ± 122.92 SEM, n=3) compared to Usp9x+/y cortices 

(1492.27 cells/mm2 ± 115.29 SEM, n=3, p<0.01, Figure 3.2 I). In contrast, no significant 

difference was observed for the cingulate cortex cellular density in Usp9x-/y brains (1580.92 

cells/mm2 ± 60.92 SEM, n=2) compared to Usp9x+/y brains (1878.62 cells/mm2 ± 69.02 SEM, 

n=2, p=0.085, Figure 3.2 I) despite the increased cortical thickness near the midline (Figure 

3.1H). However, the failure to detect a significant difference in the cellular density between 

Usp9x-/y and Usp9x+/y could be due to lack of biological repeats, as there is a trend of lower 

cell density in Usp9x-/y. This result will be readdressed once additional biological samples are 

obtained to satisfy the statistical power. 
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Figure 3.2 Cortical Characterisation of Usp9x-/y Cortex 

(A, B) Coronal sections of the hematoxylin stained Usp9x+/y (WT) and Usp9x-/y (KO) 

cortices. (C-F) Higher magnification images of the inserts demarked in A and B. (C, D) 

Diffused cellular architecture of the Usp9x-cortex compared to Usp9x+/y. (E, F) Significantly 

reduced corpus collosum in Usp9x-/y brains. (G) The graph representing the thicknesses of 
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different regions in rostral frontal cortices between Usp9x+/y and Usp9x-/y brains. Cortical 

thickness was significantly increased in cingulate gyrus of Usp9x-/y brains, but not in 

Somatosensory (SS) or Somatomotor (SM) cortices. (H) Overall cortical thickness of the 

caudal regions, Retrosplenial and Somatosensory cortices, were not significantly different 

between Usp9x+/y and Usp9x-/y brains. (I) The cellular density was significantly reduced in 

the Somatosensory and Somatomotor cortices of the Usp9x-/y brains, but not in the anterior 

cingulate cortex. Scale bars 2 mm. Statistical significance was assessed by the unpaired 

Student’s t test.*, p < 0.05. **, p < 0.01. ***, p < 0.001. 

 

 

The relative increase in cingulate gyrus height is possibly due to the decrease in the thickness 

of the corpus callosum in Usp9x-/y brains (192.67 µm ± 39.54 SEM, n=3) compared to control 

(391.5 µm ± 29.28 SEM, n=3, p<0.05, Figure 3.2 E-F, Figure 3.3 E) and similar to a previous 

report (Stegeman et al., 2013). The corpus callosum thickness was also measured at the midline 

from the rostral to caudal aspect in sagittal sections and found to be shorter in Usp9x-/y brains 

(2818 µm ± 681.5 SEM, n=3) compared to control brains (4752 µm ± 68.25 SEM, n=3, p<0.01, 

Figure 3.3 A-D, F). In addition, some, though not all, Usp9x-/y brains showed enlarged 

ventricles (Appendix 1). 
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Figure 3.3 Usp9x-/y Brains Show Smaller Corpus Callosum 

Sagittal sections of the hematoxylin stained Usp9x+/y (A) and Usp9x-/y (B) cortices. (C, D) 

Higher magnification images of the demarked regions in A and B, showing the reduced 

Corpus callosum thickness in Usp9x-/y brains compared to Usp9x+/y brains. (E, F) Graphical 

representation of the reduced Corpus callosum thickness and length in Usp9x-/y brains. Scale 

bars 1 mm. Statistical significance was assessed by the unpaired Student’s t test.*, p < 0.05. 

**, p < 0.01. ***, p < 0.001. 
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3.4.2. Cortical Lamination of Adult Usp9x-/y Brains 

Immunofluorescence was performed on coronal sections of Usp9x-/y and Usp9x+/y brains to 

investigate the lamination of the somatosensory cortex. Previous cell density analysis was done 

on hematoxylin-stained sections, which stains the nucleus of all the cellular population within 

the region, including neurons and glial cells. Therefore, to analyse the cortical lamination, 

markers of specific neuronal populations were used. If the deletion of Usp9x affects the waves 

of neurogenesis that produced the layers, it will be apparent in the lamination patterns. For 

deep layer neurons, an antibody against Ctip2 was used, which is highly expressed in neurons 

in layer V and VI (Molyneaux et al., 2007). An antibody against Satb2 was used to characterize 

the superficial layers of the cortex (Leone et al., 2015), though it is expressed by neurons of all 

the layers. Firstly, the thickness of the deep and superficial layers of the somatosensory cortex 

were measured. There was no significant difference between the Usp9x-/y (647.53 µm ± 14.03 

SEM, n=4) and Usp9x+/y (691.44 µm ± 14.19 SEM, n=3, p=0.078) brains in superficial layers 

II/III and IV (Figure 3.4 A, C). Similarly, deeper layers V and VI were not significantly 

different between the Usp9x-/y (647.58 µm ± 7.69 SEM, n=4) and Usp9x+/y (659.85 µm ± 16.54 

SEM, n=3, p=0.524, Figure 3.4 A, C). The overall composition of Ctip2+ and Satb2+ cells 

within the somatosensory cortex also was not different between Usp9x-/y and Usp9x+/y brains. 

Cells positive for Ctip2 comprised 23.33% ± 1.69 SEM of the total number of cells within a 

500 µm section of the somatosensory cortex of the Usp9x-/y brains (n=4), which was not 

significantly different from Usp9x+/y brains (17.60% ± 1.17 SEM, n=4, p=0.110, Figure 3.4 

D). Likewise, the composition of Satb2+ cells in Usp9x-/y somatosensory cortex (37.59% ± 2.93 

SEM, n=5), was not significantly different that Usp9x+/y brains (41.87% ± 2.36 SEM, n=4, 

p=0.199, Figure 3.4 D).  

 

The same markers of cortical lamination were used to calculate the cell density of deep and 

superficial neurons of Usp9x-/y and Usp9x+/y somatosensory cortex. While there was no 

difference between the superficial neuronal density of Usp9x-/y (798.60 cells/mm2 ± 56.25 

SEM, n=3) and Usp9x+/y somatosensory cortices (691.11 cells/mm2 ± 51.99 SEM, n=3, 

p=0.229, Figure 3.4 B), a decrease in deeper layer neuronal density in the Usp9x-/y sensory 

cortex (336.06 cells/mm2 ± 35.66 SEM, n=3) compared to Usp9x+/y sensory cortex (571.79 

cells/mm2 ± 80.31 SEM, n=3, p<0.05, Figure 3.4 B) was detected. This corresponds with the 

results of the hematoxylin staining and revealed that the population of deep layer neurons of 
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the somatosensory cortex may contribute to the overall decrease of cell population seen in 

Usp9x-/y brains.  
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Figure 3.4 Usp9x-/y Show Normal Cortical Lamination 

(A) Coronal sections of Usp9x+/y (WT) and Usp9x-/y (KO) brains immunostained with deep 

layered neuronal marker Ctip2 (layers V and VI) and superficial neuronal marker Satb2 

(layers II/III and IV). (B) Neuronal density of Ctip2+ deep layered neurons was significantly 

reduced in Usp9x-/y brains compared to Usp9x+/y. (C) No difference observed for overall 
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thickness of the Ctip2+ deep layers and Satb2+ upper layers in Usp9x-/y cortices. (D) No 

difference was observed for Ctip2+ and Satb2+ cell percentage between Usp9x+/y and Usp9x-

/y brains.  Scale bars = 50 μm. Statistical significance was assessed by the unpaired Student’s 

t test.*, p < 0.05. 

 

3.4.3. Characterization Uspx-/y Hippocampal CA1 and Dentate Granule Neurons  

Following previous studies where overall postnatal hippocampal growth was characterized in 

the absence of Usp9x (Oishi et al., 2016, Stegeman et al., 2013), the dentate granule neuron 

population in Usp9x-/y mice was discovered to be significantly decreased (Oishi et al., 2016). 

However, the CA1 region of the hippocampus, that has been specifically linked to spatial 

learning (Pavlowsky et al., 2017; Sacchetti et al., 2004; Whitlock et al., 2006), was not 

investigated. This area is of interest for investigation following results from the Piper lab 

indicating that Usp9x-/y mice have learning impairments when subjected to the active place 

avoidance test (Piper Lab, unpublished). Usp9x-/y mice failed to learn to avoid a stationary 

shock zone while on a rotating platform, indicating impaired spatial learning. Therefore, this 

study set out to investigate whether the neuronal population within the CA1 has also been 

affected as a result of the deletion of Usp9x. 

 

An antibody against a marker of CA1 neurons of the hippocampus, Oct6, was used to 

investigate the neuronal population within the region (Figure 3.5). The density of CA1 neurons 

in brains lacking Usp9x (3048 cells/mm2 ± 171.2 SEM, n=3) was not statistically different to 

that of control brains (3249 cells/mm2 ± 38.79 SEM, n=3, p=0.317, Figure 3.5 B). However, 

the total number of CA1 neurons was significantly decreased in Usp9x-/y (392.3 cells ± 16.22 

SEM, n=3) compared to Usp9x+/y (630.3 cells ± 26.87 SEM, n=3, p<0.01, Figure 3.5 C).  

 



 

56  
  

 

Figure 3.5 CA1 Region of Usp9x-/y Has Fewer Neurons 

(A) Coronal sections of the representative hippocampi of Usp9x+/y and Usp9x-/y brains. 

Inserts represent the magnified areas of the CA1 regions. (B) No difference in the cellular 

density for Oct6+ neurons at CA1 regions of Usp9x+/y and Usp9x-/y brains. (C) Number of 

Oct6+ neurons were significantly reduced in Usp9x-/y CA1 region compared to Usp9x+/y. 

Scale bars =  μm. Statistical significance was assessed by the unpaired Student’s t test.*, p 

< 0.05. 
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The loss of Usp9x has been found to hinder the development of neuroblasts into dentate granule 

(DG) neurons in postnatal hippocampal development (Oishi et al., 2016). The previous study 

also found an overall decrease in the number of DG neurons. Therefore, a Golgi-Cox stain was 

performed to investigate the morphology and arborisation of DG neurons in adult Usp9x-/y 

brains (Figure 3.6). Interestingly, the overall morphology of DG neurons did not show any 

obvious differences (Figure 3.6 A). Sholl analysis revealed that the maximum number of 

branchings for both Usp9x-/y and Usp9x+/y neurons was approximately 5, with the peak located 

between 50 – 100 µm from the start of the primary dendritic branch (Figure 3.6 B). This may 

indicate that while Usp9x is crucial for neurogenesis of DG neurons, it may not be needed for 

dendritic arborisation and elongation.  

 

Further investigations revealed however, Usp9x may be needed for the development and 

maturation of dendritic spines. Dendritic spines were analysed for spine density and length on 

Golgi-Cox stained sections (Figure 3.7). In neurons lacking Usp9x, spines appeared to be 

thinner and shorter (1.018 µm ± 0.03 SEM, n=5 neurons) than controls (1.38 µm ± 0.12 SEM, 

n=4 neurons, p<0.05, Figure 3.7 B). Dendritic spine density was higher in Usp9x-/y neurons 

(2.145 spines/µm ± 0.11 SEM, n=5 neurons) than Usp9x+/y (1.311 spines/µm ± 0.15 SEM, n=4 

neurons, p<0.001, Figure 3.7 C). Studies by our collaborators indicate that Usp9x may be 

needed for proper maintenance of dendritic spines in cortical neurons (Yoon et al., in press). 

As the dendritic spine is a critical component of synapses, any impairments will lead to 

problems in the relay of information especially in hippocampal-dependent learning (Bressler 

& Menon, 2010).  
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Figure 3.6 Usp9x-/y Dentate Granule Neurons Show Normal Arborisation 

(A) Golgi-Cox staining on Usp9x-/y and Usp9x-/y dentate granule neurons revealed normal 

arborisation of dendrites. (B) Sholl analysis was performed on the dendrites of Usp9x+/y and 

Usp9x-/y neurons. Number of maximum intersection was approximately. 5 in both groups, 

within the same radius of 200 µm from the dendrite initiation point. Scale bar 200 µm. 
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Figure 3.7 Usp9x-/y DG Neurons Show Dendritic Spine Abnormalities 

(A) Dendritic spines of Golgi-Cox stained dentate granule neurons revealed shorter and 

thinner spines on Usp9x-/y- neurons compared to Usp9x+/y. (B) Dendritic spine length was 

significantly reduced in Usp9x-/y compared to Usp9x+/y. (C) Dendritic spine density measured 

per µm of dendrite length was increased in Usp9x-/y compared to Usp9x+/y.  

 

Finally, previous studies in our laboratory have demonstrated that loss if Usp9x delays axon 

initiation in hippocampal DG neurons (Wood and Piper, personal communication). Therefore, 

the effect of Usp9x deletion on axon initiation in cortical neurons were investigated (Appendix 

1). In DG neurons, there was a delay in the axons developing past stage 1 of the axon initiation 

process and entering stages 2 and 3. However in cortical neurons, there was no delay observed, 

with neurons from both genotypes reaching stage 3 of axonal development within 72 hours 

(Appendix 2). 
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 Discussion 

3.5.1. Usp9x-/y Brains Show Normal Cortical Thickness but Lower Cellular 

Density  

The effects of Usp9x deletion are restricted to the dorsal telencephalon where Emx1 is 

expressed. This is most evident in the dramatically decreased size of the hippocampus 

(Stegeman et al., 2013, Oishi et al., 2016). It was also previously reported that some cortical 

structures were affected due to the deletion of Usp9x. This included a diffuse appearance of 

the neuronal architecture within the neocortex as well as a thinner corpus callosum (Stegeman 

et al., 2013). This study therefore, ventured to further characterize these features in more detail. 

Firstly, measurements were taken of the thickness of several major areas in the neocortex. The 

somatosensory, somatomotor, and the retrosplenial cortex did not differ in size between Usp9x-

/y and Usp9x+/y. The somatosensory cortex, as its name would suggest, processes all sensory 

information coming from the body and allows the brain to build a representation of the external 

world (Aronoff et al., 2010; Penfield & Boldrey, 1937). This area comprises one of the largest 

volumes in the neocortex along with the somatomotor cortex. The somatomotor cortex relays 

information from the central nervous system ultimately to the skeletal muscle system for 

voluntary movement (Isomura et al., 2009). These two areas of the brain are required for 

motility, movement, and more importantly, complex behaviour (Zingg et al., 2014). Though 

there was no difference in the thickness, there was a difference in the cellular density in both 

cortices. While each of the areas are designated as separate “sensory” and “motor” cortices, in 

reality they do not function independently from one another and instead work together as a 

large-scale network (Bressler & Menon, 2010). These networks depend on anatomical and 

physical linkages between the neurons through synaptic connections. The reduced number of 

cells in both the somatosensory and somatomotor cortices may indicate a disrupted structural 

network which in turn may result in an impairment in processing sensory information and 

motor output. However, gross motor functions of Usp9x-/y were normal and no obvious motor 

stereotypes were observed. This was evident by the unchanged fine motor movements and 

ambulatory abilities between of Usp9x-/y and Usp9x+/y mice.  

 

The next area examined was the retrosplenial cortex, located dorsomedially to the 

hippocampus. Due to their proximity, it is thought that the retrosplenial cortex may work 

together with the hippocampus in spatial memory formation. Indeed, studies have found that 
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the retrosplenial cortex is important in the formation of spatial memory and learning, as well 

as navigation (Czajkowski et al., 2014; Pothuizen et al., 2009). There are reciprocal 

connections between the hippocampus and the retrosplenial cortex. The hippocampal 

connection starts form the CA1 region, while connections from the retrosplenial cortex can be 

divided into the place of origin. The rostral retrosplenial cortex connects to the septal 

hippocampus, whereas the caudal retrosplenial cortex connects to the temporal hippocampus 

(Wyss & Van Groen, 1992). In Usp9x-/y brains there was no difference in the overall thickness 

of the retrosplenial cortex. This may not necessarily indicate normal function as the 

hippocampal connections may still be impaired. Moreover, the cellular population within this 

area was not quantified. If the trend of lower cell density is also true within the retrosplenial 

cortex then the neural circuitry may be disrupted even further. Future experiments will include 

investigating the connections between the hippocampus and the retrosplenial cortex using high-

resolution diffusion tensor and magnetic resonance imaging (DTMRI). If the connection 

between the two is in fact impaired, this may present additional complications implicated in 

learning disabilities found in human patients with USP9X mutations.  

 

Another area that is implicated in spatial memory is the anterior cingulate cortex (ACC) which 

is important in spatial memory storage (Teixeira et al., 2006). In particular, long-term storage 

of older memories is relocated to the ACC from the hippocampus. While this demonstrates the 

connection between the ACC and the hippocampus, the ACC also has extensive connections 

to the amygdala, hypothalamus, frontal cortex, and brain stem (Stevens et al., 2011). The 

ACC’s function therefore has been linked to emotions, autonomic activity, as well as reward-

related behaviour. The ACC also has projections to the premotor and motor cortex, as well as 

to the spinal cord (Stevens et al., 2011). The ACC lies caudally to the prefrontal cortex and has 

extensive connections to both the lateral prefrontal cortex as well as the premotor and motor 

cortices. The cingulate cortex also harbors its own cingulate motor area, which extends its 

projections to the spinal cord (Paus, 2001; Stevens et al., 2011). Therefore, the ACC lies 

centrally in coordinating cognitive functions and motor responses. In primates, this includes 

the control of speech and vocalisations (Paus, 2001). The ACC of Usp9x-/y mice was found to 

have increased in size due to an elongation at the midline. However, the cellular density of the 

ACC, though showing a trend of being lower than the control, was not significantly decreased. 

How this affects the neurocircuitry is currently unclear, however, it could be speculated that 

the bridge between cognition and the motor system is impaired in some way. Patients with 

lesions in the ACC have been reported to have deficits in the spontaneous initiation of 
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movement and speech (Turken & Swick, 1999). Interestingly, however, increased activation 

of the cingulate cortex has been observed in patients with generalized anxiety disorder (GAD) 

and post-traumatic stress disorder (PTSD) (Etkin & Wager, 2007; Shin & Liberzon, 2010). 

Further studies with DTMRI and volumetric measurements may provide more insight as to 

how this may affect function of the ACC in brains lacking Usp9x and how it ultimately 

manifests in changes in behaviour, as anxiety-like traits have been observed in Usp9x-/y mice.  

 

3.5.2. Cortical Lamination and Neuronal Population Within the Somatosensory 

Cortex of Usp9x-/y Brains 

The neocortex is so named as it is evolutionarily the newest part of the brain to develop. Also 

called the isocortex, the neocortex consists of six distinct layers, which distinguishes it from 

the archicortex or paleocortex (which includes the hippocampus) that only has three layers (De 

Juan Romero & Borrell, 2015; Molnár et al., 2012). Cortical neurons arise from neural 

progenitors in the ventricular/subventricular zone (VZ/SVZ) during development (Faux et al., 

2012). The first wave of neurons leave the VZ and move towards the pial surface to form the 

preplate layer. A second wave of neurons generated by the neural progenitors in both the VZ 

and SVZ, splits the preplate layer into layer I and the subplate, with the cortical plate in 

between. The cortical plate expands from the inner-most layer to the outer-most (Angevine & 

Sidman, 1961). Neuronal layers are formed with layer VI first, and the more superficial layers 

follow in waves, creating layers V-II (Faux et al., 2012; Molyneaux et al., 2007; Sur & Leamey, 

2001). The superficial layers are a new addition evolutionarily (Aboitiz, Morales, et al., 2003; 

A  Kriegstein et al., 2006) to accommodate the extensive cortical expansion and cognitive 

abilities that separates mammals from birds and lizards. The lamination of these different layers 

of the neocortex was investigated in Usp9x-/y brains using different markers for superficial layer 

neurons and deeper layer neurons, Satb2 and Ctip2, respectively. It was found that the overall 

lamination patterns in Usp9x-/y brains were normal, except for the decrease in density of Ctip2+ 

cells in the deeper layers (V and VI). Neurons arising from these layers extend axonal 

projections through the corpus callosum to the opposite hemisphere (Molyneaux et al., 2007). 

Although the nuclear localisation of Ctip2 did not reveal the commissural projections of the 

neurons across the corpus callosum, it could be posited that the thinner corpus callosum seen 

in Usp9x-/y brain may be due to a decrease in the number of Ctip2+ neurons that are projecting 

to the contralateral cortex through the tract. Projections from layer V also extend subcerebrally, 
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from the sensory cortex to the spinal cord (Molyneaux et al., 2007). As the earliest stages of 

neurogenesis start at embryonic day 11.5 (E11.5) (Molyneaux et al., 2007), and the expression 

of Emx1, which drives the deletion of Usp9x in the mouse model used in this study, can be 

detected at E9.5 (Simeone et al., 1992) the production of pyramidal neurons may be impacted 

from a very early period. This includes the decreased number of Ctip2+ neurons observed in 

layer VI and V that are produced at E12.5 (Sur & Leamey, 2001). Future experiments will 

include investigating the lamination of other cortical areas to determine if the decrease in 

density of deeper layers occurs outside of the somatosensory cortex, or if the superficial layers 

are affected in any other areas. In addition, markers against astrocytes, oligodendrocytes as 

well as microglia will also be used to quantify the population of glial cells as it may also 

contribute to the reduction of cellular population in the cortex seen in the hematoxylin-stained 

sections.  

 

1.1.1 Corpus Callosum Dysgenesis in Usp9x-/y 

The corpus callosum is the largest interhemispheric structure in the brain. Studies have shown 

that corpus callosum dysgenesis occurs in around 1 in every 4000 people in a normal 

population. Patients range from suffering no adverse effects to severe intellectual disability 

(Bedeschi et al., 2006; Paul et al., 2007). However, there is a trend of deficits in cognition and 

social skills even in patients without learning disabilities (Paul et al., 2007). The corpus 

callosum of the Usp9x-/y mice was found to be significantly thinner at the midline. The overall 

size of the corpus callosum when measured from the caudal to rostral aspect was also 

significantly smaller. This phenotype of corpus callosum dysgenesis is also seen in BTBR T + 

tf/J (BTBR) mice (Fenlon et al., 2015) and mice lacking Intersectin-1 (Sengar et al., 2013). 

Incidentally, they also show compromised spatial learning and memory (Sengar et al., 2013). 

This is not surprising considering the corpus callosum has been shown to be crucial for spatial 

memory formation (Macpherson et al., 2008). In addition, BTBR mice display abnormal 

behaviour that represent the major diagnostic features of ASD: repetitive behaviour, 

communication deficits, and abnormal social behaviour (McFarlane et al., 2008; Scattoni et 

al., 2008; Sforazzini et al., 2016). Patients with mutations causing corpus callosum dysgenesis 

and intellectual disability have also been found to exhibit ASD-like traits (Halgren et al., 2012). 

It is unclear however, whether those ASD-like traits occur solely because of the lack of corpus 

callosum or through other underlying causes (Yang et al., 2009). Even without a fully-

functioning corpus callosum, the two hemispheres can function independently to control simple 
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behaviour (Evans & Bashaw, 2010). However, the disruption seen in Usp9x-/y corpus callosum 

is more than likely to affect any complex learning behaviour, as evidenced by the APA task. 

As corpus callosum dysgenesis is also seen in patients harbouring USP9X mutations (either 

heterozygous in females or point mutations in males), it may contribute to the intellectual 

disability suffered by these patients (Reijnder et al., 2016; Homan et al., 2014; Johnson et al., 

2019). Future experiments will include visualizing the extent of corpus callosum dysgenesis in 

Usp9x-/y mice by using DTMRI and how it affects other commissural structures (e.g. anterior 

commissure, hippocampal commissure) and whether there are structural compensations.  

 

Another possible avenue for future experiments would be to look at the full extent of axonal 

development in cultured cortical neurons. The current study is limited in that cortical neurons 

in culture were only observed for 72 hours before being fixed and imaged (Appendix 2). In the 

future, it is crucial to look at whether cortical neurons from Usp9x-/y animals are shorter in 

length as observed in neurons obtained from the Usp9x-/y hippocampus (Homan et al., 2014; 

Stegeman et al., 2013). If cortical neurons displayed shorter axonal growth overall, it may 

explain, in part, the callosal dysgenesis seen Usp9x-/y brains. 

 

3.5.3. Fewer Hippocampal Neurons of CA1 Region in Usp9x-/y 

The CA1 region of the hippocampus have been strongly implicated in spatial learning 

(Pavlowsky et al., 2017; Sacchetti et al., 2004; Whitlock et al., 2006), and has major 

projections to the subiculum as well as the entorhinal cortex (Amaral et al., 2007). Furthermore, 

the CA1 also has connections to the amygdala, hypothalamus, retrosplenial cortex, anterior 

cingulate cortex, and prefrontal cortex (Cenquizca & Swanson, 2007; Wyss & Van Groen, 

1992), further supporting the notion that spatial learning and memory relies upon a consortium 

of multiple areas working together as a network. With other major structures linked to spatial 

memory severely impacted with the deletion of Usp9x (ACC and corpus callosum), the reason 

behind the Usp9x-/y spatial learning impairment may be more than simply due to the impaired 

hippocampal function. Though in saying so, the hippocampus is still crucially needed for the 

continuous formation of spatial memories and navigation, as well as its maintenance into 

longer-lasting memories (Broadbent et al., 2006; Stackman et al., 2016; Teixeira et al., 2006). 

In Usp9x-/y mice, where the CA1 neurons were significantly reduced in number, the 

connections between the hippocampus and the parahippocampal structures are more than likely 

to be severely impacted. Further experiments involving tractography and volumetric 
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measurements will be used to investigate whether the connections coming to and from the CA1 

region is indeed reduced due to the fewer number of cells being present. 

 

3.5.4. Dentate Granule Neurons Show Normal Arborisation but Abnormal Spine 

Morphology 

The dentate gyrus is one of the two sites in the adult mammalian brains that undergo 

neurogenesis throughout life, the other being the SVZ (Eriksson et al., 1998). Neural 

progenitors in the subgranular zone (SGZ) of the dentate gyrus migrate into the inner granule 

layer as they mature into dentate granule neurons (W. Deng et al., 2009). These dentate granule 

neurons project their axons into the CA3 region, whereas the dendrites grow and extend into 

the molecular layer (Amaral et al., 2007; C. Zhao et al., 2006). Dentate granule neurons relay 

information from the layer II of the entorhinal cortex to the CA3 region. The synaptic pathway 

then continues to the CA1 where the circuit ends back in layer V of the entorhinal cortex 

(Aimone et al., 2011; Nakashiba et al., 2008). The functions of dentate granule neurons are 

found to be crucial in spatial learning, fear conditioning, rapid pattern separation, as well as 

long-term retention of memory (Clelland et al., 2009; W. Deng et al., 2009; McHugh et al., 

2007; Yu et al., 2014). Any impairments in hippocampal neurogenesis or dentate granule cell 

function are implicated in mental disorders such as depression, schizophrenia, seizures, and 

drug addiction (Jessberger et al., 2007; Jun et al., 2012; Shin & Liberzon, 2010). Dentate 

granule neurons have a characteristic cone-shaped dendritic branching pattern (Amaral et al., 

2007). These dendritic branches are covered with spines, which synapse with entorhinal cortex 

axons that provide most of the input (Krueppel et al., 2011). Drakew et al. (1999) found that 

the arborisation of dentate granule cells is dependent on synaptic input from the entorhinal 

cortex, however spine maturation is activity-dependent. The function of dendrites and their 

spines is therefore crucial for hippocampal-dependent learning, with spinal plasticity being the 

focus for many studies (Gu et al., 2014; Mizrahi et al., 2004; Q. Zhou et al., 2004). Dendritic 

arborisation of Usp9x-/y dentate granule cells appeared normal compared to control. However, 

the dendritic spines were found to be have a shorter and thinner morphology. The density of 

spines was also found to be increased in Usp9x-/y dentate granule cells compared to Usp9x+/y. 

This may suggest that synaptic input from the entorhinal cortex to the dentate granule cells is 

unimpaired, leading to the normal branching pattern seen in Usp9x-/y. Conversely, the loss of 

Usp9x may disrupt the function of dentate granule cells themselves and cause the dendritic 
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spines to have an abnormal morphology. While currently it is unclear what the consequences 

are of the changes seen in dendritic spines, altered connectivity within this area may play a role 

in the learning impairments seen in Usp9x-/y mice. Changes is spine function has impact in both 

the synapses as well as at the circuit-level (Penzes et al., 2011). Spine aberrations have been 

found in psychiatric disorders such as ASD, schizophrenia, and Alzheimer’s disease (Penzes 

et al., 2011). The common feature between these diseases, other than the abnormal spine 

morphology, is cognitive decline. This indicates that proper development of dendritic spines 

and spinal plasticity is important in learning.  

 

Conditional deletion of Usp9x from developing mouse forebrain significantly hinders the 

development of corpus callosum and hippocampus, but did not affect the cortical lamination 

or gross cortical morphology. Given the importance of the above brain regions in memory 

formation, maintaining and establishing behaviour traits, and in social interactions, the 

observed tissue abnormalities in Usp9x-/y mice may account for the pathological behaviour 

traits observed in USP9X patients.  
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4.Chapter 4: Usp9x-/y Mice Display Chronic 

Anxiety and Hyperactivity 
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 Introduction 

Neurodevelopmental disorders are enormously heterogeneous in both cause and symptoms. 

The high heritability of ASD and ID has led to numerous efforts to model several genetic 

mutations in experimental animals in an effort to delve into the aetiology of the disorders. 

These targeted mutations often recapitulate cellular mechanisms that may be impaired in ID or 

ASD patients, including, but not limited to, synaptic or cell adhesion molecules, 

neurotransmitters or receptors, as well as signalling and developmental proteins (Jacqueline 

Crawley, 2012). Other models target specific syndromes in humans by creating homologous 

mutations in mice, for example targeting Mecp2 to model Rett Syndrome (Chang et al., 2006; 

Chao et al., 2010), Fmr1 to model Fragile X Syndrome (Dölen et al., 2007; Koekkoek et al., 

2005), and Tsc1/Tsc2 for Tuberous Sclerosis (Tang et al., 2014; Tsai et al., 2012), or 

Shank2/Shank3-related ASD (Schmeisser, 2015; Won et al., 2012). 

 

The Usp9x-/y mouse model used in this current study was created using the Cre-Flox system 

(Stegeman et al., 2013). Earlier studies have described the mice as having impaired postnatal 

development of the hippocampus (Oishi et al., 2016; Stegeman et al., 2013). In a recent 

publication, B. V. Johnson et al. (2019) also demonstrated that the Usp9x-/y mice show some 

symptoms of learning impairments similar to human ID patients. Usp9x-/y mice were subjected 

to a behavioural test that specifically measures memory formation and spatial learning that is 

directly correlation to hippocampal function (B. V. Johnson et al., 2019). However, the 

hippocampus is not the only area in the brains of Usp9x-/y mice that is affected by the depletion 

of Usp9x.  

 

As described in Chapter 3, Usp9x-/y also show dysgenesis of the corpus callosum, something 

that is seen in a large number of ASD and ID patients (Alexander et al., 2007; Barnea-Goraly 

et al., 2004; Egaas et al., 1995; Halgren et al., 2012; Heimer et al., 2015; Hellman-Aharony et 

al., 2013; Lau et al., 2013; Mignot et al., 2016; Paul et al., 2007; Paul et al., 2014). The corpus 

callosum is the largest interhemispheric connection in the brain, responsible for signal 

conduction between different cortical regions as well as brain lateralisation (Alexander et al., 

2007; Iacoboni & Zaidel, 2003; Innocenti, 1986). In humans, the rostral parts of the corpus 

callosum, the genu and rostrum, has extensive connections between the prefrontal cortex 

(Witelson, 1989). The caudal part of the corpus callosum, called the splenium, has connections 
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between the occipital, temporal, and parietal areas (Witelson, 1989). Individuals with callosal 

impairments, such as agenesis of the corpus callosum, whether partial or complete, have been 

described to have deficits in language perception and social impairments (W. S. Brown & Paul, 

2000; Lau et al., 2013; O’Brien, 1994; Paul et al., 2014; Symington et al., 2010). Corpus 

callosum agenesis (agCC) affects approximately 1 in 4000 people (Glass et al., 2008), 

however, only 30-45% of the cases have an identifiable cause (Paul et al., 2014). Within these 

numbers, the comorbidity rate of ASD/ID is unknown, although, one study identified that 33% 

of people with agCC also have ASD traits (Lau et al., 2013). Incidence of agCC is also higher 

in individuals with ID at 2-3%, compared to 0.02-0.025% in the general population (Mignot et 

al., 2016). Moes et al. (2009) also found that 77% individuals with agCC have developmental 

delay.  

 

With the similarities between Usp9x-/y mice and other models of agCC, we set out to investigate 

if the deletion of Usp9x affected more than learning and memory functions in the mice. As 

several patients with Usp9x-/y mutations have been diagnosed with ASD as well as other mental 

disorders such as anxiety, we set out to investigate those traits in our mouse model by using 

standardised assays that measure anxiety-like behaviour in mice (J. Crawley & Bailey, 2008). 

Initially, we characterised the overall home cage behaviour of Usp9x-/y mice using the 

Phenomaster, and then we investigated some anxiety-related and exploratory behaviours using 

open field, elevated plus maze, and light dark box assays. 
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 Methods 

4.3.1. Phenomaster Metabolic Home Cage Observations 

Adult animals were housed individually at the Integrated Physiology Facility at the School of 

Biomedical Sciences of the University of Queensland for the duration of the experiment. The 

Phenomaster apparatus allows animals to be monitored in their home-cage setting with minimal 

interaction with humans. Animals were checked twice every day for food and water 

availability. Animals were allowed to acclimatize for a week in a mock experimental chamber, 

including allowing them to learn how to use the food and water dispensers. A normal 12-hour 

light/dark cycle is applied to the mice during the period of both acclimatization and recording. 

After a week, test subjects were transferred into the experimental chamber where food and 

water consumption, body weight, gas exchange rate, and activity were monitored for a week. 

Data acquisition and analysis were made on the TSE Systems (TSE) software. After 

experimental readings were finished, animals were sacrificed, perfused, and brains extracted 

(see Chapter 2). Animals that did not learn to eat/drink from the dispensers were given food/gel 

packs on the floor of the cage and were discarded from any statistical analysis. 

 

4.3.2. Open Field 

The open field maze consists of an open arena measuring 30 x 30 x 30 cm3 whereby the test 

animals are placed and recorded for 10 minutes. Recordings were then analysed using 

Ethovision, where edge and centre areas are designated. The total time the animals spent in 

each area and total transitions were calculated. Ethovision was used to analyse the following 

criteria: frequency and duration in each area of the arena, duration of movement and non-

movements, latency to areas, distance travelled, and average velocity. The total number of 

animals used were 26 for Usp9x+/y and 16 for Usp9x-/y animals. 

 

4.3.3. Elevated Plus Maze 

Standard EPM test was performed to measure anxiety-related behaviour (Lister, 1987) 

(Rodgers & Dalvi, 1997) as well as exploratory behaviour (Foldi et al., 2019). The EPM was 

made with opaque grey acrylic and consisted of two opposing pairs of arms, one open (5 × 30 

cm) and one closed (5 × 30 × 30 cm3 high) extending from a central platform (5 × 5 cm2) that 
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was positioned 50 cm above the ground. Mice were placed on the central platform facing one 

of the open arms. During each 10 minutes trial, the distance moved was measured, as was the 

frequency, duration. The total number of animals used were 16 for Usp9x+/y and 15 for Usp9x-

/y animals. 

 

4.3.4. Light/Dark Box 

The light/dark emergence test for the Usp9x+/y and Usp9x-/y mice is conducted in four individual 

activity monitors (27.9 x 27.9 cm) with three 16 beam infrared arrays (MED Associates, Inc., 

Georgia, VT, USA), each containing a darkened acrylic insert that was penetrable by infrared 

light and sheltered half the arena. To start the test the mouse is placed into the dark 

compartment and each mouse was recorded for 30 minutes. Activity was measured as counts 

of infrared beam breaks as well as the duration spent being mobile or stationary in each 

compartment. The results are presented in 10 minute bins. The total number of animals used 

were 16 were Usp9x+/y and 15 for Usp9x-/y animals. 
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 Results 

4.4.1. Phenomaster Home-Cage Observations reveal Usp9x-/y Mice Show 

Normal Metabolic Activity 

To investigate the possible effects of the deletion of Usp9x outside of the nervous system, we 

housed Usp9x-/y mice and their control littermates in the Phenomaster for 7 days and recorded 

their body weight, food and water intake, gas exchange, and calories burned. Firstly, the 

amount of food intake was not significantly differently between Usp9x-/y (16.77 g ± 0.42 SEM, 

n=10) and Usp9x+/y mice (14.68 g ± 1.23 SEM, n=6, p=0.073, Figure 3.7 D). Similarly, there 

was also no difference in water intake between Usp9x-/y (15.50 mL ± 0.81, n=10) Usp9x+/y mice 

(15.99 mL ± 0.76 SEM, n=6, p=0.69, Figure 3.7 D). The amount of O2 consumption (VO2) and 

CO2 production (VCO2) was also not significantly different between Usp9x-/y and Usp9x+/y 

animals (Table 1, Figure 3.7 A). The respiratory exchange ratio (RER) was calculated by 

dividing the value of VCO2 by VO2 to get an indication of which fuel type was predominantly 

being used as energy. A higher RER (>1.00) indicates mostly carbohydrates being used as a 

fuel source, whereas a low RER value (<0.70) indicates usage of fat. Both Usp9x-/y and 

Usp9x+/y mice showed a higher RER trend during the dark period when they are most active 

(Figure 3.7 C). Furthermore, the RER values for both groups are nearly identical (Table 1, 

Figure 3.7 C). Finally, calorimetric readings were taken as kilocalories (kcal) per hour from 

each animal. Again, the caloric release of both groups is nearly identical (Table 1, Figure 3.7). 

These data suggest at least the metabolic rate and process in Usp9x-/y mice remain normal 

compared to Usp9x+/y animals. 

 

Table 6 Phenomaster Metabolic Readings 

 Usp9x+/y ± SEM Usp9x-/y ± SEM p-Value 

VO2 (mL/h) 82.06 ± 2.59 84.85 ±1.53 0.318 

VCO2 (mL/h) 69.63 ± 2.25 73.25 ± 1.53 0.349 

RER Light Period 0.79 ± 0.008 0.79 ± 0.005 0.786 

RER Dark Period 0.89 ± 0.008 0.89 ± 0.008 0.764 

Calorimetric Light 

Period (kcal/h) 

0.36 ± 0.008 0.38 ± 0.008 0.415 
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Calorimetric Dark 

Period (kcal/h) 

0.44 ± 0.018 0.44 ± 0.012 0.873 

 

 

Figure 4.1 Usp9x-/y Mice Show Normal Metabolic Activity and Body Weight 

(A) Oxygen consumption (VO2) and carbon dioxide production (VCO2) levels were not 

significantly different between Usp9x-/y and Usp9x+/y mice during the 7-day recording period 

in the Phenomaster. No significant difference was found in calorimetric readings (B), 

respiratory exchange ratio (C), as well as food and drink consumption (D) between Usp9x-/y 

and Usp9x+/y mice, indicating metabolic functions were not affected by the deletion of Usp9x 

from the dorsal telencephalon. Body weight (E) was also not significantly different between 

the two genotypes. 
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4.4.2. Usp9x-/y Mice Show Higher Initial Activity 

Mice were also recorded for activity for the duration they were in the Phenomaster. Readings 

were made every minute and the cumulative activity counts per unit of time were analysed. 

Unless otherwise specified, 10 animals were used for the Usp9x-/y group and 6 for Usp9x+/y. 

Within the first few hours, all animals showed increased activity levels due to the animals being 

moved to an unfamiliar test cages (data not shown). However, Usp9x-/y mice showed 

significantly higher activity levels in the first 15 minutes (2113 counts ± 160.93 SEM) 

compared to controls (1033.53 counts ± 108.21 SEM, p<0.001, Figure 3.8 A). Activity within 

the central region of the cage was also higher in Usp9x-/y mice (1110.60 counts ± 103.08 SEM) 

compared to Usp9x+/y mice (398.87 counts ± 104.03 SEM, p<0.001, Figure 3.8 B). In addition, 

Usp9x-/y travelled a longer distance within the same time frame (5408.00 cm ± 511.21 SEM) 

compared Usp9x+/y (2594.60 cm ± 366.85 SEM, p<0.01, Figure 3.8 B). This closely matched 

the results of a previous motility experiment performed on adult Usp9x-/y mice where the mice 

were observed to travel a longer distance during a 5-minute recording period compared to 

control mice (discussed in chapter 5). Lastly, Usp9x-/y mice travelled at higher speeds (6.04 

cm/s ± 0.58 SEM) compared to control mice (3.57 cm/s ± 0.86 SEM, p<0.05 Figure 3.8 C). 

This higher initial rate of activity may indicate over-anxious behaviour by Usp9x-/y mice from 

being housed in an unfamiliar cage, which may stem from anxiety related to change (Kerns et 

al., 2014). 
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Figure 4.2 Usp9x-/y Mice Show Increased Initial Activity 

(A) Activity levels were increased in the initial 15 minutes of recording during the 7-day 

period in Usp9x-/y mice compared to Usp9x+/y. (B, C) Cumulative and total distance travelled 

was increased in the initial 15 minutes of recording in Usp9x-/y mice compared to Usp9x+/y. 

(D) The speed at which the Usp9x-/y mice were travelling is significantly increased compared 

to Usp9x+/y mice during the initial 15 minutes of recording. 
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4.4.3. Usp9x-/y Mice Show Anxiety-Like Behaviour in Long-Term Chronic 

Observations 

When the data over 7 days of recording were analysed, Usp9x-/y mice did not maintain the level 

of hyperactivity. In fact, Usp9x-/y mice showed a lower total activity level during the light 

period (4355.98 ± 242.18 SEM) compared to Usp9x+/y mice (6123.76 ± 438.01 SEM, p<0.05, 

Figure 3.10 A). Total activity during the dark period did not significantly differ between Usp9x- 

/y (9989.80 ± 346.48 SEM) and Usp9x+/y mice (9563.60 ± 884.42 SEM, p=0.291, Figure 3.10 

A). The activity data from the Phenomaster were categorized based on cage location 

(central/peripheral) and type of movement (ambulatory/fine, Figure 3.9). Interestingly, when 

the data were analysed for activity within different positions in the cage (central versus 

peripheral), it revealed that during the light period Usp9x-/y mice were only significantly less 

active in the centre of the cage (1350.61 ± 118.45 SEM) compared to control mice (2849.66 ± 

243.86 SEM, p<0.05, Figure 3.10 D). During the dark period, the amount of central activity 

did not differ significantly (Figure 3.10 D). The peripheral activity during both light and dark 

periods were not significantly different between Usp9x-/y (2577.34 ± 213.40 SEM) and 

Usp9x+/y mice (2265.11 ± 454.07 SEM, p=0.441, Figure 3.10 C). Next, the activity of the 

animals was further analysed based on its fine or ambulatory movements against the location 

in the cage. There was no significant difference between Usp9x-/y and Usp9x+/y mice for both 

peripheral ambulatory and fine movements during the light period nor the dark period (Figure 

3.10 E). Complementing the results in Figure 1.9D, a significant decrease in central ambulatory 

movement was observed in Usp9x-/y mice during the light period (1185.80 ± 101.96 SEM) 

compared to Usp9x+/y mice (1912.710 ± 260.15 SEM, p<0.01, Figure 3.10 F). However, no 

difference was seen in fine movements in the central area between Usp9x-/y (540.03 ± 80.47 

SEM) compared to Usp9x+/y (775.47 ± 95.78 SEM, p=0.614, Figure 3.10 F) during the light 

period. The data suggests that Usp9x-/y mice avoid the central area of the cage but only during 

the light period and prefer to spend more time in the periphery of the cage, consistent with 

more anxiety-like behaviour (Crawley & Bailey, 2008). Lowered total central activity from the 

first 15 minutes to the subsequent 7 days of recording may also indicate a shift between anxiety 

stemming from a change in environment to over-stimulation from bright lights. 
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Figure 4.3 Usp9x-/y Mice Avoid Central Area During Light Period 

(A) Total activity data were grouped into light or dark period. Only activity during the light 

period is decreased in Usp9x-/y mice compared to Usp9x+/y but not activity during the dark 

period. (B) Total distance travelled during the 7-day recording period is significantly 

decreased in Usp9x-/y-mice compared to Usp9x+/y. (C) Total peripheral activity was not 

significantly different between Usp9x-/y and Usp9x+/y mice during both periods of the 
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light/dark cycle. (D) Central activity only differs significantly between Usp9x-/y and Usp9x+/y 

mice during the light period. Central activity during the dark period was not significantly 

different between the two groups. (E) Neither ambulatory nor fine peripheral movements 

were different in Usp9x-/y and Usp9x+/y mice during both light and dark periods throughout 

the 7-day recording period. (F) Only central ambulatory movements were significantly 

decreased in Usp9x-/y compared to Usp9x+/y mice during daytime. Central ambulatory 

movements during the dark period was not significantly different. Central ambulatory and 

fine movements did not differ between Usp9x-/y and Usp9x+/y during the recording period. 

The data suggests that Usp9x-/y mice prefer to spend time in the peripheral area of the cage 

during daytime and avoid the central area. 
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4.4.4. Usp9x-/y Displayed Hyperactivity and Lower Anxiety-Like Behaviour in 

Open Field Test 

Usp9x-/y mice were found to be in motion for a longer duration (525.62 s ± 8.68) compared to 

Usp9x+/y mice (431.53 s ± 11.05, p<0.001) and conversely, Usp9x+/y spent more time being 

immobile (168.47 s ± 11.05) compared to Usp9x-/y (74.38 s ± 8.68, p<0.001). Usp9x-/y also 

travelled a greater distance (4799 cm ± 221.3) and at a higher velocity (8.00 cm/s ± 0.37) than 

controls (Distance: 3451 cm ± 126.8, p<0.01, velocity: 5.75 cm/s ± 0.21, p<0.01). Usp9x-/y 

mice also entered both the centre and border areas more frequently (Centre: 83.33 ± 9.53, 

Border: 87.60 ± 9.55) than the WT control (Centre: 55.61 ± 3.17, p<0.01, Border: 59.87 ± 3.19, 

p<0.01). However, the total time spent in the centre and border areas were not significantly 

different between the two groups (Centre: p=0.884, Border: p=0.883). Collectively, the results 

may indicate Usp9x-/y mice display hypermotility and entering/exiting the areas more 

frequently, though ultimately still preferring to spend time in the border areas. 
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Figure 4.4 Usp9x-/y Exhibit Hyperactivity in the Open Field Test 

(A) Usp9x-/y show higher activity level when tested in an open field. (B) Usp9x-/y mice enter 

both the border and the centre areas more frequently than controls. (C) However, Usp9x-/y 

mice ultimately spent an equal amount of time in both areas. (D, E) Usp9x-/y was observed 

to have made fewer transitions between moving and being stationary, but spent a longer 

duration in movement during the test period, further highlighting hyperactivity. (F) Usp9x-/y 

mice took significantly longer to enter the centre area compared to Usp9x+/y. (G,H) 

Hyperactive Usp9x-/y mice travelled a higher distance at a significantly higher velocity 

compared to controls. 
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4.4.5. Usp9x-/y Mice Showed Higher Exploratory Behaviour and Lower Anxiety 

Behaviour in Elevated Plus Maze 

Elevated plus maze was performed for 10 minutes and recorded using an overhead camera. 

The recordings were analysed using Ethovision XT as previous. Usp9x-/y mice were found to 

enter the open arms and closed arms more frequently (32.07 ± 8.30) than the WT controls (6.88 

± 2.45, p<0.01) during the recording period. Usp9x-/y mice also spent a longer period of time 

in the open arms (37.75 s ± 10.16) compared to the Usp9x+/y mice (10.94 s ± 5.46, p<0.05), but 

not the closed arms (p=0.252). An increase in both the frequency and duration of head dipping 

movements were also observed in Usp9x-/y mice (frequency: 39.80 ± 7.225, duration: 31.63 s 

± 8.85) compared to Usp9x+/y mice (frequency: 20.69 ± 3.06, p<0.05, duration: 13.23 s ± 2.51, 

p<0.05). In addition, Usp9x-/y mice were also observed to spend more time in movement 

(348.41 s ± 16.44) and less time being stationary (230.78 s ± 17.81) over the recording period 

versus the controls (moving: 256.08 s ± 14.61, p<0.001, stationary: 243.93 s ± 14.61, p<0.001). 

Overall, Usp9x-/y mice travelled a greater distance (2610.13 cm ± 149.43) at a higher velocity 

(4.59 cm/s ± 0.29) compared to the littermate controls (Usp9x+/y distance: 1626.13 cm ± 

109.13, p<0.001, velocity: 2.71 cm/s ± 0.18, p<0.001). 
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Figure 4.5 Usp9x-/y Mice Display Lower Anxiety-Related Behaviour in Elevated Plus Maze 

(A) Heatmap of EPM show Usp9x-/y mice spending more time in the open arms (right panel) 

compared to controls (left panel). (B, C) Usp9x-/y mice entered both the open and closed arms 

more frequently than controls, as well as spending more time in the open arms overall. 

Usp9x-/y mice also had a higher duration of head dips. However, Usp9x-/y mice and Usp9x+y 

spent an equal amount of time in the closed arms. Increased duration in the open arms 

indicate lower anxiety-like behaviour in Usp9x-/y compared to controls. (D) Usp9x-/y had an 

equal number of head pokes over the open arms, but higher frequency of head dips over the 

edge of the arms compared to controls. (E, F) Uspx9-/y spent a longer duration in movement 

and less time being stationary compared to controls. Usp9x-/y and Usp9x/y made equal 

number of transitions between moving and stationary. (G, H) Usp9x-/y again showed 

hyperactivity by travelling a higher distance at a higher velocity during the recording period. 
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4.4.6. Usp9x-/y Mice Displayed Higher Exploratory Behaviour and Lower 

Anxiety-Related Behaviour in Light/Dark Box 

The duration spent in ambulation in the dark compartment were not significantly different 

between Usp9x+/y (Bin 1: 37.52 s ± 2.52, Bin 2: 27.49 s ± 2.45, Bin 3: 23.60 s ± 2.79) and 

Usp9x-/y (Bin 1: 32.79 s ± 2.94, p=0.235, Bin 2: 22.30 s ± 2.53, p=0.152, Bin 3: 19.80 s ± 1.65, 

p=0.244) throughout the 30-minute recording period. However, ambulatory time in the light 

compartment was significantly higher in Uspx9-/y mice (Bin 1: 12.61 s ± 2.68, Bin 2: 11.85 s ± 

2.79, Bin 3: 8.81 s ± 1.61) compared to the WT controls (Bin 1: 7.49 s ± 1.41, Bin 2: 4.55 s ± 

0.96, Bin 3: 4.16 s ± 0.93) at 20 minutes (p<0.05) and 30 minutes (p<0.05). Ambulatory counts 

in the light, which is the measure of how many infrared beams were broken, followed the same 

pattern, with Usp9x-/y registering more movements (Bin 1: 238.07 ± 56.17, Bin 2: 239.47 ± 

56.37, Bin 3: 169.40 ± 33.82) at 20 (p<0.05) and 30 minutes (p<0.05) compared to the WT 

(Bin 1: 137.25 ± 26.80, Bin 2: 84.56 ±18.45, Bin 3: 75.38 ± 18.34). There was no significant 

difference in ambulatory counts in the dark between Usp9x+/y (Bin 1: 533.88 ± 57.08, Bin 2: 

357.69 ± 42.50, Bin 3: 313.88 ± 29.99) and Usp9x-/y mice (Bin 1: 595.33 ± 43.23, p=0.402, Bin 

2: 458.27 ± 49.60, p=0.133, Bin 3: 391.53 ± 53.66, p=0.209). 

 

Usp9x+/y mice spent a longer period of time immobile in the dark compartment (Bin 1: 288.88 

s ± 16.79, Bin 2: 329.89 ± 18.46, Bin 3: 347.93 s ± 18.02) compared to Usp9x-/y (Bin 1: 236.72s 

± 17.05, p<0.05, Bin 2: 224.37s ± 25.98, p<0.01, Bin 3: 243.08 s ± 30.21, p<0.01) throughout 

the 30 minutes. In contrast, Usp9x-/y mice rested longer in the light compartment (Bin 1: 73.97 

s ± 14.30, Bin 2: 97.16 s ± 16.21, Bin 3: 110.32 s ± 19.78) at 20 minutes (p<0.01) and 30 

minutes (p<0.01) than Usp9x+/y (Bin 1: 49.12 s ± 8.57, Bin 2: 45.97 s ± 8.42, Bin 3: 50.74 s ± 

8.42).  

 

Overall, Usp9x+/y spent a longer total duration in the dark compartment (Bin 1: 469.26 s ± 

17.41, Bin 2: 476.27 s ± 18.40, Bin 3: 480.79 s ± 17.73) compared to the Usp9x-/y mice (Bin 1: 

419.23 s ± 22.78, Bin 2: 361.08 s ± 32.35, Bin 3: 363.96 s ± 35.26) at both 20 minutes (p<0.01) 

and 30 minutes (p<0.01). Contrastingly, Usp9x-/y spent more time in the light compartment 

(Bin 1: 133.89 s ± 22.53, p<0.01, Bin 2: 163.72 s ± 26.89, p<0.01, Bin 3: 171.12 s ± 29.92, 

p<0.01) compared to the controls during the total recording period.  
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Figure 4.6 Usp9x-/y Mice Display Lower Anxiety-Related Behaviour in the Light/Dark Box 

Test 

Data from the 30-minute testing period are displayed as 10-minute bins. (A, B, C, D) Usp9x-

/y mice were found to have similar activity level to Usp9x+/y in both the dark compartment  

throughout all the bins, as evident by the total ambulatory counts as well as total ambulatory 

time. However, Usp9x-/y mice did show significantly higher activity and spent more time in 

the light compartment in the second and third bin of the recording compared to the controls. 

(E, F) Usp9x+/y mice were found to spend more time immobile in the dark compartment 

throughout the testing period compared to Usp9x-/y mice. In contrast, Usp9x-/y mice spent 

more time resting in the light period compared to controls. (G, H) In total, Usp9x+/y mice 

were found to spend a longer duration in the dark compartment, whereas Usp9x-/y mice spent 

longer duration in the light compartment. The difference became more evident in the second 

and third bins of the experiment. This behaviour is consistent with higher exploratory trait 

and lower anxiety-related behaviour in Usp9x-/y. 
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A two-way ANOVA was performed to investigate the intragenotype differences between the 

binned results. There was no effect of time on the total duration spent in the dark for Usp9x+/y 

mice [F(2, 58)=2.246, p=0.115]; throughout the 30 minute recording period the time spent in 

the dark compartment did not differ. As for Usp9x-/y mice, a Tukey post-hoc test revealed there 

was a significant decrease of time spent in the dark compartment from 10 minutes to 20 minutes 

(p<0.01). There was no difference observed between 20 minutes and 30 minutes (p=0.987).  

 

Similarly, a two-way ANOVA was also performed to see any differences in the duration seen 

in the light compartment. As for the previous results, there was no difference in the duration 

spend in the light compartment for Usp9x+/y mice at 10, 20, and 30 minute bins 

[F(2,58)=0.6506, p=0.526]. For Usp9x-/y animals, though it did not reach significance, there 

was a slight increase of duration spent in the light compartment from 10 to 20 minutes 

(p=0.202).   
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 Discussion 

4.5.1. Usp9x-/y Mice Display Normal Metabolic Activity 

The study into the role of Usp9x in neural development started with the development of the 

conditional knockout mice using the Cre-Flox system. Initially, the Usp9x Flox mice were 

crossed with Nestin-Cre mice, to produce a conditional knockout that removes the expression 

of Usp9x from the whole developing nervous system (Stegeman et al., 2013). However, as it 

led to perinatal death, Usp9x Flox were crossed with Emx1-Cre mice instead to localise the 

deletion to the dorsal telencephalon (Stegeman et al., 2013). The resulting mouse line survives 

into adulthood with minimal disturbances (Stegeman et al., 2013). While several studies have 

ventured to characterise the effects of Usp9x deletion at the cellular and molecular level, this 

study aims to further characterise any behavioural differences in the mouse model. To initially 

characterise the overall behaviour, the Usp9x-/y and Usp9x+/y mice were held in the 

Phenomaster for seven days and their home cage behaviour was observed. This included the 

amount of food and water the animals consumed, their body weight, and metabolic processes. 

The results showed that the Usp9x-/y mice were not significantly different to the controls in any 

of the measurements (Figure 4.1, Table 6). As the deletion of Usp9x is specific to the neocortex 

and hippocampus, it did not affect the overall metabolic activity of the mice. 

 

4.5.2. Usp9x-/y Mice Show Anxiety-Like Traits When Observed in a Long-Term 

Home Cage Environment 

Although basic metabolic data was similar between cohorts, the Phenomaster experiment did 

provide some data with direct relevance to USP9X and the anxiety-related phenotypes 

described in some human patients. While housed in the Phenomaster mice were recorded for 

their activity. These recordings revealed that the Usp9x-/y mice spent less time in the centre of 

the cage compared to their control littermates, but only during the light period (Figure 4.3). 

This aversion to the central part of the cage and preference for the periphery is commonly 

called thigmotaxis (Simon et al., 1994) and is a sign of anxious behaviour in rodents (J. 

Crawley & Bailey, 2008). Interestingly, this behaviour is only seen during the light period. 

Bright lights have been described as stressors for mice and could possibly trigger this anxiety-

like behaviour (Prut & Belzung, 2003). This aligns with clinical manifestations of some USP9X 
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ID patients who exhibit anxiety traits (B. V. Johnson et al., 2019). Low IQ and language 

abilities have also been associated with traditional anxiety that meets the DSM-5 criteria. This 

includes GAD, separation anxiety disorder, obsessive/compulsive disorder (OCD), panic 

disorder, and PTSD (DSM 5, 2013; Kerns et al., 2014). However, atypical anxiety, which falls 

outside of what is defined in DSM-5 have been found to be correlated with patients with ASD 

(Kerns et al., 2014). Atypical anxiety includes anxiety around routine, novelty, restricted 

interest, compulsive/ritualistic behaviour, as well as unusual specific fears to objects otherwise 

considered normal. Anxiety has been shown to be more prevalent in youths with ASD than in 

the normal population (Kerns et al., 2014; White et al., 2009). Approximately 40-63% of 

youths with ASD show comorbidity with anxiety, while in the normal population the rate is 

between 8-20% and they only experience it transiently (Bandelow & Michaelis, 2015; Kerns 

et al., 2014; van Steensel et al., 2011). The anxiety experienced by patients with ASD is thought 

to come from disinclination to change, social interaction, or unusual stimuli. Hypersensitivity 

to stimuli therefore has been thought to be the underlying cause to these anxiety symptoms and 

puts ASD patients at a predisposition (Bellini, 2006; Green & Ben-Sasson, 2010; Kerns et al., 

2014; Reynolds & Lane, 2009). Usp9x-/y mice were shown to be averse towards being in open 

space in bright light, as seen during their time in the Phenomaster. However, the initial 

hyperactivity within the first few minutes compared to control mice may be a result of a 

combination of anxiety against a new environment as well as being exposed to the light, as this 

level of hypermotility is not sustained for the period the mice were recorded. It may be that, 

while the mice eventually become familiar with its home cage surroundings, they still 

experience hyperstimulation from the bright lights (Bellini, 2006), causing them to experience 

anxiety and stay in the periphery of the cage. Other evidence that is consistent with this notion 

is the disrupted cellular architecture of the somatosensory cortex of Usp9x-/y mice, particularly 

in neurons of the deeper layers. Though it is unclear how this may affect sensory information 

processing, it has been found that a diminished number of interneurons leads to a lack of 

inhibition and consequently hypersensitivity to stimulus information in many ASD patients 

(Casanova et al., 2013). If this is true in patients with USP9X mutations, this may explain, in 

part, their anxiety symptoms. 
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4.5.3. Usp9x-/y Mice Show Hyperactivity, but Lower Anxiety in Short-Term 

Tests 

During the Phenomaster recording, the initial activity of the mice were more closely observed, 

revealing a significantly higher activity in the first 15 minutes for the Usp9x-/y compared to the 

controls (Figure 4.2). The Usp9x-/y animals also travelled a higher distance within the same 

duration, at a higher velocity. However, following the results of the long-term recordings, the 

Usp9x mice were subjected to several tests to measure anxiety-related behaviour. In rodents, 

the standard tests that measures anxiety behaviour that we performed on the Usp9x-/y mice 

included the open field test, elevated plus maze, and the light/dark box (J. Crawley & Bailey, 

2008). According to J. Crawley and Bailey (2008), anxiety can be broadly categorised as GAD 

or panic disorder in humans. However, in rodents, anxiety can be measured in the tendency of 

the animals to explore or engage in social interaction, often in an open environment that is 

brightly lit or elevated. Therefore, standard behaviour tests that target anxiety-related 

behaviour take advantage of those inherent traits of rodents. The open field test was originally 

used to measure emotional behaviour of rats (Hall, 1934), but then was adapted to be used with 

mice (Christmas & Maxwell, 1970). There are two main stressors of the open field test, the 

first is social isolation, and the second is the novel test environment that is brightly lit and open 

(Prut & Belzung, 2003). In addition, the open field test can also be used to measure locomotor 

activity (Lezak et al., 2017). Usp9x-/y mice were indeed found to have increased motility in the 

open field test (Figure 4.1) compared to the controls, but thigmotaxis was not seen in Usp9x-/y 

mice. This is in contrast with the results of the long-term Phenomaster readings, where 

thigmotaxis was eventually seen. In fact, reduced anxiety was observed in the other two tests 

performed on Usp9x-/y mice: EPM and light/dark box (Figure 4.5, Figure 4.6). Both tests, 

similar to the open field test, exploit the tendency of mice to avoid brightly lit space, preferring 

to remain in the dark (J. Crawley & Bailey, 2008). The EPM was first described by Rodgers 

and Dalvi in 1997, where they found administration of anxiolytic medications, such as 

benzodiazepines, resulted in an increase in exploration without affecting motivation or 

locomotion (Rodgers & Dalvi, 1997). The light/dark emergence test was a precursor to the 

EPM, developed by J. Crawley and Goodwin (1980). The willingness to emerge from the dark 

area and explore the light area is the main measurement for anxiety-related behaviour in this 

test. All these tests resulted in lower anxiety behaviour, but increased motility. While this may 

seem to counter the previous data of the Phenomaster, where hyperactivity eventually subsides 

and anxious behaviour became apparent, it can be speculated that the hyperactivity of the 
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Usp9x-/y mice may mask the existing anxiety. Similar hyperactivity/hypermotility and reduced 

anxiety have been seen in other mouse models of autism, such as BTBR, Ext1-knockout, and 

Stip1-heterozygous mice (Beraldo et al., 2015; Faraji et al., 2018; Irie et al., 2012), as well as 

AnkG-knockout model of schizophrenia and bipolar disorder (Zhu et al., 2017). However, there 

have also been studies that suggest that short-term vs long-term tests can have differing results 

in the context of anxiety-related behaviours (Fonio et al., 2012). 

 

4.5.4. Is Hyperactivity a Sign of Anxiety-Like Behaviour in Usp9x-/y Mice? 

Fonio et al. (2012) reported that BALB/c mice exhibited more anxious behaviour initially in 

the first 30 minutes of recording compared to wild caught mice, demonstrated by lower time 

spent in the centre and open areas of the open field test. Wild-caught mice, in contrast, spent 

more time in the centre and open areas. After 4 hours, the wild caught mice began to display 

more anxiety behaviour and the activity level BALB/c mice stabilised over time. At the end of 

the prolonged experiment, BALB/c mice spent more time in the centre and open areas than the 

wild-caught mice, opposite of what was observed in the first 30 minutes. The authors postulated 

that once the novelty of the new area had dissipated, BALB/c mice felt more comfortable in 

their surroundings and ventured into the open areas more. For the wild mice on the other hand, 

the initial high activity level was to explore the arena and become familiar. Once the mice were 

habituated to their surroundings, they avoided the centre areas and preferred to crouch near the 

edge of the arena. Any movements crossing the arena were made to avoid any exposed area. 

Movements were also described as “darting”, defined as high speed ambulation segmented by 

long arrests and can be an indication of stress, jitteriness, or anxiety (Fonio et al., 2012; Kafkafi 

& Elmer, 2005). As darting behaviour was more apparent in the wild-caught mice, anxious 

behaviour was perhaps the default and was more chronic (Fonio et al., 2012), similar to GAD 

in humans. One of the major somatic symptom that has been strongly correlated to anxiety is 

restlessness, with 3 out of 4 patients diagnosed with anxiety displaying the symptom (Ginsburg 

et al., 2006). As for the Usp9x-/y mice, the presence of the hyperactivity may mask the anxiety 

due to being introduced into a new environment, or it may be that the hyperactivity seen in 

Usp9x-/y mice itself is fact an indication of anxiety (de Visser et al., 2006; Kafkafi & Elmer, 

2005). de Visser et al. (2006) also posited that velocity of the movements and the number of 

stops that the animals make can be correlated to anxiety. As the Usp9x-/y mice travel at a higher 

velocity and make more stops, it could be interpreted that those are behaviours that are 

characteristic of anxiety. An alternative interpretation could be that, much like the wild-caught 
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mice described above, Usp9x-/y may only manifest anxiety-like behaviour after they have 

acclimatised to the surroundings. For example, during the Phenomaster recordings, though the 

Usp9x-/y mice have been habituated to their surroundings, anxiety was still present and 

therefore, Usp9x-/y avoided the centre part of the home cage. One explanation could be that, 

compared to the controls, Usp9x-/y may have chronic anxiety, or having an anxious “trait” rather 

than being in a “state” of anxiety (de Visser et al., 2006). A “state” of anxiety is highly context-

dependent and can change in response to stress levels (Belzung & Griebel, 2001; Sandford et 

al., 2000). By contrast, “trait” anxiety is persistent, independent of context, and can determine 

how an individual interact with their surrounding (Belzung & Griebel, 2001; de Visser et al., 

2006; Sandford et al., 2000). To correlate this to human conditions, “trait” anxiety aligns 

closely to GAD whereas “state” anxiety is more analogous to panic disorders (J. Crawley & 

Bailey, 2008; DSM 5, 2013). In the latest study, though anxiety has been observed in USP9X 

patients, it is unclear whether it is GAD or atypical anxiety as it is often comorbid with the 

diagnosis of ASD in these patients (B. V. Johnson et al., 2019).  

 

Future studies would benefit from exposing Usp9x-/y mice with anxiolytic drugs, such as 

benzodiazepines, to investigate whether the treatment can be used to reduce their hyperactivity 

and /or anxiety. Another avenue could be exploring medication that targets hyperactivity in 

ADHD, for example methylphenidate (Lakhan & Kirchgessner, 2012). Methylphenidate, a 

stimulant, has been found to diminish hyperactivity in ADHD patients, but increase activity in 

individuals without ADHD (Lakhan & Kirchgessner, 2012; Zhu et al., 2017). Both 

methylphenidate and benzodiazepines can be used to further elucidate whether the 

hyperactivity seen in the Usp9x-/y mice stems from anxiety or another behavioural disorder. 
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5.Chapter 5: Usp9x-Null Mice Display ASD-

Like Deficits in Communication and 

Sociability 
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 Abstract 

Usp9x has recently come into the spotlight as being one of the candidate genes that leads to 

intellectual disability and autism spectrum disorder. The gene has previously been found to be 

important in the development of the brain, particularly the hippocampus using a mouse model. 

Multiple mutations found in Usp9x gene has been found to lead to both ID and ASD in human 

patients. This study used a conditional knock-out mouse model that targets the deletion of 

Usp9x in the dorsal telencephalon to investigate autism-related behaviour including impaired 

communication, deficits in social interaction and repetitive behaviour. Usp9x-/y mice were 

found to have impairments in communication and sociability, as evident by the ultrasonic 

vocalisation recordings, three-chambered sociability test and five-trial social 

habituation/dishabituation test. However, no repetitive behaviour was seen in Usp9x-/y mice 

when tested using the Y-Maze. Together, the results demonstrate that the deletion of Usp9x 

from the dorsal telencephalon results in ASD-like impairments in mice, particularly in 

communication and sociability. This is in line with language development delays and ASD 

diagnosis seen in human patients harbouring mutations in Usp9x.  

 

 Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterised by three main 

diagnostic criteria: 1) Deficits in social-emotional reciprocity, 2) Deficits in verbal and non-

verbal communication (e.g. body language or eye contact), 3) Restricted, repetitive behaviour 

or interest (DSM 5, 2013). The occurrence of ASD is 1 in 68 children in the United States 

(Christensen et al., 2016) with a higher prevalence in males by a ratio of 4:1 to females (Baio, 

2014; Fombonne, 2009; Rice et al., 2012). The causes of ASD are largely unknown, however 

many studies have suggested that there is a large genetic contribution (Gaugler et al., 2014; 

Ronald & Hoekstra, 2011). Genetic causes of ASD can be classified into chromosomal 

abnormalities, copy number variants (CNVs), and single-gene disorders (Gaugler et al., 2014). 

With the diverse range genetic causes there is also a range of ASD phenotypes. These include 

deficits in language ability, from absence of speech to reduced fluency, and variations in 

cognitive abilities, from below, to above-average intelligence (Chaste & Leboyer, 2012). 

Concerning intelligence more often ASD is comorbid with intellectual disability, with 

approximately 40% ID patients also diagnosed with ASD (Matson & Shoemaker, 2009). 

Conversely, around 30% of ASD patients experience mild to moderate ID and 40% experience 
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severe to profound ID (Fombonne, 2003). Not only do both ASD and ID share overlapping 

phenotypes, their polygenic background often results from the same genetic mutations, for 

example Fragile X Syndrome (Chaste et al., 2014), Rett syndrome (Percy, 2011), Angelman 

Syndrome (Trillingsgaard & ØStergaard, 2004).  Loss of function mutations in Ubiquitin-

Specific Peptidase 9 X-Linked (USP9X), have been implicated in both ASD and ID (Al-

Mubarak et al., 2017; P. Y. B. Au et al., 2017; Brett et al., 2014; Homan et al., 2014; B. V. 

Johnson et al., 2019; C. Johnson, 2008; Reijnders et al., 2016).  

 

Usp9x was first identified as the mammalian homologue of fat facets (faf) in Drosophila and 

was initially designated as Fat facets in mouse or Fam (Wood et al., 1997). Usp9x function is 

important in the embryonic development of mice, Drosophila, and Xenopus (Dupont et al., 

2009; Fischer-Vize et al., 1992; Pantaleon et al., 2001). Of particular relevance to its role in 

ID and ASD, Usp9x is crucial in nervous system development, with its conditional deletion in 

neural progenitors leading to perinatal lethality in mice (Stegeman et al., 2013). During 

development Usp9x is robustly expressed in the neural progenitors of the ventricular zone 

(Jolly et al., 2009; Premarathne et al., 2017; Stegeman et al., 2013). Usp9x expression is 

retained postnatally in the subventricular zone and the subgranular zone of the hippocampus, 

two niches where neurogenesis persists throughout adult life (Oishi et al., 2016; Xu et al., 

2005). The deletion of Usp9x has also been linked to neuronal disorganisation in the cortical 

plate, VZ and SVZ region of late embryonic mouse brains (Stegeman et al., 2013). In the 

postnatal brain, the deletion of Usp9x leads to a significantly smaller hippocampus (Oishi et 

al., 2016). Subsequently, Johnson and colleagues demonstrated a decreased capacity in 

hippocampal-dependent learning in mice which may offer insights into learning difficulties 

observed in human USP9X-ID patients (B. V. Johnson et al., 2019).  

 

There is a high coincidence rate of ASD in USP9X ID patients, with around 80% of ID patients 

diagnosed with ASD (Johnson et al., 2019), however, to date, ASD-like behaviour has not been 

investigated in Usp9x-null mice. We therefore sought to characterise aspects of behaviour in 

Usp9x-null mice relevant to ASD. We focussed on three behavioural symptoms commonly 

associated with ASD namely: communication difficulties, reduction in social interaction, and 

restricted, repetitive behaviour.  
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 Materials and Methods 

 

5.4.1. Animals 

Animals were housed and handled in accordance to the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes, approved by the Animal Ethics Committee 

of Griffith University (GRIDD/04/18/AEC and ESK/004/15) and the University of Queensland 

(QBI/351/16). The breeding and maintenance of the Usp9xloxP, Emx1-iCre, and Usp9x+/y and 

Usp9x-/y have previously been described (Stegeman et al., 2013). Briefly, Usp9xloxP/loxP females 

were crossed with male Emx1-iCre mice to generate Usp9x-/y and Usp9x+/y mice. Only male 

offspring were used for experiments, with male littermates that did not inherit the Cre allele 

serving as controls. 

 

5.4.2. Animal behaviour assays 

Ultrasonic Vocalisation (USV) recordings – Postnatal day 7 (P7) pups were used to record 

USVs. The protocol for recording was adapted from (Glendining et al., 2018). The Ultrasonic 

Microphone 250K (Dodotronic) was inserted into the lid of a polystyrene box and connected 

to a computer to record. An empty container without bedding was placed inside the polystyrene 

box with a heating pad underneath. Each pup was placed in the empty container and recorded 

for 5 minutes. Pups were marked, tail-snipped, and weighed after recording and returned to the 

cage. The process was repeated until all the pups were recorded. Recordings were made using 

the Audacity software (Audacity) and spectrograms were made and analysed using the Raven 

Pro software (Cornell Lab of Ornithology).  

Y-maze - A maze with three arms measuring 40 cm in length each was used to investigate 

repetitive behaviour in the mice. The maze was placed with one arm facing the researcher; 

starting from the left, arms were labelled A, B, and C. The test animal was placed in arm B 

facing the centre of the maze and recorded to 10 minutes. Spatial cues were used to differentiate 

between all three arms.   

Three-chambered social test – The protocol for the three-chambered social interaction test was 

adapted from Langguth et al. (2018). Briefly, an acrylic arena that was divided into three 

compartments, each compartment measuring 20 x 30 x 30 cm, with removable clear plastic 

walls was used to conduct the experiment. The experiment consisted of two parts: social 
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interaction and social novelty. For social interaction, Usp9x+/y and Usp9x-/y were exposed to a 

conspecific mouse of the same sex and age in one of the chambers for 5 minutes and the total 

time spent the test mouse spent interacting with the conspecific was recorded and compared to 

time spent in the empty compartment. The second trial, to measure social novelty, involved 

another conspecific mouse that was placed into the empty chamber and the test mouse was 

further allowed to freely explore the three chambers for another 5 minutes. The total amount 

of time the mouse spent interacting with the new conspecific mouse was measured and 

compared to the original conspecific mouse.  

Five-day social memory test – The protocol for this experiment has been previously described 

by Z. Zhang et al. (2019). Briefly, the test subject was exposed to the same conspecific mouse 

for one minute a day, over four days. On the fifth day, the now-familiar conspecific mouse was 

replaced by a novel one. The test subject was then exposed to the novel conspecific for one 

minute. The amount of time the test mouse spent actively interacting with the conspecific was 

measured and compared to the original conspecific mouse of the first four trials.  
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 Results 

 

5.5.1. Usp9x-/y Mice Emit Altered Ultrasonic Vocalisations Upon Separation 

As one of the hallmark signs of autism is decreased communication skills, we investigated the 

same characteristic in Usp9x-/y mice. Rodents produce vocalisations in the ultrasonic frequency 

range in different social situations. Adult male mice produce Ultrasonic Vocalisations (USVs) 

as part of the courtship process (Hammerschmidt et al., 2009; Pomerantz et al., 1983) while 

early postnatal mice produce USVs to communicate with the dams (Scattoni et al., 2008; 

Scattoni et al., 2011). USV recordings have been used extensively to characterise the 

communication skills of numerous ASD mouse models (Maloney et al., 2018; Scattoni et al., 

2008; Wöhr, 2014). To investigate any communication deficits in Usp9x-/y mice, P7 pups were 

separated from the dams and subjected to 5-minute vocal recordings before being returned to 

the home cage. Usp9x-/y pups were found to emit a significantly higher number of calls on 

average (330.25 ± 32.95 calls) compared to Usp9x+/y pups (170.22 ± 45.91 calls, p<0.05) 

(Figure 5.1A). However, the duration of each call was not significantly different between 

Usp9x+/y (37.48 ms ± 2.42) and Usp9x-/y (42.50 ms ± 2.91, p=0.201) (Figure 5.1B). Similarly, 

the frequency of the calls was not different between Usp9x+/y pups (70969.62 Hz ± 1268.56) 

and Usp9x-/y (74282.21 Hz ± 2602.52, p=0.254) (Figure 5.1C), even though the average 

amplitude of the call was significantly higher in Usp9x-/y pups (1616.54 U ± 158.31) compared 

to Usp9x+/y (1128.23 U ± 113.18) pups (Figure 5.1D).  

 

The shapes of calls were also analysed to characterise the vocal repertoire of the animals. The 

vocalisations were characterised as follows: short calls (<50 ms), upward calls, downward 

calls, flat calls, inverted chevrons, frequency jumps, harmonic calls, and complex calls (Figure 

5.1E) (Ferhat et al., 2016). Both groups had a similar call repertoire with the largest proportion 

of the calls containing frequency jumps and the smallest proportion being the short and flat 

calls. There were no significant differences in most of the call shapes between Usp9x+/y and 

Usp9x-/y pups.  However, there was a significant increase in the proportion of complex calls, 

which are vocalisations that are combinations of multiple shapes, in the Usp9x-/y pups (7.93% 

± 1.8) compared to Usp9x+/y littermates (2.81% ± 0.85, p<0.05).   
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Figure 5.1 Usp9x-/y Pups Emit Altered Ultrasonic Vocalisations 

Postnatal day 7 (P7) pups were separated from the dam and recorded in isolation for 5 

minutes. Calls were then analysed for number, duration, frequency, amplitude, and vocal 

repertoire. (A) Usp9x-/y P7 pups emit a significantly higher number of separation-induced 

vocalisations compared to controls (p<0.05). (B, C) The calls emitted were not significantly 

different in duration and frequency to the calls of Usp9x+/y pups. (D) However, the calls 

emitted by Usp9x-/y pups were longer in duration compared to the controls (p<0.05). (E) The 

calls were then characterised based on their shapes: short, flat, upward, downward, chevron, 

frequency jump, harmonic, and complex calls. Uspx9-/y pups were found to emit more 

complex calls (p<0.05). Together, the results indicate that communication impairments are 

present in Usp9x-/y pups that exists early in postnatal development.   

 

5.5.2. Usp9x-/y Mice Display Altered Sociability in Three-Chambered Test 

Another main diagnostic feature of ASD is impairment in sociability (Langguth et al., 2018). 

The gold standard assay to measure sociability for rodents is the three-chambered social 

interaction test (Langguth et al., 2018). The test involves placing the test mouse in an arena 

that consists of three chambers separated by walls. The experiment is carried out as two 

subsequent trials, where the first trial measures the sociability of the test mouse against a 

conspecific mouse that has been matched in sex and age, and the second trial measures 

preference to the social novelty of a new conspecific (Figure 5.2A). The test mouse was 

allowed to explore freely and interact with both conspecifics for 5 minutes in each trial.  Within 

the initial one minute of the first trial, Usp9x-/y mice were found to spend significantly more 

time in the empty chamber (36.31 s ± 6.0) compared to the chamber with the conspecific mouse 

(15.90 s ± 4.2, p<0.01) in contrast to Usp9x+/Y mice who spent more time in the chamber 

containing the conspecific mouse [F(1,28) = 22.9, p<0.001, 41.06 s ± 3.5] compared to the 

empty chamber (18.94 s ± 3.5, p<0.01) (Figure 5.2B). This indicated a decreased social interest 

in the Usp9x-/y mice. In addition, during the full five minutes of the trial, Usp9x+/y mice spent 

more time in the conspecific chamber in total [F(1,34) = 0.6, p=0.444, 149.91 s ± 6.9] compared 

to the empty chamber (105.58 s ± 7.9, p<0.01), whereas Usp9x-/y mice overall spent an equal 

amount of time in both chambers (Novel: 132.04 s ± 15.7 s, empty: 104.73 s ± 14.7, p=0.223) 

(Figure 5.2E). 
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In a second trial, a novel conspecific mouse was introduced into the empty chamber in addition 

to the familiar conspecific mouse from trial 1. No significant differences were seen between 

the time spent by Usp9x-/y mice in chambers with the novel and familiar conspecifics [F(1,34) 

= 0.07, p=0.791. Familiar: 29.62 s ± 4.0, Novel: 18.24 s ± 4.5, p=0.391] (Figure 5.2E). In 

contrast, Usp9x+/y mice spent slightly longer time in the chamber containing the novel 

conspecific (31.27 s ± 6.5) compared to the familiar conspecific (22.91 s ± 5.6), though it did 

not reach significance at a=0.05 (p=0.051) (Figure 5.2E). During the initial minute of the 

experiment, neither Usp9x+/y nor Usp9x-/y mice showed a preference for either the novel or the 

familiar conspecific mouse ([F(1,34)=0.07, p=0.791. Usp9x+/y: p=0.526, Usp9x-/y: p=0.391] 

(Figure 5.2C). The durations both Usp9x+/y and Usp9x-/y groups spent in the novel chamber 

(p>0.999) and familiar chamber (p>0.999) were also not significantly different to each other. 

Though subtle, Usp9x-/y again showed a decreased interest in social interaction compared to 

the control. Together with the results from the first trial, the data indicate that Usp9x-/y mice 

have impaired social behaviour, reinforcing the parallels with ASD-like traits seen in some 

USP9X patients (B. V. Johnson et al., 2019; Reijnders et al., 2016). 
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Figure 5.2 Three-Chambered Social Interaction Test Reveals Social Impairments in 

Usp9x-/y Mice 

Usp9x-/y mice were tested for social interaction using the standard three-chambered test. The 

test is divided into two parts, the first trial testing for sociability and the second test testing 

for social novelty. Animals were allowed to interact for 5 minutes for each trial. (A, B, D) 

The first trial allowed the test animals to interact with the conspecific mouse located in one 

of the side chambers for 5 minutes. The data from the first minute as well as the full 5 minutes 

were analysed. In the first minute of interaction, Usp9x+/y mice were found to spend more 
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time in the chamber containing the novel conspecific mouse compared to the empty chamber. 

In contrast, Usp9x-/y mice spent more time in the empty chamber compared to the chamber 

with the novel conspecific. Within the full 5 minutes of the test, Usp9x+/y mice continued the 

trend of spending more time in the novel chamber versus the empty chamber. Usp9x-/y mice 

were found to spend an equal amount of time in both the novel and empty chambers. The 

results of the first trial suggest that Usp9x-/y mice display impairments in social interaction, 

indicated by the lack of interest in interacting with the novel conspecific. (A, C, E) The 

second trial introduces another conspecific mouse in addition to the familiar mouse from the 

first trial to measure social novelty. The test animals were then allowed to interact with either 

one freely for another 5 minutes. In the first minute, Usp9x+/y mice were not found to spend 

a significantly different amount of time in the chambers containing the novel conspecific or 

the familiar one. In the full 5 minutes, Usp9x+/y mice spent slightly more time in the chamber 

containing the novel conspecific mouse compared to the empty chamber. Usp9x-/y on the 

other hand, did not show preference for any of the chambers in the first minute or the full 5 

minutes. The second trial, though more subtle, also showed that Usp9x-/y mice displayed 

lower social interaction compared to the controls.  
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5.5.3. Social Impairments in Usp9x-/y Mice Are Possibly Exacerbated by Lack in 

Social Memory 

The hippocampus is vital in memory formation and spatial learning, but in addition the 

hippocampal CA2 region plays a role in the formation of social memory (Hitti & Siegelbaum, 

2014; Meira et al., 2018). The whole hippocampi were significantly reduced in size in Usp9x-

/y mice including the CA2 and CA1 areas (B. V. Johnson et al., 2019; Oishi et al., 2016; 

Stegeman et al., 2013). Therefore, we hypothesised that Usp9x-/y mice may lack in social 

interactions due to impaired social memory.  

 

To investigate social memory in Usp9x-/y mice, a five-trial social habituation/dishabituation 

test was performed (Ferguson et al., 2000). This test assesses the cognitive ability to recognise 

novel versus familiar animals. Both Usp9x+/y and Usp9x-/y mice were introduced to a never-

before-met stimulus mouse in the first trial and the same stimulus mouse was used for the 

following three trials. In the fifth trial, a novel stimulus mice was introduced (Figure 5.3A). 

The interactions between the test and stimulus mice was measured within the first minute of 

each trial.  

 

Usp9x+/y mice showed significantly higher interaction time with the first stimulus mouse on 

the first day (trial 1) (35.55 s ± 2.39) compared to Usp9x-/y mice (18.50 s ± 2.36, p<0.01). The 

interaction time between Usp9x+/y mice and the first stimulus mice decreased gradually over 

the next three trials (Trial 2: 31.08 s ± 4.00, Trial 3: 18.82 s ± 3.77, Trial 4: 20.34 s ± 2.74). 

However, the interaction time for Usp9x-/y mice remained unchanged (Figure 5.3B) (Trial 2: 

21.01 s ± 3.17, Trial 3: 16.23 s ± 3.10 , Trial 4: 14.92 s ± 2.00). On the fifth trial, when the 

novel stimulus mouse was introduced, Usp9x+/y mice showed renewed interest as indicated by 

the increase interacting time to the similar trial 1 (36.23 s ± 3.18, Figure 5.3B).  In contrast, 

Usp9x-/y mice did not show any renewed interest to the novel stimulus mice during fifth trial 

(23.00 s ± 3.37, Figure 5.3B). Collectively, the data suggest that, in addition to the decreased 

social behaviour, Usp9x-/y mice fail to distinguish between novel and familiar stimulus mice, 

possibly indicating an underlying deficit in social memory formation.  
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Figure 5.3 Social Habituation/Dishabituation Reveals Usp9x-/y Mice Display Low Social 

Behaviour Compared to Usp9x+/y Mice 

(A) Social habituation//dishabituation test involved five trials across five days. In the first 

four trials, the test mouse was exposed to the same conspecific mouse for one minute. In the 

fifth and final trial, a new conspecific was used in place of the familiar one. (B) Usp9x+/y 

displayed decreasing amount of time spent interacting with the conspecific over the first four 

days. On the fifth day, when a novel conspecific was introduced, the level of interest returned 
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to a higher level. In fact, the interaction time on the fifth trial was equal to that of the first 

trial for Usp9x+/y. indicating that Usp9x+/y mice was habituated to the familiar conspecific  

over the first four days and upon the introduction of the new conspecific, the level of interest 

was renewed on the fifth day. In contrast, Usp9x-/y displayed low level of interaction with 

the first conspecific throughout the four days. The low level of interaction was also apparent 

on the fifth day with the new conspecific. Together, the results show that Usp9x-/y mice 

displayed very low social interest compared to Usp9x+/y mice, further highlighting the social 

impairment phenotype.    
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5.5.4. Usp9x-/y Mice Did Not Display Repetitive Behaviour in Y-Maze Test 

Next, Y-Maze behaviour assays were conducted to assess constricted repetitive behaviour, if 

any, of Usp9x-/y mice based on the preference to either of one arms of the maze (Figure 5.4A). 

Usp9x-/y mice were found to enter arms B (21.14 ±2.69) and C (24.71 ± 2.23) more often than 

Usp9x+/y mice (arm B: 10.94 ± 1.37, p<0.05; arm C: 11 ± 1.74, p<0.01). There was an increase 

in the frequency of entering arm A in Usp9x-/y mice (22.14 ± 2.46) compared to Usp9x+/y (14.06 

± 1.24) animals, though it did not reach statistical significance (p=0.58). There was also a 

significant increase in the number of times Usp9x-/y mice entered the centre compartment 

(67.43 ± 5.46) compared to Usp9x+/y (35.19 ± 4.16, p<0.001). A one-way ANOVA was then 

performed to compare the frequency of arm entrances for both groups. Neither group showed 

any preference for any of the three arms. Similarly, the duration both groups spent in the arms 

was not different (Figure 5.4C). The results failed to detect any repetitive behaviour in either 

Usp9x+/y or Usp9x-/y animals. Both groups entered the centre compartment more frequently 

than any of the arms (p<0.001), however, this is a consequence of the assay design as the 

animals must enter the centre compartment to cross into the arms. However, Usp9x-/y mice 

showed signs of hypermotility, as revealed by the higher distance travelled and higher velocity 

compared to Usp9x+/y mice. 
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Figure 5.4 Usp9x-/y Mice Do Not Display Repetitive Behaviour in Y-Maze Test 

(A) Animals were allowed to freely move in the Y-Maze for 10 minutes. Entries and 

durations in each arms were then quantified to identify any repetitive motor behaviour. (B, 

C) Usp9x-/y mice were found to enter each arm more often than Usp9x+/y mice, including the 

centre area. However, the total time spent in each arm was not significantly different between 

the two groups. This could be explained by the hyperactivity seen in Usp9x-/y mice, leading 

to more entries into the arms, though the total time spent did not differ. (D, E) Both Usp9x+/y 

and Usp9x-/y entered each arm an equal amount of times throughout the recording period, 

indicating no obvious preference to any of the arms nor repetitive behaviour from either 

groups. Both groups displayed a higher frequency of entering the centre area as it is located 

in the middle of all three arms and the animals had to cross the area to enter the arms. (F, G) 

Usp9x-/y travelled slightly higher distance at a higher velocity during the test compared to the 

controls, consistent with the hyperactive phenotype seen in the mice.   
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 Discussion 

 

A wide range of genetic and environmental factors are associated with ASD, which affects 

approximately 1% of the population (Baron-Cohen et al., 2011; Fombonne, 2009). Although 

mutations in individual genes account for only a fraction of ASD cases, revealing how they 

result in this neurodevelopmental disorder can help elucidate common pathways to 

pathogenesis. Here we present analysis of mice harbouring a forebrain-specific deletion of 

Usp9x as a mouse model of ASD.  

 

ASD is characterised by three diagnostic features namely; impaired communication skills, 

reduced sociability and constricted repetitive movements or motor stereotypies (DSM 5, 2013). 

Mutations in the ID gene, USP9X, are associated with both lower intelligence and ASD-like 

behaviour in patients (Homan et al., 2014; B. V. Johnson et al., 2019; Reijnders et al., 2016). 

ID and ASD are often comorbid, as both stem from abnormalities during brain development 

(Fombonne, 2003; Matson & Shoemaker, 2009). Deletion of Usp9x in mice significantly 

reduced hippocampal size, with associated severe learning and memory impairments, 

paralleling symptoms in the ID patients (B. V. Johnson et al., 2019; Oishi et al., 2016). Human 

ID patients harbouring USP9X mutations also present with some level of ASD-like behaviours 

(Al-Mubarak et al., 2017; Homan et al., 2014; B. V. Johnson et al., 2019). However, to date, 

no study has explored ASD-like behaviour in Usp9x-/y mice. Therefore, in this study, we 

investigated the three hallmarks of ASD-like behaviour using a battery of behavioural tests. 

 

Firstly, we investigated whether Usp9x-/y mice had normal communication skills by recording 

separation-induced ultrasonic vocalisations of P7 pups (Figure 5.1). USV recordings have been 

used extensively to detect communication deficits in rodents (Scattoni et al., 2009). Postnatal 

day 7 corresponds with the common age of diagnosis of ASD in humans (Fountain et al., 2011). 

The differences in the number of calls emitted, amplitude, as well as call repertoire suggest that 

Usp9x-/y do indeed show abnormal communication, consistent with the alteration of speech and 

language seen in human USP9X ASD patients (B. V. Johnson et al., 2019; Reijnders et al., 

2016). Numerous mouse models of ASD display impairment in communication including 

BTBR mice (McFarlane et al., 2008; Scattoni et al., 2008), as well as models of Fragile-X and 

Rett Syndromes which are well characterised disorders with an ASD phenotype. The type, or 

complexity, of call emitted by Usp9x-/y pups was also altered. While both Usp9x-/y and control 
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pups exhibited the full repertoire of call shapes namely, short, flat, upward, downward, 

chevron, frequency jumps, harmonic, and complex, the Usp9x-/y mice emitted a higher 

proportion of complex calls. There was also a trend toward a higher proportion of short and 

flat calls from Usp9x-/y mice (although this did not reach significance at a=0.05) suggesting a 

difference in the call profiles in mice lacking Usp9x. BTBR mice emit a smaller repertoire of 

calls, indicating a severe impairment in communication (Scattoni et al., 2008). While impaired 

communication of ASD is difficult to model in rodents, numerous mouse models of human 

ASD-associated mutations display similar phenotypes (Bolivar & Flaherty, 2003; Bolivar et 

al., 2007; Brodkin et al., 2004; Cheh et al., 2006; Kwon et al., 2006; Mineur et al., 2006; 

Moretti et al., 2005). Overall, the difference in communication styles in Usp9x-/y and BTBR 

mice parallel observation of human ASD patients (Scattoni et al., 2008; Scattoni et al., 2011). 

Infants and young children with ASD often make irregular vocalisations compared to 

neurotypical children, for example extended humming, unusual speech patterns, repeating 

words, stereotypical squealing and inappropriate laughing (C. Johnson, 2008; Sheinkopf et al., 

2000; Zwaigenbaum et al., 2005). To further characterise potential abnormal vocal 

communication of Usp9x-/y mice, vocalisations of adult mice should be investigated in the 

future. Adult mice produce different types of vocalisations for courting and mating purposes 

(Holy & Guo, 2005). Future studies may benefit from analysis of adult vocalisations as it may 

provide insight to a more complex communication behaviour that may be affected in Usp9x-/y 

and any impairments in adult USVs may also be relevant to ASD phenotypes in the human 

patients as it represents interpersonal communication.  

 

The three-chambered social interaction test revealed that Usp9x-/y displayed a lower social 

interest, another diagnostic trait of ASD, in both experimental trials. In the first trial, Usp9x+/y 

mice spent significantly more time in the chamber containing the conspecific animal (Figure 

2?). The mice used in this study are on a mixed genetic background of C57BL/6 and 129/SvJ, 

and the amount of social approach is consistent with what has been reported for those strains 

(J. N. Crawley, 2004; Langguth et al., 2018; McFarlane et al., 2008). However, Usp9x-/y mice 

showed less interest in the conspecific mouse and spent significantly more time in the empty 

chamber in the first minute of the trial (Figure 5.2). This is reminiscent of the reduced social 

interest observed in BTBR mice (Bolivar & Flaherty, 2003; Langguth et al., 2018; McFarlane 

et al., 2008; Moy et al., 2007). However, as humans relying heavily on verbal communication, 
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any difficulties and delays in speech development, as is the case with Usp9x patients, will affect 

interpersonal communication, which may or may not be diagnosed as ASD-like behaviour.  

 

In addition to the social interaction test, a 5-day social habituation-dishabituation test was 

performed to assess the social memory. Usp9x+/y behaved as predicted, with interest of the 

conspecific mice peaking on day 1 and day 5, when they were exposed to a novel mouse. In 

the intervening days the time Usp9x+/y mice spent interacting with the familiar conspecific 

decreased, indicating a waning interest (Figure 5.3). Usp9x-/y mice, however, consistently 

displayed low interest toward both the familiar and novel conspecifics throughout the entire 5 

days (Figure 5.3). This suggests Usp9x-/y mice not only have low sociability, but also may not 

form new memories in a social context, leading to a failure to recognise and distinguish 

individual mice. 

 

If Usp9x-/y mice had the capacity to form new social memories and remember the familiar 

conspecific, the results would have shown a waning level of interest, similar to Usp9x+/y. 

Instead, the level of interest between the familiar conspecific and the novel conspecific 

introduced on the 5th day remained the same. This would be in line with a previous study that 

described that Usp9x-/y mice suffer from learning and memory impairments (B. V. Johnson et 

al., 2019). In that study, the authors conducted the active place avoidance test, where the Usp9x-

/y mice had to actively avoid a set shock zone over the testing period. The Usp9x-/y mice failed 

to form both short-term and long-term memories in a spatial context. This is unsurprising, 

seeing as the hippocampus, an important part of spatial awareness as well as memory, is 

severely affected by the deletion of Usp9x from the brain (Oishi et al., 2016; Stegeman et al., 

2013). In this study, investigated social memory, which also have been found to be formed in 

the CA2 region of the hippocampus (Hitti & Siegelbaum, 2014; Meira et al., 2018). The 

inability to form new memories in a social setting, combined with the lack of social interest, 

could be one of the explanation of the persistently low level of interaction by Usp9x-/y mice.  

 

A third common symptom of ASD is motor stereotypies or repetitive movements (DSM 5, 

2013). In rodents, these motor stereotypies often manifest as excessive self-grooming, bar 

biting, and repetitive jumping movements (Garner & Mason, 2002; McFarlane et al., 2008) as 

observed in the BTBR ASD mouse model (McFarlane et al., 2008; Pearson et al., 2011). In 

addition to what is characterised as lower-order motor stereotypies, BTBR mice also display 

higher-order, cognitive stereotypies such as insistence of sameness and restricted interest in 
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experiments involving novel object recognition (Pearson et al., 2011). We investigated this 

insistence of sameness trait in Usp9x-/y mice using a Y-maze assay hypothesising the Usp9x-/y 

mice would restrict their movement to one arm of the maze (Figure 5.4). However, neither 

Usp9x+/y nor Usp9x-/y mice showed any preferences to any of the three arms of the Y-maze. 

Home-cage observations and daily handling by researchers also did not reveal any excessive 

grooming or other motor stereotypies. However, it is not clear if USP9X ASD patients display 

repetitive behaviour as part of their diagnosis. 

 

In concordance with previous studies (B. V. Johnson et al., 2019) (Yoon et al., in press), 

hyperactivity was observed in the Usp9x-/y mice. This was displayed as higher distance 

travelled, as well as, higher velocity of movement. Yoon et al. reported that Usp9x-/y mice had 

lower anxiety compared to controls. Several other mouse models of ASD are reported to 

display hyperactivity with or without anxiety-like traits (Beraldo et al., 2015; de Visser et al., 

2006; Faraji et al., 2018; Irie et al., 2012). Our study shows that by conditionally deleting 

Usp9x from the forebrain results in ASD-like behavioural phenotypes, in addition to the 

previously reported learning deficits (B. V. Johnson et al., 2019). This closely models the ID 

and ASD symptoms seen in USP9X patients. A caveat  however, is that minimal information 

about ASD features of USP9X patients have been reported. Further studies would benefit from 

detailed analysis of the ASD-related behaviour of USP9X patients, including any social 

impairments and/or repetitive behaviour. While impaired language developments have been 

described in the patients (B. V. Johnson et al., 2019; Reijnders et al., 2016), it has not been 

investigated how this could translate to impaired socialisation and whether this contributed to 

the ASD diagnosis.  

 

Overall, the Usp9x-/y mouse model mimics two of the three diagnostic traits of ASD. Whether 

or not this corresponds to the ASD traits in children with USP9X mutations remains to be 

explored. Further characterisation to the severity of the ASD symptoms of these patients must 

be considered, in addition to the existing ID diagnosis. From the literature that is available (Al-

Mubarak et al., 2017; Homan et al., 2014; B. V. Johnson et al., 2019; Reijnders et al., 2016), 

the mouse model described in this study corresponds with some of the behavioural aberrations 

described, namely the language delay and impaired sociability. At the time of the writing of 

this manuscript, there have been no studies that describe USP9X patients to have severe 

repetitive behaviour nor restricted interest. It must also be considered that the comorbidity of 

ID in the patients may hinder the diagnosis of ASD, or mask its severity. USP9X has been 
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implicated in multiple  processes in brain development including axonal initiation, elongation 

and dendritic spine formation (Homan et al., 2014; B. V. Johnson et al., 2019; Jolly et al., 

2009; Stegeman et al., 2013), especially in cortical and hippocampal regions, two main areas 

that are responsible for cognitive processes and memory formation. Therefore, it is no surprise 

that loss of function mutations in the gene lead to neurodevelopmental disorders, including ID 

and ASD. Future studies would benefit from characterising the behavioural symptoms to 

stratify the severity of both ID and ASD diagnoses in the patients and how they perhaps 

correspond to individual mutations in the gene.  
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 The Usp9x-/y mouse as a model organism 

Results from the current study demonstrate the importance of Usp9x in cortical development 

and ultimately, behaviour. The deletion of Usp9x under the Emx1 promoter affected primarily 

the postnatal development of the hippocampus (Oishi et al., 2016; Stegeman et al., 2013). In 

turn, this has been correlated to diminished abilities to learn and form memories in Usp9x-/y 

mice (B. V. Johnson et al., 2019). As described in Chapters 4 and 5, Usp9x-/y mice display 

other behavioural phenotypes. Notably, Usp9x-/y mice show increased chronic anxiety, 

impaired communication, and reduced sociability in the battery of behavioural assays subjected 

to them. In addition, and perhaps the reason behind the altered behaviour, Usp9x-/y mice also 

display morphological differences in the corpus callosum. Smaller corpus callosum is seen in 

nearly all patients harbouring USP9X mutations (Homan et al., 2014; B. V. Johnson et al., 

2019; Reijnders et al., 2016). Currently, further investigations are being made into the 

additional commissural fibres in the brain, namely the anterior and hippocampal commissures 

using diffusion tensor magnetic resonance imaging (DTMRI). Preliminary results suggest that 

all three major commissures are affected (Piper, personal communication). The corpus 

callosum, as previously discussed, is commonly affected in patients with ASD (Alexander et 

al., 2007; Egaas et al., 1995; Halgren et al., 2012; Lau et al., 2013). Concurrent with this, the 

most commonly used ASD mouse model, the BTBR mice, completely lacks the corpus 

callosum (Sforazzini et al., 2016; Stephenson et al., 2011; Yang et al., 2009) and displays the 

three characteristics of ASD behaviour: impaired communication (Moy et al., 2007; Scattoni 

et al., 2008; Scattoni et al., 2011), social deficits (Bolivar et al., 2007; McFarlane et al., 2008; 

Moy et al., 2007; Sforazzini et al., 2016; Yang et al., 2009; Yang et al., 2007), and repetitive 

behaviour (Faraji et al., 2018; McFarlane et al., 2008). How, then, do the Usp9x-/y mice fare in 

modelling the human condition? As the mouse model successfully mimics some aspects of the 

behavioural phenotypes in human, in addition to several similar morphological changes in the 

brain, the Usp9x-/y mice certainly fills a gap in the field for an adequate model system to 

investigate the effects of Usp9x mutations and why they lead to ID/ASD. One limitation is that 

female patients experience heterozygous mutations (Al-Mubarak et al., 2017; P. Y. B. Au et 

al., 2017; Reijnders et al., 2016) and male patients suffer from point mutations (Homan et al., 

2014; B. V. Johnson et al., 2019), whereas Usp9-/y mice lacks Usp9x completely in the cortex 

and hippocampus. However, USP9X patients also experience milder symptoms compared to 
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the mouse model. This may be due to human mutations leading to some level of retainment of 

USP9X function (Homan et al., 2014; Stegeman et al., 2013).  

 

 Targeting the UbS as a therapy? 

Treatments that target the UbS were initially thought to be unrealistic and lethal because the 

UbS is a central mechanism conserved in all cell types and organisms (Edelmann et al., 2011). 

However, many molecules that target proteasomal degradation have been approved as 

treatment for different types of cancer. Bortezomib, for example, a reversible inhibitor to 26S 

proteasome, was approved for treating multiple myeloma in 2003 (Adams, 2003; R. A. Chen 

et al., 2011), and later, lymphoma (Kouroukis et al., 2011). Inhibitors to DUBs, such as USP7, 

USP9X and USP14, have also been considered as molecular targets for some cancers 

(Edelmann et al., 2011). USP7 has been shown to regulate the nuclear localization of PTEN 

(Song et al., 2008), so the activity of PTEN could, theoretically, be upregulated by inhibiting 

the catalytic activity of Usp7 using small molecules (Colland, 2010), making USP7 a possible 

therapeutic target for patients with loss of function mutations of PTEN.  Additionally, small 

molecules that interrupt the protein-protein interactions of E3 ligases, such as, HDM2, 

SCF/Skp2, and CRBN have also been the target of cancer treatments (Edelmann et al., 2011). 

Therefore, it is plausible that targeting members of the UbS pathway could be considered for 

the therapeutic intervention in ID/ASD. Another potential point for therapeutic intervention 

could be the downstream targets of the affected UbS genes and components in the mTOR, Wnt, 

or TGFb signalling pathways discussed above. For example, the treatment of rapamycin has 

been shown to rescue or prevent some ASD-like phenotypes in TSC1/2 knock-out mice (Choi 

et al., 2008; Magri et al., 2011; Meikle et al., 2008; Zeng et al., 2008). This suggest that 

rapamycin might be employed in treatment for relieving ASD-associated symptoms by 

targeting the mTOR pathway. In addition, the overexpression of b-catenin has been shown to 

reverse the behavioural symptoms of mice with Chd8 mutation (Durak et al., 2016).  

 

As most cases of ID and ASD are diagnosed in childhood, postnatal intervention should be 

considered as possible avenues of treatment. In studies of mouse models of Rett syndrome, it 

was found that restoring MeCP2 postnatally could reverse abnormalities in the mice 

(Giacometti et al., 2007; Guy et al., 2007). Another study showed that adult administration of 

lithium and metabotropic glutamate antagonists rescued the social behaviour phenotype of a 

Drosophila model of Fragile X Syndrome (McBride et al., 2005). The drugs acted downstream 
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of FMR and therefore compensated for the increased translational process that the mutation 

caused. These studies indicate that some treatments could feasibly be employed in the postnatal 

period, after most of neuronal production and synaptic connections have been established. As 

defects in autism are associated with processes within the later stages of development (synaptic 

pruning, activity-dependent changes, neuronal excitability), intervention at this stage is an 

approach worth considering. 

 

 Future Directions 

Future studies would benefit from investigating a broader set of behavioural markers to stratify 

the severity of the disorder in different patients. Combined with investigating how different 

mutations may affect the function of the protein differently, personalised therapy plans may be 

developed for each patient. For example, Homan et al. (2014) described three mutations in the 

study, all affecting axonal growth, but only two affecting migration. In the study, the mutations 

were described to be clustered in the C terminus of the protein, near or on the section known 

to be where Usp9x interacts with Dcx, a protein that is crucial for neuroblast migration and has 

been linked to ID itself. This suggests that not all mutations affect the function of the protein 

equally, while one mutation can affect some processes, another can affect completely different 

roles altogether. Considering how vast the interactome is for Usp9x, the spectrum of affected 

processes may be very broad. On the other hand, B. V. Johnson et al. (2019) showed that 

different mutations can also converge on the same pathway or effect. In the study, five different 

patient-derived fibroblast cultures were found to have disruptions that converged on the TGFb 

signalling pathway. With the constant development for personalised medicine, this approach 

may benefit USP9X patients best. Samples from each patient could be used to find out how 

their specific mutation affects the protein function of USP9X and then tailor the treatments 

according to that, targeting perhaps not Usp9x itself, but the pathway/s the mutation affects. 

Usp9x-/y  mice could again prove useful in preliminary screenings of drugs and treatments that 

are already available that target certain behavioural aspects. As an example, current anxiolytic 

drugs could be screened to alleviate the anxiety-like behaviour, or ADHD medication for the 

hyperactivity seen. Overall, this study hopes to address the gap in the field for an adequate 

model for the disorder caused by the loss of function of Usp9x, in order to facilitate the 

possibility of future treatments being developed for the patients.  
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8. Appendices 

 

Appendix 1 Cortical Neurons Generated from Usp9x-/y 

Cortical neurons were successfully generated from Usp9x+/y (not pictured) and Usp9x-/y mice 

(pictured above). Brightfield and fluorescent images are shown in the panels above taken at 

20 x magnification. As Usp9x-/y also express the reporter gene TdTomato in cells expressing 

Cre (second panel), all TdTomato-positive cells (red, third panel) are derived from the 

neocortex and are considered to be null of Usp9x. TdTomato-negative neurons may be 

derived from non-telencephalic regions during the dissection, for example the striatum. Scale 

bar 100 µm. 
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Appendix 2 Cortical Neurons from Usp9x+/y and Usp9x-/y at Different Stages 

Cortical neurons cultured from Usp9x-/y and Usp9x+/y E17.5 embryos were stained using 

antibodies against Tau in green (an axonal marker) and Map2 in red (a dendritic marker). 

Images were taken at 24 hours (Stage 1), 48 hours (Stage 2), and 72 hours (Stage 3) after 
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plating. Cortical neurons from both Usp9x+/y and Usp9x-/y animals developed at the same 

rate, reaching stage 3 of axonal development at 72 hours.   
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Abstract
Intellectual disability (ID) and autism spectrum disorder (ASD) are two of the most common neurodevelopmental disorders. Both
disorders are extremely heterogenous, and only ~ 40% of reported cases have so far been attributed to genetic mutations. Of the many
cellular processes that are affected, the ubiquitin system (UbS) is of particular relevance in that it can rapidly regulate multiple signaling
cascades simultaneously. The UbS is a post-translational modification process that revolves around the covalent attachment of a
ubiquitin moiety to a substrate, thereby influencing different elements of protein biology, including trafficking, signal transduction,
and degradation. Importantly, the UbS has been implicated in regulating multiple pathophysiological pathways related to ASD and ID.
This review will discuss how the UbS acts as major signaling hub in the pathogenesis of ASD and ID, raising the prospect of treating
broader patient cohorts by targeting the UbS as a common point of convergence of various mutations.

Keywords USP9X . Intellectual disability . Autism spectrum disorder . mTOR .WNT . TGFβ

Background

Intellectual disability (ID) falls under Neurodevelopmental
Disorders in the Diagnostic and Statistical Manual of Mental
Disorders 5th Edition [1] and is defined as a limitation of
intellectual functioning and adaptive behavior [2]. DSM 5 also
provides categories of the severity of the disease based on IQ
namely, mild (IQ 55–70), moderate (IQ 40–55), severe (IQ
25–40), or profound (IQ < 25). However, many authors
choose a more streamlined classification of mild (IQ 50–70)

or severe (IQ < 50) [3]. ID is found across all populations at
rates of between 1 and 3% [4, 5] with a higher prevalence
amongmales [4]. In adults, the female to male ratio is between
0.7 and 0.9, whereas in children and adolescents, the ratio is
between 0.4 and 1.0 [4]. For this reason, many genes on the X-
chromosome have been the target of ID studies. A recent
update of X-linked ID, published by the American Journal
of Medical Genetics, reported that the X-chromosome ac-
counts for roughly 15% of the approximately 1000 genes
known to be associated with ID [6].

Only 40% of reported ID cases can be accounted for by
genetic mutations, which include copy number variations
(CNV), cytogenetic aberrations, insertions, deletions, and
point mutations [7]. The remaining 60% of cases remain idi-
opathic [8]. Nevertheless, several risk factors have been con-
sistently linked with ID. These can be divided into three broad
categories including environmental risk factors, such as tera-
togenic chemicals and radiation, behavioral risk factors, such
as alcohol use and smoking, and physiological risk factors,
such as diabetes, obesity, and preterm birth and low birth
weight [9–12].

Autism spectrum disorder (ASD) is often comorbid with
ID [13, 14]. The main diagnostic criteria for ASD are (1)
deficits in social-emotional reciprocity, (2) deficits in verbal
and non-verbal (e.g., body language or eye contact) commu-
nication; and (3) restricted, repetitive behavior or interest,
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including motor stereotypies and hypo- or hyperreactivity to
sensory input [1]. ASD has been reported to affect around 1 in
160 children [15], and the Autism and Developmental
Disabilities Monitoring (ADDM) Network of the Centre for
Disease Control (CDC) in the USA recently reported a prev-
alence of 1 in 59 children [16].

The major challenge to research into ASD and ID is that the
causes of these disorders are extremely heterogeneous. As
such, only small numbers of patients exhibit mutations in
any given gene. Given that genetic studies have implicated
hundreds of genes in ASD and ID, investigating genes indi-
vidually is difficult, both economically and logistically.
Looking forward, one way to address this impasse could be
to analyze genes that function in the same pathway. Indeed,
researchers in the field are now concentrating on such conver-
gent pathways, both in order to study the development of ID/
ASD, but also as pivots around which treatment options can
be studied. In this review, we focus on one such hub factor, the
UbS. The UbS is a post-translational protein modification
process that has been shown to regulate protein stability, sig-
naling, protein localization, and trafficking. While the best-
known function for the ubiquitin system is the degradation
of target proteins through the proteasome, in this review, we
refer to the UbS as encompassing all ubiquitin-modifying ac-
tivity. Critically, the UbS has been implicated at the nexus of
multiple key signaling nodes involved in the etiology of ASD/
ID, including mTOR, WNT, and TGFβ pathways. In this
review, we will discuss how the UbS is capable of concurrent-
ly regulating multiple ASD and ID pathophysiological path-
ways and the potential of targeting the UbS to rescue pheno-
types associated with these neurodevelopmental disorders.

The Ubiquitin System: a Key Regulator
of Post-translational Modification

Ubiquitylation is the process of covalently attaching a 76 ami-
no acid ubiquitin moiety to a lysine residue on a protein sub-
strate and is one of the most common post-translational mod-
ification for proteins. Ubiquitylation involves three enzymes:
E1 ubiquitin activating enzyme, E2 ubiquitin conjugating en-
zyme, and E3 ubiquitin ligase enzyme [17]. E1 enzymes acti-
vate ubiquitin through ATP-dependent adenylation. Activated
ubiquitin is then transferred to an E2 enzyme, where it delivers
the ubiquitin to an E3 ligase. E3 ligases then facilitate the
attachment of ubiquitin to the substrate (Fig. 1). The human
genome encodes for hundreds of E3 ligases, many with sub-
strate specificity. E3 enzymes can be classified into three cat-
egories, namely the really interesting new gene (RING) group,
the homologous to E6-AP carboxyl terminus (HECT), and the
RING-between-RING (RBR) E3 family. RING ligases direct-
ly transfer ubiquitin from E2 enzymes to the substrate through
hydrolysis of the substrate. HECT and RBR E3 ligases

catalyze the transfer of ubiquitin to a lysine residue on the
E3 ligase itself before transferring it to the substrate [17].

Variations in ubiquitylation differentially regulate the fate
of target proteins. Monoubiquitylation is where a single ubiq-
uitin protein is attached to a lysine residue, whereas multi-
monoubiquitylation is when multiple lysine residues are
ubiquitylated with single moiety. Both monoubiquitylation
and multi-monoubiquitylation can alter protein trafficking
and cellular localization, DNA repair, endocytosis, and signal
transduction [18, 19]. Polyubiquitylation can be achieved
when multiple ubiquitin proteins are attached to the lysine
residue of previously attached ubiquitin. All seven lysine res-
idues of ubiquitin (positions 6, 11, 27, 29, 33, 48, and 63) can
be used to form polyubiquitin chains [20, 21]. Furthermore,
ubiquitin chains can also be branched, depending on which
lysine residue is used. Indeed, specificity of cellular conse-
quence of ubiquitylation lies in the different lysine residues;
polyubiquitylation of K48 and K11 target proteins for
proteasomal degradation, while modification of the K63 resi-
due regulates endocytosis and signal transduction [20]. The
process of ubiquitin attachment is reversible through the ac-
tions of deubiquitylating enzymes (DUBs). The complex pro-
cess of ubiquitylation/deubiquitylation regulates many cellu-
lar processes, such as vesicular trafficking, cell-cycle progres-
sion, DNA repair, and signal transduction [22–24].

Many proteins involved in the etiology of ID and ASD can
be categorized in terms of the signaling pathways that they fall
into. In this review, the roles of WNT, mTOR, and TGFβ
signaling in ID/ASD pathology will be discussed. Each of
these pathways are important for brain development. For ex-
ample, mTOR regulates neuronal differentiation and dendritic
maturation [25], WNT regulates precursor proliferation and
differentiation [26–28], and TGFβ regulates neurogenesis as
well as axonal development [29]. These pathways are tempo-
rally and spatially regulated during neural development, and
impairments to these signaling cascades may interrupt brain
development in multiple ways. The UbS also regulates several
important neural processes that are impaired in ID/ASD, such
as axonal initiation, development, dendritic maturation, and
synaptic pruning [30, 31]. Indeed, between 10 and 15% of
the newly found genes associated with ID are ubiquitin-
modifying proteins (E3, DUBS, etc.) or their substrates [6].
The UbS has also been implicated in neuropsychiatric disor-
ders, such as attention-deficit hyperactivity disorder and
schizophrenia [32]. As the UbS potentially regulates and/or
integrates multiple pathways simultaneously, it is important to
understand the role of the UbS in the etiology of ID/ASD,
either by controlling neural development directly or by regu-
lating signaling pathways such as WNT, mTOR, and TGFβ.
Therefore, understanding the roles of these signaling path-
ways in the etiology of ID and ASD, and the higher-order
mechanisms, such as the UbS, which regulate them, may
bring us closer to possible treatments of these disorders.
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Signaling Pathways Affected in ASD and ID

The mTOR Pathway

The mechanistic target of the rapamycin (mTOR) pathway is
one of the key regulatory signaling pathways involved in brain
development, neural plasticity, and neurogenesis. Perturbation
of this pathway has been implicated in multiple neuropsychi-
atric diseases including ASD and ID [33–36]. mTOR signal-
ing regulates multiple aspects of cell homeostasis including
protein synthesis, autophagy, lipid synthesis, and mitochon-
drial metabolism [37]. The mTOR pathway comprises two
signaling transducing complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2) [38]. mTOR
is a tyrosine kinase common to both mTORC1 and mTORC2.
The main structural differences between mTORC1 and
mTORC2 are their scaffolding proteins, regulatory-
associated protein of mammalian target of rapamycin
(Raptor) and rapamycin-insensitive companion of mTOR
(Rictor), respectively. mTORC1 activity is tightly regulated
by the tuberous sclerosis complex 1 (TSC1) and TSC2 het-
erodimer, which acts as a GTPase-activating protein for the
small Ras-related GTPase Ras homolog enriched in brain
(Rheb). The GTP bound active form of Rheb directly interacts
with, and activates, mTORC1. As such, TSC1/2 acts as a

negative regulator of mTORC1 by inactivating Rheb
converting its bound GTP into GDP [39]. Upstream of both
mTORC1 and TSC1/2 is PTEN, a lipid phosphatase that con-
verts the phospholipid PIP3 into PIP2. PIP3 is an activator of
AKT, which in turn acts as an inhibitor of both TSC1/2 [38].
The functional counterpart of PTEN is the kinase PI3K, which
converts PIP2 back into PIP3. Both proteins are important in
balancing PI3K/AKT/mTOR signaling, with PTEN being an
inhibitor and PI3K an activator. Once activated, mTORC1 can
phosphorylate an array of downstream proteins, with the most
well-established target being the phosphorylated S6 (pS6)
[38]. In contrast, little is known about the upstream activation
of the mTORC2. However, phosphorylation of Serine 473 of
AKT and serum- and glucocorticoid-induced protein kinase 1
(SGK1) have been identified as direct targets of mTORC2
[40].

Among the proteins upstream of mTORC1, PTEN and
TSC1/2 have been implicated in ID and ASD [33–35, 41].
PTEN mutations have been identified in ASD patients with
macrocephaly [42–44]. Deletion of Pten in the cerebral cortex
and hippocampus of mice results in overactive mTORC1 sig-
naling, causing dendritic and axonal overgrowth, neuronal
hypertrophy, ASD-like behavioral patterns, and macrocephaly
[45]. Moreover, inhibition of mTORC1 with rapamycin
prevented and reversed the neuronal hypertrophy in Pten

Fig. 1 The ubiquitylation
process. The conjugation of
ubiquitin to substrate proteins
involves three enzymes: E1
ubiquitin activating enzyme, E2
ubiquitin conjugating enzyme, E3
ubiquitin ligases. Ubiquitylation
can manipulate the fate of
proteins, including activation,
trafficking, and degradation.
Deubiquitylating enzymes
(DUBs) remove, in contrast, re-
move ubiquitin from proteins and
can reverse the effects of
ubiquitylation
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knock-out mice [46]. Neuronal deletion of Pten also lead to
impaired social interactions but not the repetitive behavior or
vocalization abnormalities associated with ASD [47].
Mutations leading to a loss of function of TSC1/2 also lead
to increased mTORC1 signaling and converge on common
functional and morphological changes, including
macrocephaly, neuronal migration, lamination, and aberrant
axonal projections [39].

Downstream of mTOR, increased levels of the translational
regulatory proteins 4E-BP and eIF4E have also been linked to
ASD-like behavioral phenotypes [25]. mTORC1 signaling re-
sults in the phosphorylation and subsequent release of 4E-BP
from eIF4E to incorporate into the cap-dependent translation
process [39, 48]. In a transgenic mouse strain where the expres-
sion of eIF4E was driven by the ubiquitous β-actin promoter,
atypical synaptic transmission and increased dendritic spine den-
sity in the prefrontal cortex, hippocampus and striatum were
observed [25]. The mice also displayed typical ASD-related
behavior, such as repetitive self-grooming and impaired social
interactions. The authors concluded that the overexpression of
eIF4E lead to increased translation, including locally at the syn-
apses, which contributes to altered spine density and function,
and ultimately the behavioral phenotype of this strain [25].

These studies establish that proper mTOR signaling is im-
portant in many aspects of brain development, including neu-
ronal cell size, neurite growth, and migration [39, 45]. Any
disruption to either upstream or downstream components of
the pathway may lead to pathological conditions such as ASD
or ID. Interestingly, Fragile X Syndrome (OMIM: 300624),
which is caused by the loss of function of the fragile X mental
retardation protein (FMRP), shows convergence in the same
mTORC1 translational pathway. FMRP is an RNA-binding
protein and has been shown to regulate the translation of many
proteins involved in mTORC1 signaling. Mutations on the
FMR1 gene are one of the most common causes of ID, and
approximately 30% of FXS patients also show symptoms of
ASD [49]. Target proteins for FMRP-dependent translation
include ASD candidate genes NLGN3, NRXN1, SHANK3,
PTEN, TSC2, NF1, and eIF4G with the last four directly in-
volved in the mTORC1 pathway [39, 50–52]. As FMRP nor-
mally inhibits translation, the loss of its function leads to the
same effect as gain-of-function mutations in mTORC1 signal-
ing and subsequently increase the translation of target pro-
teins. FMRP knock-out mice share some characteristics of
PTEN, TSC1/2, and eIF4E mutations, such as defects in neu-
ronal migration, circuit formation, and synaptic transmission
[53–55]. However, FMRP knock-out mice also display small-
er soma size and decreased neurite length, with immature
spines characteristic of Fragile X Syndrome [56–58]. In
mouse models of Fragile X Syndrome, dendritic spines were
elongated and thin, but more densely grouped, as well as be-
ing abnormally sinuous [59], indicating perhaps a defect in the
pruning process. As dendritic spines form the anatomical

connections of synapses, alterations to their morphology
may impair the transfer of information. As FMRP is involved
in the translation of many proteins in a broad array of path-
ways, there is a possibility that pathways other than mTORC1
may also be disrupted, leading to a different phenotype
altogether.

The WNT Signaling Pathway

WNT signaling is another pivotal signaling pathway involved
in embryonic brain development, neurogenesis, neural polar-
ization, and memory formation. There are twomain categories
of WNT signaling, namely, canonical and non-canonical. The
canonical WNT pathway is dependent on β-catenin, which
acts as both a secondary messenger and co-transcriptional
activating factor. Conversely, non-canonical WNT signaling
is independent of β-catenin downstream signaling [60]. In
canonical WNT signaling, the β-catenin destruction complex
plays a major role regulating β-catenin protein levels by
targeting free β-catenin for proteasomal degradation in the
absence of WNT ligand. The β-catenin destruction complex
is mainly comprised of the scaffolding protein Axin1, two
protein kinases, Casein kinase 1 (CK1) and glycogen synthase
kinase 3b (GSK3β), the E3 ubiquitin ligase β-TRCP and ad-
enomatous polyposis coli (APC) [61–63]. Upon the binding
of WNT ligand to its receptor Frizzled, WNT signaling cas-
cade deactivates the β-catenin destruction complex. The exact
molecular mechanism(s) involved with destruction complex
inactivation is not yet fully understood. However, several
mechanisms have been proposed including dissociation of
β-TRCP from the destruction complex and sequestering of
the destruction complex by Disheveled 1 (DVL1) [64].
Inactivation of the destruction complex causes accumulation
ofβ-catenin within the cytoplasmwhich then enters the nuclei
in a concentration-dependent manner to activate gene tran-
scription in combination with its co-transcriptional activating
factors TCF/LEF [65].

Many of the genes involved in WNT signaling have been
implicated in ID and/or ASD. For instance, the key component
in canonical WNT signaling, β-catenin, has been linked to both
ASD and ID patients, through exome-sequencing and more re-
cently, through transcriptomics [33, 66–68]. Additionally, one
study has identified a gene network of PI3K-AKT, RAS-ERK,
and WNT-β-catenin to be dysregulated in ASD patients and
correlates strongly to the severity of symptoms [68]. A study
of 16 individuals with β-catenin loss of function mutations and
ID revealed that 75% also displayed microcephaly, with four
patients displaying autistic characteristics [67]. The levels of
cytosolic β-catenin are normally maintained in a very narrow
range, mostly through the destruction complex, to control its
downstream effects. Departing from this range leads to
neurodevelopmental defects that may play a role in the patho-
genesis of ID or ASD. The stabilization of β-catenin and its
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increase in transcriptional activity results in an overproduction
of radial glial cells in the ventricular-subventricular zone of de-
veloping brains of transgenic mice [69]. In contrast, when β-
catenin is deleted from the brain, neural progenitors prematurely
differentiate into neurons [28, 70]. The deletion of β-catenin
from post mitotic parvalbumin-expressing interneurons in the
postnatal brain resulted in the mis-localization of the neurons
in the prefrontal cortex, as well as their activation [71]. The
authors suggested that the abnormal localization in the prefrontal
cortex may have disrupted neuronal circuitry, which in turn
manifested in anxiety and ASD-like symptoms. In addition to
playing a critical role in WNT signaling, β-catenin is also a
central part of cell adhesion, which also play an important part
in the fate determination of neural progenitors in early develop-
mental periods [72]. β-Catenin-cadherin complexes also regu-
late synaptic pruning to maintain dendritic spine growth [73].

Another component of WNT/β-catenin signaling is the
chromodomain helicase DNA-binding protein 8 (CHD8). It
directly interacts with β-catenin and regulates its transcrip-
tional activity through chromatin remodeling [74]. In vitro,
the depletion of CHD8 leads to increased expression of β-
catenin-dependent genes such as Axin2, Dkk1, and Nkd2.
Therefore, CHD8 possibly acts as a negative regulator of
WNT signaling [75]. However, CHD8 has been shown to
positively regulate WNT signaling in neural progenitors.
Durak and colleagues [76] showed that CHD8 stimulates the
proliferation of cortical neural progenitors and represses their
differentiation into neurons. The knock-down of CHD8 ex-
pression led to the downregulation of several WNT-related
genes including β-catenin, Fzd1, Fzd2, Dvl2, and Dvl3. The
opposing conclusions of the two studies reflect the fact that
WNT signaling is context-dependent; CHD8 is a negative
regulator of WNT signaling in non-neuronal cells, whereas it
is a positive regulator in cells of neuronal-lineage. As CHD8
plays an important role inmaintaining the balance between the
proliferation and differentiation of cortical neural progenitors,
disruption of its function may be the underlying cause linking
it to ASD [76–79]. When CHD8 is deleted from neural pro-
genitors destined to become upper layer cortical neurons, it
resulted in social abnormalities and reduced exploratory be-
havior in mice. Interestingly, the behavioral phenotypes can be
rescued with the overexpression of β-catenin [76], indicating
that ASD-like behavior that comes with the loss of CHD8’s
function is dependent on WNT/β-catenin signaling. In neural
progenitors derived from induced pluripotent stem cells
(iPSCs), CHD8 suppression resulted in the downregulation
of several genes, including SCN2A, SHANK3, and NCAM1,
all of which have been previously associated with ASD [79],
further indicating that gene networks are likely to be behind
the pathogenesis of ASD. Finally, a deficiency of CHD8 was
found to affect axonal development and migration of cortical
neurons in mouse, which may contribute to the pathophysiol-
ogy seen in ASD patients with CHD mutations [80].

The TGFβ signaling pathway

The transforming growth factor beta (TGFβ) signaling path-
way regulates cell proliferation, differentiation, apoptosis,
cancer metastasis, and many other cell functions in a cell
context-specific manner. With more than 30 ligands in the
TGFβ family interacting with various combinations of recep-
tors and effectors/co-effectors to propagate the signal, it is not
surprising that the signaling pathway can regulate many pro-
cesses. Typically, the TGFβ ligand binds to the type II TGFB
Receptor (TβRII), which is a transmembrane serine-threonine
kinase. TβRII then phosphorylates type I TGFBR at its
glycine-serine domain, activating it. TβRI then acts down-
stream by phosphorylating SMAD proteins which are the
main pathway through which TGFβ initiates transcription of
target genes [81–83]. The SMAD proteins themselves can be
categorized in three groups: regulator SMAD (R-SMAD),
common mediator SMAD (co-SMAD), and inhibitory
SMAD (I-SMAD). R-SMAD consists of TGFβ-activated
SMAD2 and SMAD3, and bone morphogenic protein
(BMP)-activated SMAD1, SMAD5, and SMAD8.
Regardless of which R-SMAD is phosphorylated (activated)
by TβRI, they all converge on the hetero-dimerization with
SMAD4 and binding of the SMAD binding element (SBE) of
the target DNA sequence [81, 82]. In the event of TGFβ
ligand binding, SMAD7, an inhibitory SMAD, is translocated
into the plasma membrane to associate with activated TβRI
and Smurf1 to allow ubiquitylation of TβRI and its subse-
quent proteasomal degradation. In the process, SMAD7 itself
also gets ubiquitylated and degraded [84]. In addition, the
TGFβ-dependent activation of AKT leads to the activation
of the PI3K pathway, as well as being the intersection point
with the mTOR pathway [85]. A gradient of TGFβ has been
suggested to be highly important in the development of axons
[29, 86, 87]. TGFβ was found to regulate axon specification
through the phosphorylation of PAR6, a major polarity pro-
tein, by TGFβ receptor 2 (TβR2) [29]. TbR2 also recruits the
E3 ubiquitin ligase Smurf1 upon activation, which promotes
the degradation of RhoA, a RhoGTPase [88], which may alter
the actin cytoskeleton during axon specification [89].

Many of the key players in TGFβ signaling have been
associated with ID and/or ASD. TGFβ1 levels are altered in
the serum of ASD patients [90–93]. Post-mortem analyses of
ASD patients, who were also intellectually disabled, revealed
an increase in TGFβ1 levels in cortical tissue, but not in the
cerebrospinal fluid (CSF) [90]. This study also revealed a
higher level of glial activation and proinflammatory cytokines
in the patients compared to controls, indicating that the dys-
regulation of inflammatory responses in the brain is evident in
patients with ASD. Okada and colleagues [91] further inves-
tigated TGFβ1 levels in living ASD patients. However, con-
trary to the findings of Vargas et al., Okada and colleagues
found lower TGFβ1 levels in the serum of adult ASD patients.
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While TGFβ does play both proinflammatory and anti-
inflammatory roles depending on various factors [94], this
discrepancy has not been satisfactorily addressed.
Subsequent studies also found lower TGFβ1 levels in the
serum of children with ASD and correlated it with the severity
of the symptoms, suggesting that the levels of serum TGFβ1
could potentially be used as an early diagnostic tool for ASD
[92, 93, 95].

The exact role of TGFβ signaling in the development of the
nervous system and its contribution to the pathogenesis of ID/
ASD has been difficult to elucidate because Tgfβ1 knock-out
mice normally die prenatally due to fatal vascular and hemato-
poietic impairments [96]. However, a Tgfβ1−/− mouse line that
survives 3 weeks postnatally showed impaired synaptic integrity
and neuronal survival [97]. Another isoform of the TGFβ li-
gand, TGFβ2, was also shown to be critical in gestational sur-
vival [98, 99]. TGFβ2 is required for the development of syn-
apses in the central nervous system, with its loss ultimately
leading to respiratory failure and perinatal death. Tgfβ2 knock-
out mice were born with craniofacial deformities such as cleft
palate, as well as congenital heart defects [99]. In humans, the
loss of TGFβ signaling can happen in multiple ways, leading to
an array of developmental disorders. The loss of functional
TGFβ2 in humans leads to the Loeys-Dietz syndrome (LDS)
4 (OMIM: 614816), with patients displaying developmental de-
lays, as well as vascular defects such as aortic aneurysms [100].
LDS1 and LDS2, caused by mutations in the TGFBR1 and
TGFBR2 genes, respectively, have both been linked to ID
[101, 102]. Again, it is difficult to explore the full effect of the
loss of TGFBR1 and TGFBR2 in the nervous system as any
knock-out animal model die mid-gestation due to hematopoietic
and vascular defects [103, 104]. To circumvent this, conditional
knock-out models could be utilized to analyze the role of these
factors specifically within the central nervous system. Patients
with mutations in TGFBR1 have also been diagnosed with
Marfan syndrome with mental retardation [105]. The diagnosis
of Marfan syndrome (OMIM: 154700) is normally reserved for
patients with mutations in the FBN1 gene, coding for fibrillin 1,
a key component of the extracellular matrix. However, some
symptoms of Marfan syndrome overlap with LDS, making it
hard for clinical diagnoses without genetic testing. Ades and
colleagues [105] proposed that LDS1, LDS2, and MFS (with
or without ID) all fall along the TGFβ pathway axis, which may
account for the similar clinical presentation of craniosynostosis,
craniofacial dysmorphisms, vascular abnormalities, and
neurocognitive impairments.

SMAD4 is a convergence point for TGFβ and BMP sig-
naling, propagating signals in different contexts depending on
its upstream activators, downstream coactivators, and tran-
scriptional targets. Mutation of Smad4 has been found to be
the underlying cause of Myhre syndrome (OMIM 139210)
[106–108]. The disease is characterized by skeletal anomalies,
dysmorphic facial features, and ID. Patients have also been

reported to display autistic behavior [107, 109, 110].
Interestingly, almost all of the published mutations were found
on Ile500 residue, with 48 of the 54 reported mutations on this
residue, the remainder being found on residue Arg496 [110].
Both residues are located in the MH2 domain of SMAD4,
which is important for protein-protein interaction [107]. In
particular, the MH2 domain enables SMAD4 to bind its
coactivators and initiate transcription of target genes.
Therefore, any mutation in this region may possibly weaken
or completely diminish SMAD4 binding to R-SMAD proteins
and lead to improper TGFβ/BMP signaling [107]. This hy-
pothesis seems unlikely, however, considering the mutations
lead to a gain of function of SMAD4 and increased TGFβ
signaling instead [110]. Another residue near the mutation
sites is Lys519, which is a site of ubiquitylation [106, 107].
Interestingly, Le Goff and colleagues [106] found that
SMAD4 protein levels were elevated in patients, suggesting
that the degradation of SMAD4 by the UbS may be impaired,
culminating in increased TGFβ signaling.

The UbS as a Convergence Point of Signaling
Pathways in ASD and ID

In addition to mutations in components of signaling pathways
that are themselves controlled by the UbS, mutations in
ubiquitin-modifying proteins themselves have also been found
in ASD and ID patients. Several of these are known to interact
with components of the WNT, TGFβ, and mTOR pathways or
with other substrates important in the development of the brain.
Gain of function mutations in the HECT E3 ubiquitin ligase
UBE3A, for example, has been associated with increased risk
of autism [111]. In contrast, loss of function mutations in
UBE3A are associated with Angelman syndrome (OMIM:
105830), a developmental disorder that features severe ID; atyp-
ical behavioral characteristics, such as excessive laughter; and
limited speech. Two UBE3A substrates are important in the
development of the nervous system, with UCHL5 being integral
in embryonic brain development and PSMD4 regulating the
development of dendrites [112, 113]. UBE3A also plays a role
in maintaining WNT signaling through the direct
polyubiquitylation of β-catenin [114]. The ubiquitylation of β-
catenin in this context does not target it for proteasomal degra-
dation but instead stabilizes it. UBE3A and WNT signaling can
also converge at the proteasome, with UBE3A directly
inhibiting the function of proteasomal subunits, thereby stabiliz-
ingβ-catenin and stimulatingWNTsignaling [115]. The authors
hypothesized that the ubiquitylation of proteasomal subunits
directly inhibits the docking of the destruction complex protein
Axin1 and therefore prevents the degradation ofβ-catenin. A de
novo mutation of UBE3A (p.Y485A) has been associated with
ASD, where Tyrosine485 is the site of phosphorylation by pro-
tein kinase A (PKA). Phosphorylation at this site acts as an “off”
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switch for UBE3A and inhibits its ubiquitin ligase activity [111].
The UBE3A (p.Y485A) protein is therefore hyperactivated,
blocking the proteasome and β-catenin degradation. As
proteasomal degradation of β-catenin is a central part of canon-
ical WNT signaling, UBE3A plays an integral role in maintain-
ing the activation of the pathway by maintaining the balance of
β-catenin. The loss of UBE3A reduces the activation of WNT
pathway twofold, by allowing β-catenin to be degraded by the
destruction complex and by unblocking the proteasome subunit
for degradation. In contrast, a gain of function of UBE3A will
result in the upregulation of WNT signaling. UBE3A also
upregulates the mTORC1 signaling by promoting the degrada-
tion of TSC2 an upstream inhibitor of the mTORC1 complex
[116]. As a component common to both the WNT and mTOR
pathways, both gain and loss of function mutations in UBE3A
could potentially lead to downstream effects on both pathways
and lead to neurodevelopmental disorders.

Another E3 ligase linked to ID and ASD is the X-linked
HECT ubiquitin ligase, HUWE1 [117–120]. HUWE1 plays
an important role in neuronal differentiation during develop-
ment as well as maintaining quiescence of the stem cell pop-
ulation within the adult hippocampal dentate gyrus [121–123].
A recent mass spectrometry-based high-throughput screening
study identified 327 potential interactors of HUWE1 [124].
Among the proteins identified were β-catenin and eIF4E,
components of the WNT and mTOR pathways, respectively.
However, the exact mechanism whereby HUWE1 post-
translationally modifies these proteins was not investigated.
Nonetheless, HUWE1 is hypothesized to play an important
role in protein homeostasis in both the WNTand mTOR path-
ways. Another study identified DVL2 and DVL3, both scaf-
fold proteins in the WNT signaling pathway, as interactors of
HUWE1 [125]. Polyubiquitylation of lysine residues 11 and
63 of DVL2 and DVL3 do not target them for degradation, but
rather inhibit them from polymerizing, effectively inhibiting
WNT pathway activity [125]. With the importance of WNT
signaling, especially during early neural development, subtle
variations from the normal levels of WNT/β-catenin activa-
tion that arise from abnormal HUWE-1 activity are likely to
contribute to ID and ASD.

CUL4B and its homolog CUL4A belong to the CRL4 sub-
family of E3 ligases. Mutations in CUL4B were initially iden-
tified as associated with X-linked intellectual disability in
2007 by two groups [126, 127]. Subsequently, more ID pa-
tients harboring CUL4B mutations have been identified
[128–133]. Mechanistically, the deletion of Cul4b in mice
resulted in a decrease in parvalbumin-positive GABA-ergic
interneurons, particularly in the hippocampus [134].
Moreover, Cul4b -deficient mice also have defects in the den-
dritic spines of CA1 and DG neurons, specifically shorter
dendrites overall, thinner spines, but higher spine density.
The authors postulated that deletion of Cul4b could affect
the morphogenesis and plasticity of dendritic spines in the

hippocampus via the accumulation of the Cul4b target,
TSC1/2, and subsequent overactivation of the mTOR pathway
[134, 135]. The mTOR pathway has also been implicated in
the proper development of GABA-ergic interneurons [136]. In
addition to the mTOR pathway, CUL4B has also been impli-
cated in the BMP pathway, which share components with the
TGFβ pathway [137]. One of the direct substrates for CUL4B
is JAB1, a regulator of both the BMP and TGFβ pathways.
JAB1, together with Smurf1, degrades the inhibitory SMAD7,
allowing target genes to be activated byR-SMADs [138, 139].

In addition to E3 ubiquitin ligases, deubiquitylating en-
zymes (DUBs) have also been identified to be candidate genes
in ID and ASD. DUBs possess the ability to cleave the thiol-
ester bond which covalently attaches ubiquitin to its target
protein. As ubiquitylation is a post-translational modification,
deubiquitylation is a post-post-translational modification and
is implicated in cell growth, differentiation, and development
[140, 141]. There are five groups of DUBs, stratified on their
catalytic domain properties: ubiquitin-specific proteases
(USPs), ubiquitin C-terminal hydrolases, Machado-Joseph
disease proteases , ovar ian tumor proteases , and
metalloproteases-JAMM-motif-containing proteases [142].
USPs are the most common, as well as the largest class, of
DUBs [143]. USPs share structural homology in their catalytic
domains; however, each USP displays different substrate
specificities [140]. USP7, mostly known for its role in actin
assembly and endosomal recycling, was found to be mutated
in a cohort of patients showing signs of ID and ASD [144].
The molecular mechanism was not explored although it was
speculated that it involved disruption of endosomal protein
recycling. The role of USP7 in neural development itself has
not been described; however, USP7 has been shown to asso-
ciate with SOX2, an essential transcription factor of neural
stem cells [145]. Furthermore, USP7 also interacts with a reg-
ulatory component of TGFβ signaling, SMAD3 [146, 147].
Interestingly, USP7 has been reported to also associate with
HUWE1, though not as a target for proteasomal degradation.
Instead, USP7 protects HUWE1 from auto-ubiquitylation,
and so stabilizes it [124].

Another member of the USP family, USP9X, has been
found to play a role in the pathogenesis of ID and ASD
[148–150] [151]. The most recent published study of
USP9X in ID/ASD, where 48 male patients harboring 44
unique missense mutations in USP9X were characterized,
identified global developmental delay in all the patients, and
80% of the tested patients displayed symptoms of autistic-like
behavior [151]. The molecular mechanisms behind the path-
ogenesis of USP9X-related ID and ASD have not been exten-
sively investigated. However, USP9X has been found to func-
tion in many of the signaling pathways implicated in ID/ASD
and/or the development of the nervous system. USP9X has
been reported to regulate mTORC1 by binding to Raptor and
stabilizing it in neural progenitors [152]. Deletion ofUsp9x in
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the brain of mice was found to increase the pool of cytosolic
β-catenin. This study went on to show that USP9X regulates
the composition of the β-catenin destruction complex in neu-
ral stem cells [153]. Other reports, however, have found that
USP9X stabilizesβ-catenin in mouse fibroblasts [154] as well
as stabilizing DVL2 in breast cancer cells [155], both resulting
in the activation of the canonical WNT pathway. Although
these studies seemingly offer contradicting results, they sup-
port the idea that the function of USP9X is context and cell
type-specific. Finally, the absence ofUsp9x has been reported
to disrupt TGFβ-dependent axonal growth [87]. Indeed, hu-
man ID mutations of USP9X reported by Homan et al. [149]
were found to impair axonal growth in hippocampal neurons.
USP9Xmay regulate TGFβ signaling through its association
with SMAD4 and Smurf1, a common second messenger and
an E3 ubiquitin ligase of the TGFβ pathway, respectively
[156, 157]. An overall impairment of TGFβ andWNTsignal-
ing was detected in cultured patient fibroblasts harboring mis-
sense USP9X mutations, with a decrease in Smurf1 and acti-
vated β-CATENIN reported. Furthermore, two patient cell
lines harboring missense mutations of USP9X also displayed
a reduction of RAPTOR (scaffolding protein of the mTORC1)

[151]. The study concluded that, as USP9X regulates these
substrates, the pathogenicity behind the mutations stem from
either impaired TGFβ, WNT, and/or mTORC1 signaling
pathways, causing a cascade of effects that result in the
neurodevelopmental pathology seen in the patients. USP9X
has also been found to interact with HUWE1 to control the
homeostasis of the antiapoptotic protein Mcl1 [158, 159], as
well as working together with USP7 in regulating the auto-
ubiquitylation of the E3 ligase MARCH7 [160].

Conclusions

The UbS is crucial during development, as it mediates the
activityof key signaling systems including themTOR,WNT,
and TGFβ pathways (Fig. 2; Table 1). Given the crucial role
these pathways play in development, it is not perhaps sur-
prising that abnormal activity of the UbS, and those proteins
controlled by it, has been repeatedly implicated in ASD and
ID. The UbS “hub”may thus offer a therapeutic opportunity
for developing treatments for ID and ASD. Treatments that
target theUbSwere initially thought to beunrealistic because

Fig. 2 The ubiquitin system at the centre of three neurodevelopmental
signaling pathways: WNT, mTOR, and TGFβ/BMP. Ubiquitin ligases
CUL4B, UBE3A, and HUWE1, as well as deubiquitylating enzymes
USP9X and USP7 regulate members of crucial signaling pathways
involved in the etiology of ID/ASD. These members of the UbS have
been found to be mutated in cases of ID/ASD, leading to dysregulation of
their downstream substrates. As the UbS is able to regulate multiple

pathways concurrently, aberrations in the UbS may affect more than
one pathway at the same time, potentially altering important processes
in the development of the nervous system and ultimately manifesting as
neurodevelopmental disorders such as ID/ASD. UbS proteins also often
self-regulate or regulate other components of the UbS (dashed arrows).
The UbS therefore acts as the hub in the middle of these signaling path-
ways affected in ID/ASD
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this system is a central mechanism conserved in all cell types
and organisms [161], and manipulating it would lead to le-
thality. However, many molecules that target proteasomal
degradation have been approved as treatment for different
types of cancer. Bortezomib, for example, a reversible inhib-
itor of 26S proteasome, was approved for treating multiple
myeloma in 2003 [162, 163], and, later, lymphoma [164].
Inhibitors to DUBs, such as USP7,USP9X andUSP14, have
also been considered as molecular targets for some cancers
[161]. USP7 has been shown to regulate the nuclear locali-
zation of PTEN [165], so the activity of PTEN could, theo-
retically, be upregulated by inhibiting the catalytic activity of
USP7 using small molecules [166], making USP7 a possible
therapeutic target for patientswith loss of functionmutations
of PTEN. Additionally, small molecules that interrupt the
protein-protein interactions of E3 ligases, such as HDM2,
SCF/Skp2, and CRBN, have also been the target of cancer
treatments [161]. Therefore, it is plausible that targeting
members of the UbS pathway could be considered for the
therapeutic intervention in ID/ASD. Another potential point
for therapeutic intervention could be the downstream targets
of the affected UbS genes and components in the mTOR,
WNT, or TGFβ signaling pathways discussed above. For
example, the treatment of rapamycin has been shown to res-
cue or prevent some ASD-like phenotypes in Tsc1/2 knock-
out mice [167–170]. This suggests that rapamycin might be
employed in treatment for relieving ASD-associated symp-
toms by targeting the mTOR pathway. In addition, the over-
expression of β-catenin has been shown to reverse the be-
havioral symptoms of mice with Chd8 mutations [76].

How could potential treatments be administered? As most
cases of ID and ASD are diagnosed in childhood, postnatal in-
tervention could be considered as possible avenues of treatment.
For instance, in studies of mousemodels of Rett syndrome, it has
been shown that restoring MeCP2 functionality postnatally can
reverse phenotypic abnormalities in themice [171, 172]. Another
study showed that adult administration of lithium andmetabotro-
pic glutamate antagonists rescued the social behavior phenotype
of a Drosophilamodel of Fragile X Syndrome [173]. The drugs
acted downstream of FMR and therefore compensated for the
increased translational process that the mutation caused. These
studies indicate that some treatments could feasibly be employed
in the postnatal period, after most of neuronal production and
synaptic connections have been established. As defects in autism
are associated with processes within the later stages of develop-
ment (synaptic pruning, activity-dependent changes, neuronal
excitability), investigating the use of molecules and or drugs that
act via manipulation of the UbS represents a viable avenue for
future research.
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Table 1 List of ID/ASD-related genes and their associated pathways

Gene ID/ASD Pathway Ref

PTEN ID, ASD with macrocephaly mTOR [33–35, 42]

TSC1/2 ID and ASD mTOR [33–35]

4E-BP ASD mTOR [25]

eIF4E ASD mTOR [25]

FMRP ID and ASD mTOR [49]

β-catenin ID with microcephaly and ASD WNT [67]

CHD8 ASD WNT [76–78]

TGFβ1 ASD TGFβ [90–93, 95]

TGFβ2 LDS 4 TGFβ [100]

TGFβR1 LDS 1, Marfan Syndrome with ID TGFβ [101, 102]

TGFβR2 LDS 2 TGFβ [101, 102]

SMAD4 Myhre Syndrome ID, ASD symptoms TGFβ [106–108]

UBE3A ASD, Angelman Syndrome WNT, mTOR [111]

HUWE1 ID and ASD WNT, mTOR [118, 120]

CUL4B XLID mTOR, TGFβ [126, 134, 135, 137]

USP7 ID and ASD TGFβ [144, 146, 147]

USP9X ID and ASD mTOR, WNT, TGFβ [87, 148–150, 152, 153, 156]
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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.
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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

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,
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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,

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

<
Figure 1. Likely pathogenic USP9X variants cause a characteristic neurodevelopmental disorder in male subjects. (A) Constellation and penetrance of
defining clinical features. (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 periventricular leukomalacia (p.Ile79Val), loss of myelination and/or gliosis of posterior
periventricular 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. n = the number of participants whose information contributed to the data.

USP9X in Neurodevelopmental and Behavioral Disorders

102 Biological Psychiatry January 15, 2020; 87:100–112 www.sobp.org/journal

Biological
Psychiatry

http://decipher.sanger.ac.uk
http://decipher.sanger.ac.uk
http://www.sobp.org/journal


A

B p.Ile79Val p.Asn971Ser
USA 6 USA 14

p.Arg2085His
SPAIN 1 PORTUGAL 1

p.Ser2233Pro

C D
p.Ile79Val p.Pro1469Leu

USA 6 FRANCE 3

p.Arg822Cysp.Ile79Val

USA 6

p.Ile131Asn

USA 5 UK 1 

p.Pro1469Leu

FRANCE 3

p.Arg2085His

SPAIN 1

p.Ser2233Pro

PORTUGAL 1

p.Arg2085His

SPAIN 1

p.Ser2233Pro

PORTUGAL 1

p.Thr1739Asn

USA 18USA 18

Developmental Delay

Severe

Moderate

Mild

n= 16 of 16

Absent

Delayed

Speech and Language

n= 12 of 12

Motor Problems

Spas!c Quadriplegia

Severe Hypotonia

Hypotonia

n= 14 of 14

White Ma"er 
Disturbances

Thin Corpus 
Callosum

Widened 
Ventricles

Brain Malforma!ons
n= 12 of 12

Au!sm Obsession

Behavioral Problems
n= 8 of 10

Joint 
Hypermobility

Gastroenterological 
Disturbances

Other Features
n= 11 of 14 n= 11 of 14

Present Absent

Visual System 
Defects

Growth 
Retarda!on

n= 9 of 11 n= 8 of 12

USP9X in Neurodevelopmental and Behavioral Disorders

Biological Psychiatry January 15, 2020; 87:100–112 www.sobp.org/journal 103

Biological
Psychiatry

http://www.sobp.org/journal


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

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
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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

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.
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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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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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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

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

0

0.2
0.4
0.6

 esareficuL yrartib rA
stinU yti vitcA

0.8
1.0 nsns ns ns ns

0
2
4
6

 esareficuL  evitaleR
stinU ytivi tcA

8
10

*

# # #

- TGFβ + TGFβ

*
#

ns
12
14

- TGFβ + TGFβ
0 Hrs 24 Hrs 0 Hrs 24 Hrs

1 lortnoC

0

0.4

0.8

1.2

xednI noitargi
M

1.6
*

# # #

- TGFβ + TGFβ

-T
GF

β

SMAD4 SMAD4 DAPI SMAD4 DAPIACTB

+
TG

Fβ

A B

C

E

D

F

0

4

8

12

 dezila
mroN

 e gatn ecreP
4DA

MS  r aelc uN  fo

*

# # #

- TGFβ + TGFβ

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.

USP9X in Neurodevelopmental and Behavioral Disorders

Biological Psychiatry January 15, 2020; 87:100–112 www.sobp.org/journal 107

Biological
Psychiatry

http://www.sobp.org/journal


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

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
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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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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

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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SUMMARY

Variants in the ANK3 gene encoding ankyrin-G
are associated with neurodevelopmental disorders,
including intellectual disability, autism, schizophrenia,
and bipolar disorder. However, no upstream regula-
tors of ankyrin-G at synapses are known. Here,
we show that ankyrin-G interacts with Usp9X, a
neurodevelopmental-disorder-associated deubiquiti-
nase (DUB). Usp9X phosphorylation enhances their
interaction, decreases ankyrin-G polyubiquitination,
and stabilizes ankyrin-G to maintain dendritic spine
development. In forebrain-specific Usp9X knockout
mice (Usp9X–/Y), ankyrin-G as well as multiple an-
kyrin-repeat domain (ANKRD)-containing proteins
are transiently reduced at 2 but recovered at 12weeks
postnatally. However, reduced cortical spine density
in knockouts persists into adulthood. Usp9X–/Y mice
display increase of ankyrin-G ubiquitination and ag-
gregation and hyperactivity. USP9X mutations in pa-
tients with intellectual disability and autism ablate its
catalytic activity or ankyrin-G interaction. Our data
reveal a DUB-dependent mechanism of ANKRD pro-
tein homeostasis, the impairment of which only
transiently affects ANKRD protein levels but leads
to persistent neuronal, behavioral, and clinical abnor-
malities.

INTRODUCTION

Rare and common variants in the ANK3 gene have been identi-
fied in patients with neurodevelopmental disorders including in-
tellectual disability/attention deficit and hyperactivity disorder
(ID/ADHD) (Iqbal et al., 2013) and autism spectrum disorder
(ASD) (Sanders et al., 2012), and they are among the most

strongly associated risk factors for bipolar disorder (BD) in
genome-wide association studies (GWAS) (Ferreira et al., 2008;
Schulze et al., 2009). ANK3 encodes ankyrin-G, which acts as
a scaffold, linking plasma membrane proteins to the actin/
b-spectrin cytoskeleton (Bennett and Healy, 2008). Ankyrin-G
plays an important role in multiple neurobiological processes,
including synaptogenesis, synaptic plasticity, action potential
generation and transmission, and ion channel regulation (Jen-
kins et al., 2015; Smith et al., 2014; Tseng et al., 2015). Multiple
isoforms of ankyrin-G are expressed in the brain, of which the
190 kDa form is enriched in dendrites and postsynaptic densities
(PSDs) (Jordan et al., 2004) and regulates dendritic spine
structure (Smith et al., 2014). However, few upstream regulators
of ankyrin-G at synapses are known.
Ankyrin-G contains 24 ankyrin-repeat domains (ANKRDs). The

ANKRD has an important role in protein-protein interactions
through variations in adaptive surface residues (Mosavi et al.,
2004). Remarkably, ANKRDs are among the most common pro-
tein-protein interaction domains, present in 270 human proteins
with diverse functions (Bork, 1993). The ANKRD family includes
prominent synaptic proteins associatedwith neurodevelopmental
disorders, such as ankyrin-G and –B (encoded by ANK2/3) and
SHANK2/3 and TRANK1 (De Rubeis et al., 2014; Fromer et al.,
2014; Hou et al., 2016). Like ankyrin-G, several ANKRD family
members have been shown to regulate dendritic spine structural
plasticity (Peça et al., 2011; Schmeisser et al., 2012; Smith
et al., 2014).
Structural plasticity of spiny excitatory synapses contributes to

brain circuit development, and its abnormalities contribute to neu-
rodevelopmental disorders (Forrest et al., 2018; Penzes et al.,
2011).Accordingly,dendritic spinealterationshavebeenobserved
in postmortem studies of patients with schizophrenia (SZ), BD,
ASDs, and ID (Glantz and Lewis, 2000; Hutsler and Zhang, 2010;
Irwin et al., 2000; Konopaske et al., 2014). Moreover, genomic
studies support a key role for postsynaptic proteins in the patho-
genesis of these disorders (Gilman et al., 2011).
Despite their importance, little is known about how the levels of

ankyrin-G and other ANKRD proteins, in particular, at synapses,
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are maintained in their normal physiological range. Protein ho-
meostasis (proteostasis) is a mechanism whereby cells maintain
physiological levels of proteins, and abnormal neuronal proteosta-
sis leads to disorders associatedwith abnormal protein levels and
to excessive protein aggregation (Galves et al., 2019).
One major mechanism for proteostasis is through protein

degradation by the ubiquitin-proteasome system (UPS) (van
Roessel et al., 2004), which is also crucial for synaptic remodel-
ing (Ehlers, 2003) and is implicated in neurodevelopmental disor-
ders (Bousman et al., 2010; Glessner et al., 2009). Proteins are
targeted for degradation by the UPS through the addition of
polyubiquitin chains to their lysine residues. Ubiquitination is
performed in a three-tiered enzymatic cascade by ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin ligase (E3), respectively. Of these, the E3 ubiquitin
ligase cell division cycle 20/anaphase-promoting complex
(Cdc20/APC) controls dendrite morphogenesis and synapse
size in the developing brain (Kim et al., 2009).
Deubiquitinases (DUBs) oppose this process by removing ubiq-

uitin from proteins, and deubiquitylation is crucial for proteostasis
regulation (Bett, 2016). Activation or inhibition of DUBs has been
shown to induce synaptic plasticity (Cartier et al., 2009). Recent
studies support a role for dysregulation of the UPS pathway in
SZ,BD (Ehlers, 2003), ID (Hollstein et al., 2015), andASD (Glessner
et al., 2009), suggesting that protein turnover may play an impor-
tant role in neurodevelopmental disorders.However, ascompared
to ubiquitylation, little is known about the synaptic targets of DUBs
and about how deubiquitination of PSD proteins impacts spine
plasticity and contributes to disease pathogenesis.
To identify novel upstream regulators of ankyrin-G at synap-

ses, here we used an unbiased yeast-2-hybrid screen and found
that it interacts with Usp9X, a DUBmutated in patients with neu-
rodevelopmental disability. Phosphorylation enhances Usp9X/
ankyrin-G interaction, decreases ankyrin-G poly-ubiquitination,
and stabilizes ankyrin-G, to maintain dendritic spines. In situ
proximity ligation combined with structured-illumination super-
resolution microscopy reveals the postsynaptic spatial organiza-
tion of this pathway. In forebrain-specific Usp9X conditional
knockout (Usp9X–/Y) mice, levels of multiple ANKRD proteins,
including key autism risk factors, are transiently reduced at 2
but recover at 12 weeks postnatally. However, Usp9X–/Y mice
show reduced cortical spine density, which surprisingly persists
into adulthood, when it co-occurs with elevated ankyrin-G ubiq-
uitination and aggregation. Consistent with this mechanism, mu-
tations in the USP9X gene in patients with ID and ASD ablate
either its catalytic activity or its interaction with ankyrin-G. Our
data provide insight into the regulation of homeostasis of
ANKRD-containing proteins at synapses as well as the biology
of synaptic DUBs. Impairment of this process, while it only tran-
siently affects ANKRDprotein levels, leads to persistent neuronal
and clinical abnormalities.

RESULTS

Ankyrin-G Stability Is Regulated by Ubiquitination, and
Its ANKRD Interacts with Usp9X
To identify regulators of ankyrin-G, we performed a yeast-2-
hybrid screen using its ankyrin repeats 1–12 (aa35–423) as

bait. We identified the peptidase domain (aa1719–1842) of the
Usp9X DUB, encoded by USP9X, a gene mutated in ID and ep-
ilepsy (Reijnders et al., 2016) (Figure 1A). We confirmed their
interaction in vivo by coimmunoprecipitation from mouse cortex
(Figure 1B) and mapped ankyrin-G’s ANKRD and regulatory
domains as interaction sites with Usp9X’s peptidase domain
(Figure 1C).
Proteins are targeted for degradation by UPS through the addi-

tion of polyubiquitin chains to their lysines, by a cascade including
ubiquitin ligases (E3). Ankyrin-G contains seven ‘‘destruction box’’
(D box), E3 ligase recognition motifs—two within the ANKRD
(aa140–143, 282–285), which are highly conserved, and two
lysine-glutamate-lysine (KEN) boxes, APC recognition motifs (Fig-
ure 1D; Table S1). In addition, three lysines are located within the
ANKRD (K39; K260; K268) (Figure S1B). All seven D boxes were
previously shown to be ubiquitinated (Hornbeck et al., 2015).
Threading of ankyrin-G’s ANKRD onto the ankyrin-B structure
(Figure 1E) revealed that these conserved lysines are solvent
exposed, further supporting their availability for ubiquitination.
Indeed, treatment of cultured cortical neurons with the protea-
some inhibitor MG132 led to increased ankyrin-G levels, demon-
strating that ankyrin-G is degraded by the proteasome (Figure 1F).
Because the ANKRD was highly polyubiquitinated, we focused
further on this domain (Figure 1G).
The D box is a recognition motif for the major neuronal E3

ligase Cdc20/APC, which regulates dendrite morphogenesis
(Kim et al., 2009). Mutation of one or both D boxes (Figure 1H)
or of the lysines (Figure S1C) within ANKRD attenuated the effect
of MG132 on ANKRD polyubiquitination in HEK293T cells. We
compared the degradation kinetics in neurons of wild-type
(WT) GFP-ankyrin-G1–807 with its D box-mutated version by
time-lapse imaging in the presence of the protein synthesis in-
hibitor cycloheximide. The D boxmutant exhibited slower degra-
dation than WT GFP-ankyrin-G1–807 (Figure 1I), suggesting that
ankyrin-G stability is regulated by Cdc20/APC-dependent ubiq-
uitination of its ANKRD.

Super-resolution Imaging Reveals the Relationship
between Ankyrin-G and Usp9X Spatial Organization and
Spine Architecture
Usp9X was most highly colocalized with ankyrin-G in the so-
matodendritic compartment (Figure S2C). Because of the
limited resolution of confocal microscopy, we employed struc-
tured illumination microscopy (SIM) to analyze the precise
spatial organization of ankyrin-G and Usp9X (Figure 2A).
Frequently, multiple ankyrin-G nanodomains were adjacent
to or overlapping with Usp9X puncta in perisynaptic areas
(Figure 2B). Their relative localization was substantiated using
ratiometric images, colocalization highlighter, line scans, and
3D reconstructions (Figures 2B and 2C). Most spines exhibited
two or more ankyrin-G nanodomains surrounding Usp9X
(Figure 2D).
To understand how the localization of ankyrin-G and Usp9X

nanodomains correlates with spine morphology, we analyzed
their subcellular distribution by SIM images. Interestingly,
Usp9X was observed in only 9.1% of spine necks, despite the
presence of Usp9X within 46.0% of the spine heads (Figure 2E).
Furthermore, the presence of Usp9X in spine heads was
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significantly correlated with larger spine head sizes, but no cor-
relation was observed between its presence in the spine neck
and head size (Figure 2F). Ankyrin-G nanodomains were present
in 89.4% of spine heads and 52.0% of spine necks (Figure 2G),

and the spine head size correlated to the presence of ankyrin-G
in the spine head and neck (Figure 2H). The number of Usp9X
nanodomains per spine correlated to the spine head area (Fig-
ure 2I), while the total Usp9X nanodomain area per spine

Figure 1. Ankyrin-G Stability Is Regulated through Ubiquitination and Usp9X-Dependent Deubiquitination
(A) Ankyrin-G ANKRD interacts with the peptidase domain of Usp9X in a yeast 2-hybrid screen; red lines: interaction domains.

(B) Co-immunoprecipitation of ankyrin-G with Usp9X from mouse cortex.

(C) Domain mapping of the ankyrin-G-Usp9X interaction from HEK293T cells.

(D) Schematic of ankyrin-G with D and KEN boxes.

(E) Homology model of ankyrin-G based on ankyrin-B (PDB: 4RLV). D boxes and ubiquitinated lysines are shown.

(F) Ankyrin-G levels after MG132 treatment (10 mM). Cell lysates were prepared from primary cultured cortical neurons.

(G) Mapping of ubiquitinated domains of ankyrin-G from HEK293T cells.

(H) D box-dependent ubiquitination of HA-ankyrin-G1–807 from HEK293T cells.

(I) Kinetics of D box-dependent degradation of ankyrin-G. Time-lapse of GFP fluorescence after cycloheximide (20 mg/mL) treatment of GFP-ankyrin-G1–807 or

GFP-ankyrin-G1–807-Muta;b-expressing neurons (n = 7 cells per each group).

Scale bar, 10 mm. Right: Quantification of GFP fluorescence intensity over time (3h, **p < 0.01; 5h, *p < 0.05). Repeated-measures of two-way ANOVA were

followed by Bonferroni post-tests. Data are represented as mean ± SEM. See also Figure S1.
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Figure 2. Super-Resolution Imaging of Spatial Organization of Ankyrin-G and Usp9X Relationship with Spine Architecture
(A) SIM image of ankyrin-G and Usp9X immunofluorescence in a dendritic region outlined by tRFP expression; scale bar, 2 mm.

(B) High-resolution image of boxed spine in (A). Bottom panels: ratiometric images and colocalization (white). Scale bar, 1 mm.

(C) Line scan through spine head.

(D) Representative spatial relationships between ankyrin-G and Usp9X within individual spine heads. Scale bar, 0.25 mm. Quantification shows the percentage of

spines with each distribution.

(E–H) The fraction of spines having Usp9X (E) or ankyrin-G (G) nanodomains in the head or neck. Spine head size was related to the presence or absence of Usp9X

(F) or ankyrin-G (H) nanodomains in the head or neck. Total 198 spines were analyzed from 6 neurons. ***p < 0.001; one-way ANOVA was followed by Bonferroni

post-tests. Data are represented as mean ± SEM.

(I–L) Correlation plots of spine head areas, number, and size of ankyrin-G nanodomains/spine with number and area of Usp9X nanodomains/spine from (E)–(H).

Two-tailed spearman tests were performed.

See also Figure S2.
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correlated to spine head size and to the number and size of an-
kyrin-G nanodomains within the spine head (Figure 2J–2L).

Usp9X Modulates Spine Morphology through Ankyrin-G
Stabilization
Recent studies have suggested that Usp9X plays a role in
neuronal development (Oishi et al., 2016; Stegeman et al.,
2013). Therefore, we examined the impact of manipulating
Usp9X levels on dendritic spine morphology in mature cultured
cortical neurons. Usp9X knockdown caused a significant reduc-
tion of spine head size and density (Figures 3A–3C). Conversely,
overexpression of its peptidase domain resulted in spine head
enlargement and rescued the effect of Usp9X knockdown on
spine density (Figures 3E and 3F). Moreover, overexpression of
the peptidase domain of Usp9X attenuated the increase in ubiq-
uitinated ankyrin-G induced byMG132 (Figure 3G). Furthermore,
expression of ankyrin-G with two mutated D boxes increased
spine size in control neurons and rescued spine density in
shUsp9X-expressing neurons (Figures 3H–3J). Taken together,
these data suggest that Usp9X-mediated deubiquitination stabi-
lizes ankyrin-G levels and maintains spine architecture.

Phosphorylation Enhances the Interaction of Usp9X
with Ankyrin-G
Among post-translational modifications (PTMs), phosphoryla-
tion of binding hotspots in hydrolases tends to modulate the
strength of interaction to target substrates directly (Nishi et al.,
2011). Three S/T phosphorylation consensus sites were identi-
fied in Usp9X’s peptidase domain (Ser1593/1600/1609) (Horn-
beck et al., 2015), we hypothesized that phosphorylation of
Usp9X may alter protein-protein interaction. To investigate the
role of phosphorylation in regulating the Usp9X and ankyrin-G
interaction, we predicted possible models based on the crystal
structure of Usp9X. Structural reports have identified the inner
groove of the ANKRD as a promiscuous protein-protein interac-
tion site (Al-Khodor et al., 2010). Homology modeling of ankyrin-
G and the peptidase domain of Usp9X suggests that lysine
deubiquitination would result in extensive contacts between
the ankyrin-G scaffolding site and Usp9X (Figure 4A; Figure S4).
Multiple alignments of Usp9X with related DUBs, including
USP7, reveals that these phosphorylation sites lie within a disor-
dered region of low homology that may form an ankyrin-G inter-
action site-specific to Usp9X within the DUB family (Figure 4B).
Phosphorylation on S1593 and S1609 may alter the Usp9X-
ankyrin-G interaction through charge-charge interactions with
exposed basic residues present on the inner groove of the
ankyrin-G ANKRD. In order to assess whether these sites are
subject to PTM, mutagenesis of the peptidase domain of
Usp9X (Usp9X1555–1958-S1593A-S1600A-S1609A; Usp9XS3A)
was carried out. Usp9X1555–1958 (Usp9XWt) was immunoprecipi-
tated by phosphoserine antibody, but not byUsp9XS3A, suggest-
ing that those serine sites in Usp9X might have critical role for
phosphorylation (Figure S5A).

To confirm the prediction of our homology modeling, we used
in situ Proximity Ligation Assay (PLA), which labels protein-pro-
tein interactions within a 16 nm distance (Trifilieff et al., 2011). In
basal conditions, PLA signals indicate the interaction of ankyrin-
G1–807 and Usp9X1555–1958, but it was absent upon co-expres-

sion of phospho-null Usp9XS3A (Figure 4C) without different
expression level of each construct in HEK293T cells (Figure S5C).
Conversely, individual phosphomimetic mutations of each serine
(S1598D, S1600D, S1608D) were tested, and S1608D showed
significant increase in interaction with ankyrin-G. Moreover,
mutagenesis of all three serine sites (Usp9XS3D) showed the
most robust enhancement (Figure 4D; Figure S5B).
To test whether mutation on these residues alters the activity

of Usp9X, we developed an in vitro DUB assay using recombi-
nantly expressed mouse Usp9X1547–1962 alongside Usp9XS3A

and a catalytically null construct, Usp9XH1878A. Despite the
robust alterations in interaction observed (Figures 4C and 4D),
no difference in Usp9X activity was observed between WT and
phospho-null proteins, indicating that mutagenesis does not
alter the DUB activity of Usp9X, nor the structural stability of
the domain (Figure 4E). Also, although each Usp9X phosphomi-
metic mutant showed enhanced interaction with ankyrin-G, their
catalytic activity was unaltered in vitro (Figure 4F).
To investigate the role of phosphorylation of Usp9X in spines,

Usp9XWt or Usp9XS3A was co-transfected into cortical cultured
neurons with control RNAi or shUsp9X construct. Overexpres-
sion of GFP-Usp9XS3A significantly decreased spine size and
density, while overexpression of WT Usp9X1555–1958 rescued
the effect of shUsp9X on spines (Figures 4H–4J). These data
suggest that phosphorylation of Usp9X’s peptidase domain reg-
ulates spine head size and density.
The PLAmethod allows interacting proteins to be spatially and

quantitatively visualized. To observe interaction patterns of
endogenous ankyrin-G andmutated Usp9X in neurons, we over-
expressed FLAG-Usp9X with either WT or S3D or S3A. Confocal
images showed PLA signals increased in the dendrites and
spines with Usp9XS3D (Figure 4K). To overcome limited access
of in situ PLA analysis because of a small number of puncta,
HA-ankyrin-G and Flag-Usp9XS3D were co-transfected in pri-
mary cultured cortical neurons to investigate the effect of phos-
phorylated-three serine sites in the peptidase domain of Usp9X
(Usp9XS3D) on ankyrin-G and spines. Likewise, overexpression
in HEK293T cells, PLA signals increased in Usp9XS3D (Figure 4L).
Because in situ PLA allows interacting proteins to be spatially
and quantitatively visualized, we developed an approach
combining PLA with SIM (PLA-SIM) to investigate the spatial or-
ganization of Usp9X-ankyrin-G interaction within spines and its
relationship to spine size. Interestingly, Usp9XS3D increased
the ratio of ankyrin-G-expressing spines co-incident with an
increase in PLA positive spines (Figure 4N), and it prompted
increase of spine density (Figure 4O). Spine heads expressing
ankyrin-G are significantly larger than spine heads without an-
kyrin-G (Figures 4P–4Q), as previously reported (Smith et al.,
2014). These changes were enhanced in the presence of the
Usp9XS3D, suggesting that phosphorylation enhanced the
interaction between ankyrin-G and Usp9X to regulate spine
morphogenesis.

Usp9XStabilizesMultiple ANKRDProteins In Vivo during
Development
We examined the physiology of the ankyrin-G-Ups9x interaction
in the context of native mouse brain, in vivo. To identify ankyrin-
G-Usp9X co-expression patterns in the forebrain, we examined
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their immunofluorescence in the mouse primary somatosensory
cortex (Bregma, 0.50 mm) (Figure 5A). The overlap between an-
kyrin-G and Usp9X was strongest in dendritic areas, rather than
the axon initial segment (AIS). Ankyrin-G and Usp9X co-ex-
pressed in cortical layers II-III (40.2% ± 2.5%), layer IV
(33.2% ± 4.9%), and layer V (30.0% ± 0.0%) (Figure 5B). In addi-

tion, both proteins exhibited overlapping expression pattern in
the CA3 of the hippocampal region (46.5% ± 4.2%) (Figures
S6A and S6B).
Analysis of ankyrin-G and Usp9X protein levels in the mouse

cortex throughout the lifespan revealed opposite directionality:
while ankyrin-G expression increased throughout postnatal

Figure 3. Usp9X Regulates Spine Morphology by Deubiquitination of Ankyrin-G
(A) Confocal images of neurons expressing scramble (control RNAi) or Usp9X knockdown (shUsp9X) construct. Scale bar, 40 mm for the left panel and 5 mm for the

right panel.

(B and C) Bar graph showing shUsp9X causes a decrease in spine head size (B) and density (C) compared with control. Control from 9 cells and shUsp9X from 10

cells were analyzed; **p = 0.0025, *p = 0.0114. Two-tailed unpaired t test was performed.

(D) Confocal images of control RNAi or shUsp9X transfecting neurons co-expressing GFP-Usp9X1555–1958 construct. Scale bar, 5 mm.

(E and F) Bar graph of spine head size (E) and density (F) showing co-expression of GFP-Usp9X1555–1958 with control or shUsp9X. 20 neurons were analyzed from

each group. ***p < 0.001, yp < 0.05; two-way ANOVA was followed by Bonferroni post-tests.

(G) The peptidase domain of Usp9X (Flag-Usp9X1555–1958) promotes ankyrin-G deubiquitination. Cell lysates were analyzed from HEK293T cells.

(H) Confocal images of neurons expressing control RNAi or shUsp9X, co-expressing GFP-ankyrin-G, or GFP-ankyrin-G-Muta;b. Scale bar, 5 mm.

(I and J) Quantification of the effects on spine size (I) or density (J). 20 neurons were analyzed per each group. **p < 0.01, ***p < 0.001; one-way ANOVA was

followed by Bonferroni post-tests.

Data are represented as mean ± SEM. See also Figure S3.
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development, Usp9X was highly expressed early but decreased
after 2 weeks (Figure 5C), suggesting the role of their interaction
may be different early in postnatal development versus later.
To assess Usp9X’s role in maintaining ANKRD protein homeo-

stasis, we analyzed cortical lysates from 2- and 12-week-old
EmxDUsp9X conditional knockout mice lacking Usp9X in the dor-
sal telencephalon (Usp9X–/Y) (Figures 5D–5F). Western blotting
revealed significantly reduced levels of ankyrin-G at 2 weeks,
as compared toWTmice (Usp9X+/Y). Because ANKRD is a com-
mon domain among many proteins, we wondered whether the
levels of other ANKRD proteins were also affected. Remarkably,
we found that ankyrin-B, Shank3, and TNKS2 levels were also
significantly reduced in Usp9X–/Y mice, indicating that Usp9X
stabilizes multiple ANKRD proteins in vivo.
Surprisingly, however, ANKRD protein levels fully recovered in

12-week-old mice. These alterations were likely specific to
Usp9X substrates for two reasons: (1) a known Usp9X substrate,
b-catenin (Taya et al., 1999), was also reduced, (2) GIT1 and
NOTCH1/3, which lack putative ubiquitinated lysines in ANKRD,
as well as GluN1, GluN2B, andGSK3b, lacking ANKRD, were not
altered.
To estimate whether deubiquitination could potentially play a

broader role in regulating the proteostasis of synaptic ANKRD-
containing proteins, especially among those implicated in neu-
rodevelopmental disorders, we performed bioinformatics ana-
lyses. First, to determine whether ANKRD proteins are globally
enriched among neuropsychiatric risk factors, we performed
gene set analysis on all ANKRD proteins in Uniprot and
neuropsychiatric risk gene datasets (Table S2). We found a
significant enrichment of ANKRD protein-encoding genes in
genome-wide significant loci from BD GWAS and in de novo
variants associated with ASD and SZ, indicating a broader
role in neuropsychiatric diseases (Figure 5G). Notably, ANKRD
proteins, especially those associated with neuropsychiatric
disorders, were also significantly enriched in the PSD. Among
the 59 ANKRD proteins implicated in neuropsychiatric disor-

ders, 20 have been reported to contain ubiquitinated lysine res-
idues within the ANKRD (Hornbeck et al., 2015) (Figure 5H;
Table S3), suggesting that their proteostasis may be regulated
through the UPS and DUBs.

Absence of Usp9X Causes Persistent Reduction in
Dendritic Spine Density and Increase of Ankyrin-G
Ubiquitination and Aggregation in Mouse Cortex
Previous studies have identified reduced spine density in
Golgi-impregnated pyramidal neurons within cortex layer III
of SZ and BD patients (Glantz and Lewis, 2000; Konopaske
et al., 2014), as well as in patients with ID (Irwin et al., 2000).
Consistent with the reduced ANKRD protein levels, spine den-
sity was significantly reduced in layer III of the frontal cortex
of Usp9X–/Y mice 2 weeks postnatally as compared to
Usp9X+/Y (Figure 6A). Surprisingly, spine density remained
reduced in 12-week-old Usp9X–/Y mice despite recovered
Usp9X-substrate protein levels. To assess ubiquitination levels
of ankyrin-G across developmental periods and genotypes,
we used anti-ubiquitin antibody to immunoprecipitate ubiqui-
tinated proteins from mouse cortex homogenates and
detected ankyrin-G in the immunoprecipitates by western
blotting. At 2 weeks of age, ankyrin-G ubiquitination was
similar in WT and Usp9X–/Y mice (Figure 6B); however,
the normalized ratio of immunoprecipitated ankyrin-G by
the innate expression (Figure 5D) showed significant in-
crease of ubiquitinated ankyrin-G in Usp9X–/Y mice (Fig-
ure 6B). At 12 weeks, ankyrin-G ubiquitination was signifi-
cantly higher in Usp9X–/Y cortex than in WT. On the other
hand, no changes in GSK3b ubiquitination were detected,
suggesting specificity. To investigate the apparent contradic-
tion between increased levels of ankyrin-G ubiquitination in
Usp9X–/Y cortex at 12 weeks, we examine the distribution of
ankyrin-G. Because it has been reported that the lower level
of Usp9X induced the accumulation and aggregation of
ubiquitinated target substrate (Rott et al., 2011). We examined

Figure 4. Spatial Organization of Ankyrin-G and Phosphomimetic Usp9X Interaction and Relationship with Spine Architecture
(A) Schematic of Usp9X-mediated Ub-ankyrin-G DUB activity. Homology model of ankyrin-G ANKRD showing the predicted position of ubiquitinated K260.

A potential orientation for Usp9X homology model is indicated based on the position of K260-ubiquitin and minimal steric clash.

(B) Alignment of Usp7 and Usp9X peptidase domains reveals three regions of low homology. Red crosses indicate S1593, S1600, S1608 phosphorylation sites.

(C) In situ PLA measurement of the interaction between HA-ankyrin-G1–807 and Flag-Usp9X1555–1958 WT or Flag-Usp9X1555–1958-S1593A-S1600A-S1609A (S3A)

in HEK293T cells (Usp9XWt control, n = 16; Usp9XS3A control, n = 9. *p = 0.042). Two-tailed unpaired t test was performed.

(D) In situ PLA measurement of the interaction between HA-ankyrin-G1–807 and phosphomimetic mutants of Flag-Usp9X1555–1958 in HEK293T cells. Bar graph of

PLA signal (n = 20 from each condition). *p < 0.05; ***p < 0.001; one-way ANOVA was followed by Bonferroni post-tests.

(E and F) The ability of His-Usp9X1547–1962 S3A (E) or His-Usp9X1547–1962-S1593D-S1600D-S1609D (S3D) or each single phosphomimetic mutation (F) to catalyze

the cleavage of the fluorogenic substrate was compared to the WT peptidase domain and an active site mutant (H1878A).

(G) The rate constants of each mutant tested (E and F) were calculated as change in fluorescence intensity per unit time and as a ratio to the WT protein.

(H) Confocal images of replacement of RNAi-resistant GFP-Usp9X1555-1958 Wt or GFP-Usp9X1555-1958 S3A with control or shUsp9X.

(I and J) Replacement of RNAi-resistant GFP-Usp9X1555–1958 WT but not GFP-Usp9X1555–1958 S3A restores spine head size (I) and density (J), as depicted in bar

graphs. Scale bar, 5 mm. 20–22 neurons were analyzed from each condition. ***p < 0.001; one-way ANOVA was followed by Bonferroni post-tests.

(K) Confocal images of primary cortical neurons for detection of interaction between endogenous ankyrin-G and transfecting Flag-Usp9X1555–1958 WT or S3D or

S3A with PLA. Scale bar, 5 mm. Bar graph of PLA signal (n = 16 cells from each condition). *p = 0.011; one-way ANOVA followed by Bonferroni post-tests was

performed.

(L) Confocal images of primary cortical neurons for detection of interaction between HA-ankyrin-G and Flag-Usp9X1555–1958 WT or S3D with PLA. Scale bar,

20 mm. Bar graph of PLA signal (WT: n = 15, S3D: n = 16; **p = 0.005). Two-tailed unpaired t test was performed.

(M) In situ PLA-SIM images of dendritic regions in neurons from (I). The dendritic shapes were outlined by using BFP cell fill as a guide. Scale bar, 5 mm.

(N–Q) Quantification of ratio of spines (N), spine density (O), and head area (P and Q) expressing HA-ankyrin-G and PLA signal (n = 13 neurons from each

condition). **p = 0.002, ***p < 0.001; two-tailed unpaired t test was performed.

All data are represented as mean ± SEM. See also Figures S4 and S5.
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ankyrin-G distribution in the frontal cortex of Usp9X–/Y and
Usp9X+/Y mice (Figure 6C). At 2 weeks, ankyrin G immunoflu-
orescence was reduced in Usp9X–/Y mice as compared to
Usp9X+/Y mice. Surprisingly, however, at 12 weeks ankyrin-
G was dramatically redistributed into large (0.1–0.2 mm2) ag-

gregates in Usp9X–/Y mice (Figures 6D–6F), indicating that,
while the overall ankyrin-G levels recovered, it was mostly
sequestered in large aggregates, likely due to hyper-ubiquiti-
nation. These data indicate Usp9X plays a critical role in
regulating ANKRD protein homeostasis and dendritic spine

Figure 5. Impaired Usp9X Function Destabilizes ANKRD Proteins
(A) Staining in the primary somatosensory cortex of 12-week-old mouse brain; magnified layer II–III is zoomed in to cell level. Scale bar, 200 mm (left), 20 mm

(middle), 5 mm (right).

(B) The fraction of ankyrin-G or Usp9X-positive cells and quantification (n = 3) in each layer of the cortex. The graph is shown with mean values.

(C) Protein levels of ankyrin-G and Usp9X in mouse cortex throughout lifespan. Representative western blots in mouse cortex at various time periods (n = 3 for

each group).

(D) Levels of ANKRD and other synaptic proteins in cortex of 2- and 12-week-old Usp9X+/Y or Usp9X–/Y mice.

(E and F) Relative abundance of proteins in cortex of 2-week (E) and 12-week (F) oldmice (Usp9X+/Y, n = 4 andUsp9X–/Y, n = 3 in 2-week-oldmice; Usp9X+/Y, n = 4

and Usp9X–/Y, n = 4 in 12-week-old). *p < 0.05; **p < 0.01; two-tailed unpaired t test was performed.

(G) Enrichment of BD risk factors identified through GWAS (top left), de novo ASD/SZ risk factors (top right), and PSD proteins (bottom) among ANKRD proteins

(n = 270); statistical significance is in red.

(H) Diagram of neuropsychiatric risk genes encoding ANKRD proteins; underlined genes contain Ub-lysine sites within ANKRD.

All data are represented as mean ± SEM. See also Figure S6.
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Figure 6. Impaired Usp9X Function Alters Cortical Spine Development
(A) Golgi-Cox staining of layer III pyramidal apical dendrites in 2- and 12-week-old Usp9X+/Y and Usp9X–/Ymice. Scale bar, 5 mm. 20 dendrites were analyzed from

3 brains per each group. ***p < 0.001; two-tailed unpaired t test was performed.

(B) Representative western blots of co-immunoprecipitation experiments of ankyrin-G or GSK3b with a-Ubiquitin (a-Ub). Intensity of western blot of immuno-

precipitated ankyrin-G or GSK3b by a-Ub (Figure 6B) was normalized by the expression levels of both proteins (Figure 5D) (Usp9X+/Y, n = 4 and Usp9X–/Y, n = 3 in

2-week-old mice; Usp9X+/Y, n = 4 and Usp9X–/Y, n = 4 in 12-week-old mice). *p < 0.05; two-tailed unpaired t test was performed. IgG, control IgG; IP, immu-

noprecipitation; WB, western blotting.

(C) Immunofluorescence staining in layer III of the primary somatosensory cortex (intensity highlighted in reverse images). Scale bar, 10 mm.

(D–F) The ankyrin-G average intensity (D) is measured in each group by ImageJ. Distribution of ankyrin-G particle sizes in cortex of 2-week (E) and 12-week (F) old

mice (n = 4 brains per each group). **p < 0.01; ***p < 0.001; two-way ANOVA followed by Bonferroni post-tests.

All data are represented as mean ± SEM. See also Figures S6 and S7.
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morphogenesis during postnatal development, with effects
persisting through adulthood.

Behavioral Analysis of Usp9X–/Y Mice
We have shown that the absence of Usp9X during early
development disrupted the stabilization of multiple ANKRD
proteins and spine morphology. We wondered whether these
biochemical and anatomical alterations were also associated
with behavioral phenotypes relevant to neurodevelopmental
disorders, and if so, whether they were similar to phenotypes
of mice with deletions of genes encoding ANKRD protein.
Shared phenotypic domains among such knockout mice
include abnormalities in anxiety and locomotor activity levels
(Hung et al., 2008; Peça et al., 2011; Schmeisser et al.,
2012; Wang et al., 2011; Won et al., 2012; Zhu et al., 2017).
We thus investigated these behavioral phenotypes in
Usp9X–/y mice. First, Usp9X–/y mice have normal body weight
and metabolism (Figures S8A–S8C). Usp9X–/y mice showed
higher activity levels during testing compared to controls (Fig-
ure 7A). Consistent with hyperactive behavior, Usp9X–/y mice
also displayed significant increase of the number of entries in
each arm (Figure 7C) and the number of chamber transitions
(Figure 7E) by the elevated plus maze and light/dark box tests,
respectively. Less immobilization was also observed in a
forced-swim test (Figure 7F).

Mutations in Humans in the Usp9X Catalytic Domain
Impair Its Activity and Interaction with Ankyrin-G
Because mutations in USP9X occur in patients with ID, ASD,
and epilepsy (Johnson et al., 2019), we asked whether such
mutations in the catalytic domain affected interaction with an-
kyrin-G and/or DUB activity. We tested recombinant proteins
for their ability to interact with ankyrin-G. Mutations Q1573L,
detected in a patient with developmental disability (DD) and
speech delay (Figure S8F), and L1693W, detected in a patient
with ID, DD, and ASD (Reijnders et al., 2016), displayed
normal interaction with ankyrin-G but were catalytically inac-
tive. Remarkably, the G1890E mutation from two patients
with ID, DD, speech delay, and ASD (Figure S8F) had normal
catalytic activity but impaired interaction with ankyrin-G (Fig-
ures 7E and 7F).
A homologymodel of the humanUsp9X, based on knownDUB

structures, suggests that Q1573 and L1693 lie within tight inter-
nal hydrophobic cores, and mutations in these residues result in

steric clashes within the peptidase domain (Figure 7G). This is
consistent with an observed increase in thermodynamic stability
(Figure S8H), suggesting reduced structural flexibility, a finding
that likely underlies alterations in catalytic activity. Conversely,
the surface exposed mutation, G1890E, does not affect protein
structure or catalytic activity in vitro but disrupts the interaction
with ankyrin-G, suggesting that this mutation may produce ef-
fects through altered protein-protein interaction.

DISCUSSION

Regulation of ANKRD Proteins in Spines by a DUB
UPS is an important mechanism for activity-dependent PSDs
turnover and synaptic remodeling (Amerik and Hochstrasser,
2004). However, target proteins of DUBs, which counterbalance
the role for the UPS, are poorly understood in PSDs. Here, we
found 20 ANKRD-containing proteins encoded by psychiatric
risk genes that contain ubiquitinated lysine residues in their
ANKRDs (Figure 5H). Among these, proteins encoded by the
ANK1/2/3 and SHANK1/2/3 genes are present in the PSD prote-
ome (Table S3) (Bayés et al., 2012). The proteins encoded by
these genes contain D boxes and E3 ligase recognition motifs.
Notably, all of these D boxes are highly conserved in humans
and rodents. Currently, eight DUBs have been identified in the
PSD proteome. Of these, Uchl1 and Usp5/Leon have been
shown to affect spines (Cartier et al., 2009; Wang et al., 2017).
Our findings suggest that it would be worth investigating the
synaptic roles of all postsynaptic DUBs.

ANKRD Protein Deubiquitination in Synaptic Structural
Plasticity
Deubiquitination is a general mechanism of postsynaptic regula-
tion, alterations of which may cause synaptic pathology. Indeed,
we show that deubiquitination by one DUB can control the
proteostasis of multiple neurodevelopmental disorder-linked
proteins in the PSD that share one of the most common pro-
tein-protein interaction domains, the ANKRD. While anecdotal
examples implicate genes encoding ANKRD proteins, including
ankyrin-G, ankyrin-B, and Shank3, in neurodevelopmental
disorders, our bioinformatics analysis shows that ANKRD
proteins are enriched as a group among risk factors for neurode-
velopmental disorders. Absence of Usp9X in mice drastically
reduces the levels of multiple ANKRD proteins, indicating that
Usp9X is likely the major DUB regulating their stability during

Figure 7. Impaired Usp9X Function Alters Behaviors and Occurs in Neurodevelopmental Disorder Patients
(A) Open-field test for 10 min. Usp9X+/Y, n = 26; Usp9X–/Y, n = 16. Two-tailed unpaired Student’s t test, t(40) = 5.696, ***p < 0.001.

(B and C) Elevated plus maze test for 10 min. Time in open arm (B) and the number of entries in each arm (C) are shown by graphs. Usp9X+/Y, n = 16; Usp9X–/Y,

n = 15. Two-tailed unpaired Student’s t test, t(29) = 2.365 for time in open arm; t(29) = 3.855 for the number of entries, *p < 0.05; ***p < 0.001.

(D and E) Light/dark box test for 10 min. Time in light space (D) and the number of light chamber transitions (E) are shown by graphs. Usp9X+/Y, n = 16; Usp9X–/Y,

n = 15. Two-tailed unpaired Student’s t test, t(29) = 2.855 for time in light space; t(29) = 3.281 for the number of transitions, **p < 0.01.

(F) Immobility was assessed in adult mice in the forced-swim test for 4 min. Usp9X+/Y, n = 11; Usp9X–/Y, n = 8. Two-tailed unpaired Student’s t test, t(17) = 2.597,

*p < 0.05. All data are represented as mean ± SEM.

(G) Co-immunoprecipitation of HA-ankyrin-G1–807 with Flag-Usp9X1555–1958 WT, Q1573N, L1693W, G1890E, or S3D from HEK293T cells.

(H) Cleavage of a fluorogenic substrate by the peptidase domain of WT, active site mutant His-Usp9X1547–1962 H1878A, and disease-associated USP9Xmutants.

(I) Homology modeling of human Usp9X. The catalytic pocket (red square) and ‘‘thumb’’ and ‘‘finger’’ domains are indicated. Human mutations were color coded

and shown in inset boxes below, with van der Waals radii. Residues likely disrupted by steric hindrance are in blue. Dashed lines indicate predicted steric clash or

alterations in hydrogen bonding.

See also Figure S8.
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this developmental period. Hence, mutations in USP9X could
impair the homeostasis of multiple important proteins in conver-
gence among several neurodevelopmental risk factors, whereby
one risk factor regulates the stability of many other risk factors.

The relative specificity of Usp9X for its ANKRD targets, in addi-
tion to its known target b-catenin, may lie in a structural recogni-
tionmotif. b-catenin has previously been identified as a substrate
for Usp9X, and the Usp9X-binding region was found to lie within
the armadillo repeats 3–10 (Taya et al., 1998). An armadillo
repeat is about 40 residues in length and forms an a solenoid
structure composed of repeating pairs of a helices. Structural
similarities between b-catenin, ankyrin-G, and ANKRD proteins,
such as the solenoid superstructure and the presence of a posi-
tively charged inner groove, may underlie the binding properties
of Usp9X to a subset of its substrates. However, this might not
extend to all of its substrates because known Usp9X-interacting
proteins AF6, MARK4, and NUAK1 do not interact through struc-
tural motifs (Al-Hakim et al., 2008; Taya et al., 1999).

The Nanoscale Architecture of a Deubiquitination
Pathway in Spines
PLA-SIM provided an unprecedented insight into the nanoscale
spatial organization of a deubiquitination pathway in spines,
allowing the examination of protein-protein or enzyme-substrate
interactions in situ at the nanoscale level. While SIM has been
instrumental in showing that ankyrin-G is localized to perisynap-
tic regions and in spine necks (Smith et al., 2014), here we show
that its interaction with Usp9X occurs at spatially restricted sites
significantly smaller than their optical colocalization, primarily in
a region of the spine head facing the interior of the spine, and not
in the neck. PLA-SIM also allowed for the first time an accurate
quantitative analysis of the relationships between DUB-
substrate interaction sites and spine architecture.

Phosphorylation of Usp9X Enhances the Interaction
with Ankyrin-G
Our results indicate that induced Usp9X phosphorylation within
the peptidase domain strengthens its interaction with ankyrin-
G. Upregulation of this Usp9X-ankyrin-G interaction appears to
facilitate the deubiquitination of ankyrin-G, inhibiting proteaso-
mal degradation and stabilizing ankyrin-G levels within
synapses. Phosphorylation is a well-documented mechanism
underlying alterations in protein-protein interactions involving
ANKRD proteins. It has been reported that phosphorylation mo-
tifs of target interactors are important for the modulation of an-
kyrin-G interaction (Garver et al., 1997; Jenkins et al., 2001;
Zhang et al., 1998). In addition, Usp9X is a major regulator of
the transforming growth factor (TGF)-b signaling pathway
(Dupont et al., 2009; Johnson et al., 2019), controlling neuronal
axonal growth and dendritic development in response to TGF-
b stimulation (Stegeman et al., 2013). TGF-b receptors are S/T ki-
nase receptors and the activated TGF-b receptor signals through
various downstream signaling cascades such as the Smad
family, mitogen-activated protein kinase, phosphoinositide
3-kinase, AKT, extracellular signal-regulated kinase, JUN
N-terminal kinase, and nuclear factor-kB (Akhurst and Hata,
2012). Phosphorylation of key interacting partners may fine-
tune the role of ankyrin-G on synapse formation in response to

extracellular signaling, such as TGF-b. The detrimental effect
of Usp9X knockout on the expression of a range of ANKRD pro-
teins suggests that this mechanism may be shared with other
psychiatric risk factors.

Persistent Impact of Usp9X Loss on the Brain
We revealed the regulation of ANKRD protein homeostasis by
Usp9X overlapping with synapse maturation, indicating that
Usp9X is the major DUB regulating their homeostasis during
this period. We observed that Usp9X conditional knockout
mice had reduced levels of ANKRD proteins at 2 weeks of age
(Figures 5D–5F). However, the persistence of the impact on
spines into adulthood indicates that reduced expression level
(44.6% ± 1.8%) of Usp9X in 12-week-old mice (Figure 5C) is suf-
ficient to cause detrimental effects that propagate into adult-
hood, even when overall protein levels have recovered (Figures
5D–5F).
These deleterious effects in adults, despite restored protein

levels, may relate to abnormal protein ubiquitination and aggre-
gate formation, reminiscent of aggresomes in Lewy bodies upon
downregulation of Usp9X (Rott et al., 2011). While ubiquitination
level of Usp9X-targeted protein returned to normal, these ubiqui-
tinated molecules did not degrade correctly and instead accu-
mulated as aggregates. This model is supported by reports
that polyubiquitin chains trigger the formation of fibrillar aggre-
gates (Morimoto et al., 2015). While protein aggregation has
been implicated in neurodegenerative disorders (Bousman
et al., 2010), its contribution to neurodevelopmental disorders
remains to be explored.
These biochemical and structural changes in Usp9X–/y mice

likely underlie behavioral alterations. Indeed, here we show
that Usp9X KO mice display an abnormality in locomotor activ-
ity levels. Usp9X–/y mice displayed hyperactivity in open-field,
elevated plus maze, light/dark box, and forced-swim tests.
Likewise, conditional deletion of Ank3 in adult forebrain pyrami-
dal neurons produced hyperactivity (Zhu et al., 2017) consistent
with the behavioral phenotypes of Usp9X–/Y mice. Notably,
a recent publication has shown cognitive deficits in male
Usp9X–/y mice (Johnson et al., 2019). Overall, these data
show that Ups9X mice display behavioral phenotypes are
consistent with Usp9X and ankyrin-G functioning in the same
pathway.

Deubiquitination and Neurodevelopmental Disorders
Mutations inUSP9X occur in patients with ID, ASD, and epilepsy,
but the effects of these mutations on Ups9X protein function
have not yet been evaluated directly. By focusing on mutations
within the catalytic domain, here we show that they affected its
DUB activity, or, more interestingly, its interaction with ankyrin-
G. Remarkably, these mutations were detected in patients with
DD, speech delay, and ASD, which overlaps with clinical cases
linked to ANKRD protein mutations, such as SHANK2, SHANK3,
and ANK2. Abnormal deubiquitination of ANKRD proteins may
thus be a pathogenic mechanism for USP9X-associated neuro-
developmental disorders.
Among the eight DUBs identified in the PSD proteome, seven

are implicated in neurological disorders: UCHL1 is implicated in
Parkinson’s disease, Alzheimer’s disease, and cerebellar ataxia;
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mutations in USP14 result in neuromuscular junction (NMJ) syn-
aptic defects in ataxia (Nijman et al., 2005); Usp15 is implicated
in speech and communication disorders; mutations in USP9X
are implicated in ID and seizure disorders (Reijnders et al.,
2016); Usp5 is connected to neuropathic pain (Garcı́a-Caballero
et al., 2014); and Atxn2 and Atxn10 are implicated in Parkinson’s
disease (Schule et al., 2017; Zhou et al., 2018). Our data may
thus provide a general mechanism of pathogenesis in DUB-
associated disorders.
Taken together, our findings demonstrate that deubiquitina-

tion during a full lifespan of synapse maturation is essential for
a correct developmental trajectory of cortical synapses, and its
alteration results in behavioral and clinical abnormalities.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-AnkG NeuroMab Facility Cat#75-146; RRID: AB_10673030

Goat polyclonal anti-AnkG (P-20) Santa Cruz Biotechnology Cat#sc-31778; RRID: AB_2289736

Rabbit polyclonal anti-Usp9X Abcam Cat#ab19879; RRID: AB_470300

Goat polyclonal anti-PSD95 Abcam Cat#ab12093; RRID: AB_298846

Chicken polyclonal anti-MAP2 Abcam Cat#ab15452; RRID: AB_805385

Mouse monoclonal anti-Flag (clone M2) Sigma-Aldrich Cat#F1804; RRID: AB_262044

Mouse monoclonal anti-HA (clone HA-7) Sigma-Aldrich Cat#H3663; RRID: AB_262051

Rabbit polyclonal anti-HA Enzo Life Sciences Cat#ADI-MSA-106; RRID: AB_10615792

Mouse monoclonal anti-b-actin (clone AC-74) Sigma-Aldrich Cat#A2228; RRID: AB_476697

Rabbit polyclonal anti-phosphoserine Abcam Cat#ab9332; RRID: AB_307184

Chicken polyclonal anti-mCherry Abcam Cat#ab205402; RRID: AB_2722769

Goat polyclonal anti-mCherry SICGEN Cat#AB0040; RRID: AB_2333092

Mouse monoclonal anti-Flag-488 (clone M2) Abcam Cat#ab117505; RRID: AB_10972518

Rabbit polyclonal anti-HA-568 Synaptic System Cat#245 003C3; RRID: AB_2619954

Rabbit polyclonal anti-AnkB (H-300) Santa Cruz Cat#sc-28560, RRID: AB_2242828

Rabbit polyclonal anti-Shank3 LSBio Cat#LS-C290822

Mouse monoclonal anti-pan-Shank NeuroMab Cat#N23B/49, RRID: AB_10672418

Rabbit polyclonal anti-TNKS2 Abcam Cat#ab155545

Rabbit monoclonal anti-TRPV5 Abcam Cat#ab137028

Rabbit polyclonal anti-b-catenin Cell Signaling Cat# 9562, RRID: AB_331149

Rabbit polyclonal anti-GIT (CAT1) Abcam Cat# ab37588, RRID: AB_2190720

Rabbit polyclonal anti-Notch1 Abcam Cat# ab27526, RRID: AB_471013

Rabbit polyclonal anti-Notch3 Abcam Cat# ab23426, RRID: AB_776841

Rabbit monoclonal anti-NMDAR1 Abcam Cat# ab109182, RRID: AB_10862307

Rabbit monoclonal anti-NMDAR2B Abcam Cat#ab183942

Rabbit monoclonal anti-GSK-3b (27C10) Cell Signaling Cat# 9315, RRID: AB_490890

Rabbit recombinant anti-Ubiquitin (EPR8830) Abcam Cat# ab134953, RRID: AB_2801561

Mouse monoclonal anti-Ubiquitin (Ubi-1) Abcam Cat# ab7254, RRID: AB_305802

Mouse monoclonal anti-turboRFP (2D9) OriGene Cat# TA150061, RRID: AB_2622262

Chicken polyclonal anti-GFP Abcam Cat#ab13970; RRID: AB_300798

Goat anti-chicken 488 Thermo Fisher Scientific Cat#A-11039; RRID: AB_2534096

Donkey anti-rabbit 488 Thermo Fisher Scientific Cat#A-21206; RRID: AB_2535792

Donkey anti-rabbit 568 Thermo Fisher Scientific Cat#A-10042; RRID: AB_2534017

Goat anti-chicken 568 Thermo Fisher Scientific Cat#A-11041; RRID: AB_2534098

Goat anti-mouse 568 Thermo Fisher Scientific Cat#A-11031; RRID: AB_144696

Donkey anti-goat 647 Thermo Fisher Scientific Cat#A-21447; RRID: AB_2535864

Goat anti-chicken 647 Thermo Fisher Scientific Cat#A-21449; RRID: AB_2535866

Donkey anti-mouse 647 Thermo Fisher Scientific Cat#A-31571; RRID: AB_162542

Goat polyclonal anti-Rabbit IgG, HRP Thermo Fisher Scientific Cat# 31460, RRID: AB_228341

Goat polyclonal anti-Mouse IgG, HRP Millipore Cat# AP308P, RRID: AB_92635

Bacterial and Virus Strains

E. coli HST08 TaKaRa Cat#636766

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

MG132 Sigma-Aldrich Cat#M7449

Cycloheximide Sigma-Aldrich Cat#C4859

Ubiquitin-7-amido-4-methylcoumarin (Ub-AMC) Sigma-Aldrich Cat#U2258

Critical Commercial Assays

Phire Animal Tissue Direct PCR Master Kit Thermo Fisher Scientific Cat#F140WH

Duolink! In Situ PLA! Probe Anti-Mouse MINUS Sigma-Aldrich Cat#DUO92004

Duolink! In Situ PLA! Probe Anti-Rabbit PLUS Sigma-Aldrich Cat#DUO92002

Duolink! In Situ Detection Reagents FarRed Sigma-Aldrich Cat#DUO92013

FD Rapid GolgiStain Kit FD NeuroTechonologies Cat#PK401

In-Fusion HD Cloning Kit Clontech Cat#638910

QuickChange Site-Directed Mutagenesis Kit Agilent Technologies Cat#200516

Experimental Models: Cell Lines

HEK293T/17 cells ATCC Cat#CRL-11268

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory #000664

Mouse: Emx cre Iwasato et al., 2000 N/A

Mouse: Usp9X loxP Stegeman et al., 2013 N/A

Oligonucleotides

Primers for PCR, see Table S4 This paper N/A

Emx Cre F: CTG ACC GTA CAC CAA AAT TTG CCT G Iwasato et al., 2000 N/A

Emx Cre R: GAT AAT CGC GAA CAT CTT CAG GTT C Iwasato et al., 2000 N/A

Usp9X loxP F: GAG GCA CAA GTT GGC CCA GCA G Stegeman et al., 2013 N/A

Usp9X loxP R: GGT TCC TGT CCC ACT GCA GAA G Stegeman et al., 2013 N/A

Recombinant DNA

pEZ-3XHA-AnkG GeneCopoeia Cat# EX-Mm25668-M06

pEZ-3XFlag-Usp9X GeneCopoeia Cat#EX-Mm24322-M12

pRFP-C-RS Origene Cat#TR30014

pRFP-C-RS Control Origene Cat#TR30015

pRFP-C-RS shUsp9X Origene Cat#TF510959D

pmCherry-C1 Clontech Cat#632524

pEBFP2-N1 Addgene Cat#54595

pEZ-3XHA-AnkG1-807 This paper N/A

pEZ-3XHA-AnkG808-1475 This paper N/A

pEZ-3XHA-AnkG1476-1961 This paper N/A

pEZ-3XHA-AnkG808-1961 This paper N/A

pEZ-3XHA-AnkG1-807 Muta This paper N/A

pEZ-3XHA-AnkG1-807 Mutb This paper N/A

pEZ-3XHA-AnkG1-807 Muta;b This paper N/A

pEZ-3XHA-AnkG1-807 K39A This paper N/A

pEZ-3XHA-AnkG1-807 K260A This paper N/A

pEZ-3XHA-AnkG1-807 K268A This paper N/A

pEZ-3XHA-AnkG1-807 K260;268A This paper N/A

pEZ-3XHA-AnkG1-807 K39;260;268A This paper N/A

pEGFP-N2-AnkG This paper N/A

pEGFP-N2-AnkG Muta;b This paper N/A

pEGFP-N2-AnkG1-807 This paper N/A

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Peter Penzes
(p-penzes@northwestern.edu).

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Usp9X conditional knockout mice were generated by crossing Emx1-Cre heterozygous males (Iwasato et al., 2000) withUsp9XloxP/loxP

female mice. Detailed information for generation of Usp9XloxP/loxP mice was described previously (Stegeman et al., 2013). All mouse
breeding was performed under the ethical clearance approved by Griffith University Animal Ethics Committee. 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 hip-
pocampal structures (referred to as Usp9X-/Y). Cre-negative male mice were used as controls (referred to as Usp9X+/Y). Female mice
were not analyzed. Potential Usp9X-/Y mice were identified by two PCRs on extracted tail-tip DNA targeting Sry and Cre genes, using
REDExtract-N-Ampa Tissue PCR Kit (Sigma; Cat# - XNAT). The mice were housed together with mixed-genotype home cages until

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pEGFP-N2-AnkG1-807 Muta;b This paper N/A

pEZ-3XFlag-Usp9X1555-1958 This paper N/A

pEZ-3XFlag-Usp9X1555-1958 S3A This paper N/A

pEZ-3XFlag-Usp9X1555-1958 S1593D This paper N/A

pEZ-3XFlag-Usp9X1555-1958 S1600D This paper N/A

pEZ-3XFlag-Usp9X1555-1958 S1609D This paper N/A

pEZ-3XFlag-Usp9X1555-1958 S3D This paper N/A

pEZ-3XFlag-Usp9X1555-1958 Q1573L This paper N/A

pEZ-3XFlag-Usp9X1555-1958 L1693W This paper N/A

pEZ-3XFlag-Usp9X1555-1958 G1890E This paper N/A

His-Usp9X1547-1962 This paper N/A

His-Usp9X1547-1962 H1878A This paper N/A

His-Usp9X1547-1962 S3A This paper N/A

His-Usp9X1547-1962 S1593D This paper N/A

His-Usp9X1547-1962 S1600D This paper N/A

His-Usp9X1547-1962 S1609D This paper N/A

His-Usp9X1547-1962 S3D This paper N/A

His-Usp9X1547-1962 Q1573L This paper N/A

His-Usp9X1547-1962 L1693W This paper N/A

His-Usp9X1547-1962 G1890E This paper N/A

pEGFP-N2-Usp9X1555-1958 This paper N/A

pEGFP-N2-Usp9X1555-1958 S3A This paper N/A

Software and Algorithms

FIJI (ImageJ) NIH https://fiji.sc/

NIS-Elements v4.51.00 Nikon http://www.nikon.com/products/microscope-

solutions/support/index.htm

Prism 8 GraphPad http://www.graphpad.com/scientific-software/prism/

PyMOL V1.8.2.0 Schrödinger https://pymol.org/2/

Maestro multiple sequence viewer Schrödinger https://www.schrodinger.com/

Maestro Prime module Schrödinger https://www.schrodinger.com/

EthoVision XT 11.5 Noldus http://www.noldus.com

Image Lab 3.0 Bio-Rad Laboratories https://www.bio-rad.com/en-us/product/image-

lab-software
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testing for all assays. Mice were kept within an SPF barrier area in an air-conditioned room on a 12:12 h light/dark schedule, under con-
stant conditions of temperature and humidity. Food and tap water (membrane filterpurified and autoclaved water) were provided ad
libitum. 12-14 weeks old mice were used for behavioral analyses. 2 or 12 weeks old mice were used for immunohistochemistry, brain
lysate analyses, andGolgi-Cox staining. All experimentswere performed in accordancewith theAustralianCodeof Practice for theCare
andUse of Animals for Scientific Purposes, andwere carried out in accordancewith TheUniversity ofQueensland Institutional Biosafety
committee.

Neuronal cell culture and transfection
Dissociated cultures of primary cortical neurons were prepared from P0 C57BL/6J (The Jackson Laboratories) pups. All procedures
were approved by Northwestern University’s Animal Care and Use Committee and were in compliance with the National Institutes of
Health standards. Brains were dissected in ice-cold Leibowitz’s L-15 media with penicillin/streptomycin, and cortical tissue isolated,
digested with 0.25% trypsin-EDTA solution at 37!C, and mechanically dissociated in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS, 1.4 mM L-glutamine, and 6.0 g/L glucose. Cortical neurons were plated at
320,000 cells per 18 3 18 mm coverslip or 640,000 cells per six-well plates precoated with 50 mg/ml poly-D-lysine (Sigma) and
2 mg/ml laminin (Sigma). Neuronal cultures were maintained at 37!C in 5% CO2 in Neurobasal media supplemented with B27 and
GlutaMax-1 and penicillin/streptomycin. Neurons were transfected at DIV14 with Lipofectamine 2000, providing a transfection effi-
ciency of 4 mg total DNA and Lipofectamine 2000 (Invitrogen) were diluted in DMEM + HEPES (10 mM), mixed thoroughly together,
and incubated for 20-30 minutes at 37!C before adding to cultured cells. Following transfection, neurons were supplanted in anti-
biotic-containing feeding media containing half conditioned and half fresh media and allowed to express constructs for 4 days.

METHOD DETAILS

Plasmids
3XHA-ankyrin-G (EX-Mm25668-M06) and 3XFlag-Usp9X (EX-Mm24322-M12) were purchased fromGeneCopoeia. RNAi constructs
were purchased from Origene, in the pRFP-C-RS vector with a turboRFP element to enable identification of transfected cells. The
target sequences usedwere AGAAGACCA TACACTGGCAATCCTCAGTA for Usp9X. Four domain fragments of ankyrin-G (amino
acids 1–807, 808–1475, 808–1961, 1476–1961) were amplified from 3XHA-ankyrin-G. Peptidase domain fragment of Usp9X (amino
acids 1555-1958) were amplified from 3XFlag-Usp9X. GFP-tagged ankyrin-G and GFP-Usp9X1555-1958 were amplified from 3XHA-
ankyrin-G and 3XFlag-Usp9X1555-1958, and subcloned into pEGFP-N2 (#6801-1; Clontech) using the Infusion ligation independent
cloning kit (Clontech). His-Usp9X1547-1962 was amplified from 3XFlag-Usp9X and subcloned into SSP1 cut pMCs-G53. 3XHA-ankyr-
in-G1-807 Muta;b, GFP-ankyrin-G1-807 Muta;b, GFP-ankyrin-G Muta;b, 3XHA-ankyrin-G1-807 K39A, K260A, K268A, K260;268A,
K39;260;268A, and 3XFlag-Usp9X1555-1958 S1593;1600;1609A (S3A) and His-Usp9X1547-1962 S3A, S1593D, S1600D, S1609D,
S1593;1600;1609D (S3D), Q1573L, L1693W, G1890E, H1878A were generated using QuickChange Site-Directed Mutagenesis
Kit (Agilent) as per the manufacturer’s instructions. 3XFlag-Usp9X1555-1958 S1593D, S1600D, S1609D, S3D, Q1573L, L1693W,
G1890E was amplified fromHis-Usp9X1547-1962 mutants (using Usp9X 1555-1958 forward and reverse primers) and subcloned using
the Infusion ligation independent cloning kit (Clontech). All constructs were verified by sequencing (Genewiz).

SIM imaging and analysis
Imaging and reconstruction parameters were empirically determined with the assistance of the expertise in the Nikon Imaging Center
at Northwestern. The acquisition was set to 10MHz, 14 bit with EM gain and no binning. Auto exposure was kept between 100-300ms
and the EM gain multiplier restrained below 300. Conversion gain was held at 1x. Laser power was adjusted to keep LUTs within the
first quarter of the scale (< 4000). Reconstruction parameters (0.96, 1.19, and 0.17) were kept consistent across experiments and
imaging sessions. Resolution of images was validated with full-width half maximum (FWHM) measurements of a small structure
within the image. For each spine analyzed, the single-plane in which the spine head was in focus, based on the cell fill, was chosen
for analysis. Using ImageJ software, each spine head was outlined manually in the channel of the cell fill to detect the area. Fluores-
cence intensities in spines were measured in ImageJ with a linescan across the spine head. Gaussian fits of these intensity profiles
were performed inGraphPad Prism. Based on the localization of ankyrin-Gwithin the spine head, dendritic spineswere classified into
one of three groups. The 1 ANK group included spines with only one punctum of ankyrin-G nearby (adjacent-to or just within the edge
of the Usp9X puncta). The 2+ ANK group contained all dendritic spine heads containing two or more ankyrin-G within or near the
Usp9X as long as those ankyrin-G puncta within the Usp9Xwere confined to the edges. The Overlap group contained spines in which
ankyrin-G punctawere entirely envelopedwithin theUsp9X, with close to 100%colocalization. Whether or not ankyrin-Gwas present
within the spine neck was assessed based on the presence or absence of fluorescent signal within the confines of the turboRFP- or
BFP-derived spine neck outline. ankyrin-G and Usp9X puncta within the spine head were manually outlined and the area recorded.
A 100 mmdendritic region was selected and puncta counts were made; puncta smaller than 0.065 mm2 were excluded from analysis.
Visual assessment of fluorescence intensity was used to delineate separate or connected puncta. Puncta were considered separate
if a region of decreased intensity was readily visible. The number of puncta within the spine head was quantified manually and
recorded. Whether or not ankyrin-G was present within the spine neck was assessed based on the presence or absence of fluores-
cent signal within the confines of the turboRFP- or BFP-derived spine head outline. Colocalization highlighter images and Manders’
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colocalization coefficients were determined in ImageJ, after thresholding. Three-dimensional reconstructions of dendritic spines
were created in the Nikon Elements Software by merging of the two other channels.

Immunocytochemistry
Cells were fixed for 10min in 4% formaldehyde in PBS at 4!C. After 3 times PBSwashing for 5min, fixed neurons were permeabilized
and blocked simultaneously in PBS containing 1% bovine serum albumin (BSA) and 0.3% Triton X-100 for 1 hr at room
temperature. Primary antibodies were added in PBS containing 1% BSA and 0.3% Triton X-100 overnight at 4!C, followed by
3 3 10 min washes in PBS. Secondary antibodies were incubated for 1 hr at room temp, also in 1% BSA and 0.3% Triton X-100
in PBS. Three further washes (5 min each) were performed before coverslips were mounted using Fluorescent Mounting
Medium (Dako).

Confocal microscopy
Confocal images of immunostained neurons were obtained with a Nikon C2+ confocal microscope. Images of neurons were taken
using the 63x oil-immersion objective (NA = 1.4) as z series of 8-10 images, averaged 2 times, taken at 0.4 mm intervals, with
1024x1024 pixel resolution. Detector gain and offset were adjusted in the channel of cell fill (turboRFP or mCherry) to include all
spines and enhance edge detection due to variable levels of plasmid expression.

Confocal image analysis
Colocalization highlighter images (ankyrin-G and Usp9X) and Manders’ colocalization coefficients were determined in ImageJ, after
thresholding, with the use of theMBF set of plugins. Background-subtracted images were thresholded, regions along dendrites were
outlined, and total immunofluorescence intensity for each cluster was measured automatically. For dendritic spine quantification,
two-dimensional, background-subtracted maximum projection reconstructions of images for dendritic spine morphometric analysis
(area), and quantification of spine linear density (# of spines / 10 mm dendritic length) were performed using ImageJ software. A
threshold was applied to the maximum projection images to include all detectable spines, and regions along dendrites containing
dendritic spines were manually traced to enclose spines but not the dendritic shaft or other structures. Dendritic spine ‘‘objects,’’
restricted to objects with areas greater than 0.1 mm2, were automatically detected, and the area of each spine head was measured.
Two dendritic branches, (approximately 100 mm) of each neuron were analyzed. Only spines on secondary and tertiary apical den-
drites were measured to reduce variability. Cultures that were directly compared were stained simultaneously and imaged with the
same acquisition parameters.

Immunofluorescence histochemistry
For immunostaining, 12-week old mice were injected with EUTHASOL (Virbac; 710101) of 5 ml/g and were perfused first with filter-
sterilized PBS and then with 4% paraformaldehyde in PBS. All procedures were approved by Northwestern University’s Animal
Care and Use Committee and were in compliance with the National Institutes of Health standards. The brain was removed, incu-
bated for 4 hours at 4!C in 4% paraformaldehyde, and dehydrated for 48 hours at 4!C in PBS containing 30% sucrose.
Free-floating serial sections (60 mm) for immunohistochemical staining of ankyrin-G and Usp9X were prepared with a cryostat
(Leica). Sections were washed with PBS three times for 10 min before consecutive incubations at room temperature with PBS
containing 0.3% Triton X-100 and 1% BSA for 30 min. The sections were then incubated overnight at 4!C with mouse anti-
ankyrin-G (NeuroMab, 1:200) and rabbit anti-Usp9X (abcam, 1:200), washed with PBS, and incubated for 1 hour at room temper-
ature with Alexa Fluor 488-conjugated goat anti-mouse and Alexa Fluor 568–conjugated donkey anti-rabbit secondary antibodies
(Invitrogen, 1:2,000), with all antibodies being diluted in PBS containing 1% BSA and 0.3% Triton X-100. After washed with PBS
twice, DAPI (0.25 ng/ml) solution applied for nucleic acids staining. The sections were finally mounted in Fluorescent Mounting
Medium.

Coimmunoprecipitation assays
Coimmunoprecipitation assays were performed as described in Smith et al., 2014 with modifications. Briefly, 3-week old mouse cor-
tex was dissected and homogenized in pull-down buffer (50 mM HEPES pH 7.5, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 1mM
AEBSF with protease inhibitor cocktail (Roche) and phosphatase inhibitor (Sigma) and solubilized for 1 hour at 4!C. Solubilized ma-
terial was centrifuged at 13,200 rpm for 25min at 4!C and the supernatant was precleared with protein A/G beads for 1 hour. Proteins
were immunoprecipitated with 3 mg of antibody overnight at 4!C, followed by 1 hour incubation with protein A/G beads. Beads were
then washed extensively and bound complexes were analyzed by SDS-PAGE and western blotting. For assays of overexpressed
ankyrin-G and Usp9X constructs, HEK293T cells were transfected with 3XHA-ankyrin-G and 3XFlag-Usp9X using PEI transfection
reagent (Sigma) in 100-mmdishes. Cells were treated in lysis buffer (20mMTris pH 7.5, 1% Triton X-100, 150mMNaCl, 1 mMEGTA,
1mM AEBSF with protease inhibitor cocktail) and equal protein aliquots of cell lysates (300 mg) were incubated with 3 mg of antibody
overnight at 4!C followed by the addition of 30 ml of slurry Sepharose A/G for 4 hr at 4!C. The complexes were washed three times
with washing buffer. Samples were then denatured (5 min at 95!C). The immunoprecipitated proteins were separated with a
10% SDS-PAGE and western blotting.
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Protein production
All mutants were produced as follows; pMCSG53-USP9Xpeptidase and mutagenized constructs were used to transform BL-21
chemically competent cells (NEB) which were plated on selective plates. Single colonies were used to inoculate overnight starter cul-
tures in LB broth (Thermo-Fisher) supplemented with ampicillin. TB broth (KH2PO4, K2HPO4 pH 7.5, 1.2% (w/v) tryptone, 2.4% (w/v)
yeast extract, 0.5% (v/v) glycerol) supplemented with ampicillin, 0.1% antifoam B and 1% (w/v) glucose was inoculated 1:50 with
starter culture and grown to OD600 1.2. Cells were chilled on ice and ampicillin was replenished before induction with 0.25 mM
IPTG overnight at 25!C. Cells were lysed by pressure-driven homogenization (2 times at 15,000 PSI) in binding buffer (10 mM Tris
pH 8.3, 500 mM NaCl, 1 mM BME) supplemented with Complete, EDTA-free Protease Inhibitor Cocktail (Roche Applied Science),
and kept at 4!C throughout purification. The lysate was clarified by centrifugation (21,000 x g, 30 mins) and the supernatant was
filtered through a 0.45 mm filter. Purification was performed by AKTAxpress on a nickel affinity column charged with Ni2+ and equil-
ibrated in binding buffer. The resin was washed with binding buffer supplemented with 25 mM imidazole. His-tagged protein was
eluted with binding buffer containing 500 mM imidazole, followed by size exclusion chromatography on a Superdex 200 (GE Health-
care). Protein containing fractions, indicated by A280, were pooled and buffer exchanged to deubiquitination assay buffer (50 mM
Tris pH 7.6, 150mMNaCl, 1 mM TCEP) and concentrated using a centrifugal filter (30 kDaMWCO). Protein concentration was calcu-
lated by absorbance at 280 nm and Coomassie gels revealed greater than 95% purity. Proteins were flash-frozen in liquid nitrogen
and stored at "80!C until use.

In vitro deubiquitination (DUB) assay
His-Usp9X-peptidase proteins were prepared as a 2x (2 mM) stock solution in DUB assay buffer. All stock solutions were compared
byCoomassie gel to confirm equal assay concentrations. The fluorogenic substrate, ubiquitin-7-amido-4-methylcoumarin (Ub-AMC,
Sigma U2258), was prepared as a 2x (1 mM) stock solution in DUB assay buffer. Protein and substrate were mixed 1:1 in black 96 well
assay plates and immediately read by C5 cytation plate reader at 380/460 (ex/em) every two minutes for one hour. Conditions were
tested in quadruplicate with 3-7 replicates. Data were normalized to maximum (1 mM Usp9X-peptidase domain) and minimum
(no DUB) controls. Data points were fit to a curve and activities calculated from the change in fluorescence intensity between
time points 0 and the time point where half-maximal inhibition was observed.

Homology modeling
Human USP9X/1555-1975 was aligned to multiple DUB templates (PDB: 5UQX_A, 5UQV_A, 3M99_A, 3MHH_A, 4FIP_A, 4ZUX_U,
5K16_A, 5K1A_A, 5L8H_A, 5K1B_A, 5L8W_A, 5CVM_A) using Maestro multiple sequence viewer (Schrödinger, LLC). A
homology model was generated and characterized using Maestro Prime module (Schrödinger) using template-based modeling,
with unaligned regions modeled ab initio through energy minimization. AnkG ANKRD homology model was generated as above
through alignment with the AnkB ANKRD structure (PDB: 5Y4D). Homology model image generation, mutagenesis, and structural
alignments were performed using PyMol V1.8.2.0 (Schrödinger, LLC).

Proximity ligation assay (PLA)
Cortical neurons plated on coverslips were transfected with 3XHA-ankyrin-G and 3XFlag-Usp9X at DIV14. At 4 days post-transfec-
tion, the transfected cells were fixed with 4% paraformaldehyde in PBS for 10 min at 4!C. HEK293T cells were transfected with
3XHA-ankyrin-G1-807 and 3XFlag-Usp9X using PEI transfection reagent. At 24 hr post-transfection, the transfected cells were fixed.
All procedures were followed by the manufacturer’s instructions (Sigma). To confirm the transfected cells, mouse 488 conjugated-
Flag antibody and rabbit 568 conjugated-HA antibody were used. To detect PLA signal, far-red reagent (Sigma, DUO92013)
was used.

Brain lysate analysis
Mice were euthanized by cervical dislocation. Brains were extracted and immediately flashed frozen using liquid nitrogen. Frozen
tissue was stored at "80!C until further use. All procedures were approved by the Griffith University Animal Ethics Committee.

Golgi-Cox staining
We used a modified Golgi staining method adapted from the protocols used by Bayram-Weston et al., 2016. Briefly, Usp9X+/Y or
Usp9X-/Y mice were sacrificed and then perfused with 4% PFA in PBS. The brain was removed, incubated for 24 hours at 4!C in
4% paraformaldehyde, and dehydrated for 48 hours at 4!C in PBS containing 30% sucrose. Next procedures were followed by
the manufacturer’s instructions (FD Rapid GolgiStain Kit). Mounted samples which cut 120 mm thickness sections were imaged
on a microscope (LSM 510; Carl Zeiss) using a 63X oil lens with AxioCam. For apical dendritic spine quantification, only the first
branch of apical dendrite over 30 mm away from cell body was concerned for the analysis of spine linear density (# of spines/
10 mm dendritic length).

Behavior analysis
All statistical analyses for the behavioral experiments were performed using two-tailed unpaired Student’s t test.
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Open field test
Mice were placed in an arena measuring 30 cm x 30 cm x 30 cm and recorded using an overhead camera. The analysis was done
using Ethovision software (Noldus). The software provides the total distance traveled. The locomotor activity recorded for the first
10 min was analyzed.
Elevated Plus Maze
Mice were recorded for 10 minutes on an elevated platform (1 m from the ground, with 4 arms measuring 30 cm x 5 cm). Two of the
platforms were covered with 30 cm walls. The analysis was done using Ethovision software (Noldus).
Light/Dark Box Test
The light/dark emergence test for the Usp9X+/y and Usp9X-/y mice is conducted in four individual activity monitors (27.9 3 27.9 cm)
with three 16 beam infrared arrays (MED Associates, Inc., Georgia, VT, USA), each containing a darkened acrylic insert that was
penetrable by infrared light and sheltered half the arena. To start the test the mouse is placed into the dark compartment and
eachmouse was recorded for 30minutes. The activity wasmeasured as counts of infrared beam breaks as well as the duration spent
being mobile or stationary in each compartment. The results are presented in the second 10-20 minutes bin.
Forced Swim Test
The apparatus used in the forced swim test was a clear round container (20 cm high x 14 cm diameter) with a column of water (16 cm
deep) maintained at 25!C. Eachmouse was placed in the container for 6 min and recorded using a USB digital camera and recording
software. The activity was measured only from 2 min to 6 min and scored using the mobility threshold settings within the Ethovision
software by measuring the percentage change in area of the tracked object from one sample to the next. Immobility was defined as
less than 5% movement using these settings and was validated by a human observer.
Phenomaster metabolic readings
During the period of recording in the Phenomaster (TSE Systems), several metabolic readings were taken of the mice between the
genotypes/individual mice for 24 hours.

Gene set analysis
Ankyrin repeat domain containing proteins were retrieved from Uniprot (https://www.uniprot.org/). A list of genome-wide significant
BD risk factor was compiled from published GWAS (Hou et al., 2016; Iossifov et al., 2014). de novo variants from exome sequencing
studies in ASD and SZ were acquired from published supplementary material (De Rubeis et al., 2014; Fromer et al., 2014; Iossifov
et al., 2014). Neuropsychiatric risk gene sets from de novo exome sequencing data were filtered to only include variants predicted
to affect protein sequence (i.e., missense, frameshift, nonsense, splice-site, and start lost mutations). A hypergeometric test was
used to test for statistical significance of each overlap.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performedwith GraphPad Prism8. A two-sample comparison was performed using unpaired Student’s t test,
and multiple comparisons were made using two-way ANOVA or one-way ANOVA followed by a Bonferroni test. Bar graphs are
displayed as mean ± SEM. Significance was shown with an asterisk represents *p < 0.05, **p < 0.01, ***p < 0.001.

DATA AND CODE AVAILABILITY

The published article includes all datasets generated or analyzed during this study. All data are available from the Lead Contact upon
request.
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Figure S1: Related to Figure 1. APC-mediated ubiquitinated ankyrin-G 

(A) Ubiquitinated lysine sites and the second D-box of ankyrin-G are conserved between ankyrin-

B and ankyrin-G, and also conserved across different species. (B) Diagram of ubiquitinated lysine 

sites of ankyrin-G (C) The ubiquitinated lysine sites of ankyrin-G1-807. HEK293T cells were 

transfected with HA-ankyrin-G1-807 or point-mutated constructs. At 24 h post-transfection, the 

transfected cells were treated with 10 µM MG132 for an additional 16 h before harvesting for 

immunoprecipitation with α-HA. The ubiquitinating ankyrin-G was detected using the anti-Ub 

antibody. (D) HEK293T cells were transfected with HA-ankyrin-G1-807 or the D-box mutant. At 

24 h post-transfection, the transfected cells were treated with 20 µg/ml cycloheximide in HA-

ankyrin-G1-807 Wt or HA-ankyrin-G1-807 Muta;b overexpressing cells. 
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Figure S2: Related to Figure 2. Expression patterns of ankyrin-G and Usp9X in cortical 

cultured neurons. 

(A) Confocal images of tRFP transfected neurons immunostained for ankyrin-G and Usp9X. Scale 

bar, 20µm (for the left panel) and 5µm (for right panel). (B) Bar graph comparing intensities of 

ankyrin-G and Usp9X in the axon initial segment (AIS) and dendrite of primary cultured cortical 

neurons (n = 9 cells; *p = 0.0169; ***p < 0.001; Two-way ANOVA followed by Bonferroni post-

tests. All data represent mean ± SEM. (C) Confocal image of a neuron showing the AIS and 

dendrite. Scale bar, 20µm (left); 10 µm (right). (D) Confocal images of neurons immunostained 

for ankyrin-G, Usp9X, and MAP2 or PSD95. Arrowheads show co-localized puncta. Scale bar, 

5µm.   
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Figure S3: related to Figure 3. The effect of shUsp9X on the expression level of ankyrin-G 

(A) Diagram of target sites of candidate Usp9X RNAi constructs. (B) Knock-down of Flag-Usp9X 

in HEK293T cells. SDS-PAGE and western blot of lysates from HEK293T cells expressing Flag-

Usp9X alone or with control or candidate RNAi constructs. RNAi construct 4 was used for 

knockdown experiments. (C) Confocal images of neurons expressing control or Usp9X RNAi 

(shUsp9X) and immunostained with antibodies to ankyrin-G (red) and Usp9X (cyan). Arrowhead 

indicates control or shUsp9X expressed neuron. Scale bar, 40 µm (upper panel); 5 µm (lower 

panel). (D-F) Graph comparing intensities of ankyrin-G and Usp9X fluorescence in the soma or 

AIS or dendrite of cultured cortical neurons expressing control or shUsp9X constructs (n = 9 per 

each condition; *p < 0.05; **p < 0.01; followed by two-tailed unpaired Student’s t-test). (G) 

Representative western blot for Usp9X-dependent expression level of ankyrin-G. N2a cells were 

transfected with HA-ankyrin-G and control or Usp9X RNAi constructs. At 48 h post-transfection, 

the transfected cells were harvested for immunoblotting. (H) Confocal images of control and 

knockdown neurons co-expressing GFP-Usp9X1555-1958 construct. The signal of ankyrin-G was 

thresholded at an identical value. Scale bar, 10 µm. (I) Graph comparing intensities of ankyrin-G 

fluorescence in the soma of cortical neurons expressing control or shUsp9X constructs (n = 8 per 

each condition; **p < 0.01). Repeated measures two-way ANOVA followed by Bonferroni post-

tests. All data represent mean ± SEM. 
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Figure S4: Related to Figure 4. Homology model generation.  

(A) The sequence of human USP9X (hUSP9X) DUB domain 1555-1906 was aligned to multiple 

known DUB structures in order to generate a homology model. Insertions into USP9X (indicated 

by red squares) with no structural templates were modelled ab initio. Blue lines indicate regions 

of aligned structural templates not used for modeling, due to absence from USP9X. (B) 

Ramachandran plot of novel model showing > 95% amino acids is within accepted backbone 

torsion angles. (C) Alignment of conserved structural elements of homology model generated with 

Usp9X crystal structure 5WCH showing root mean square deviation between backbone carbons. 

Regions generated ab initio were not aligned, as these regions are absent from crystal structure 

5WCH, likely due to flexibility or crystallization methods.  
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Figure S5: Related to Figure 4. The effect of phosphomimetic mutants of Usp9X on the 

interaction with ankyrin-G and the expression levels of transfected constructs. 

(A) Representative Western blot of co-immunoprecipitation experiments of the Flag-Usp9X1555-

1958 (Flag-Usp9XWt) or Flag-Usp9XS3A constructs with α-phosphoserine from HEK293T cells. (B) 

Representative Western blot of the HA-ankyrin-G1-807 with co-expressed Flag-Usp9X1555-1958 Wt 

or S1593D, S1600D, S1609D, S3D from HEK293T cells. (C) Measurement of mean fluorescence 

intensity from confocal images. Co-expressed HA-ankyrin-G1-807 and Flag-Usp9X1555-1958 Wt or 

S3A signals in HEK293T cells were measured through outlining cellular boundary by a volumetric 

way (0.4 μm interval and 5.2 μm depth; Usp9XWt control, n = 16; Usp9XS3A control, n = 9). The 

graph is related to Figure 4C. (D) Measurement of mean fluorescence intensity from confocal 

images. Co-expressed HA-ankyrin-G1-807 and Flag-Usp9X1555-1958 Wt, S1593D, S1600D, S1690D, 

or S3D signals in HEK293T cells were measured through outlining cellular boundary by a 

volumetric way (0.4 μm interval and 4.8 μm depth; n=20 from each condition; *p < 0.05). Two-

way ANOVA followed by Bonferroni post-tests. The graph is related to Figure 4D. (E) Graph 

comparing mean intensities of Flag-Usp9X1555-1958 Wt, S3D, or S3A fluorescence in dendrites of 

cortical neurons (n = 16 from each condition). The graph is related to Figure 4H. (F) Graph 

comparing mean intensities of HA-ankyrin-G and Flag-Usp9X1555-1958 Wt or S3D fluorescence in 

dendrites of cortical neurons (n = 13 from each condition). The graph is related to Figure 4J. All 

data represent mean ± SEM. 
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Figure S6: Related to Figure 5 and 6. Expression patterns of ankyrin-G and Usp9X 

(A) Double-immunohistochemical staining of ankyrin-G (detected in green) with Usp9X (detected 

in red) in the hippocampus (Bregma -1.70 mm) of 12 weeks old mouse brain. Hippocampal 

expression patterns of ankyrin-G and Usp9X are shown in the left panel (Scale bar, 200 µm) and 

magnified CA3 region is shown in right panel as a representative image (Scale bar, 20 µm). (B) 

Representative graph of the fraction of ankyrin-G (red and black) or Usp9X (grey and red)-positive 

cells and quantification of the two cell types (n = 5) in CA3 of the hippocampus. The red bar 

represents co-expressed cells of both ankyrin-G and Usp9X. The graph is shown with mean values. 

(C) Representative image of immunohistochemical staining with ankyrin-B, Pan-Shank, GIT1, 

Notch1, or Notch3 (detected in green) in the layer III of cortex from 2 or 12 weeks old mouse brain 

of Usp9X+/Y or Usp9X-/Y mice (Scale bar, 10 µm). (D) Representative image of double-

immunohistochemical staining with ankyrin-G (detected in green) and Usp9X (detected in red) in 

the hippocampus of 2 or 12 weeks old mouse brain from Usp9X+/Y or Usp9X-/Y mice (Scale bar, 

200 µm, top). CA3 specific expression patterns of ankyrin-G and Usp9X are magnified (Scale bar, 

20 µm, bottom). (E) The ankyrin-G average intensity is measured in each group by ImageJ (n = 4 

from 4 mice per each group; **p<0.01). Two-way ANOVA followed by Bonferroni post-tests. (F-

G) The number of ankyrin-G particles based on the bottom images of (D) is counted and 

categorized by particle size; less than 0.075 µm2 is excluded for analysis (n = 4 from 4 mice per 

each group). 
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Figure S7: Related to Figure 6. Basal intensity of Western blot of immunoprecipitated 

ankyrin-G or GSK3β by α-Ub from Figure 6B. Intensity of Western blot of immunoprecipitated 

ankyrin-G or GSK3β by α-Ub (Fig. 6B) was measured (Usp9X+/Y, n = 4 and Usp9X-/Y, n = 3 in 2 

weeks old; Usp9X+/Y, n = 4 and Usp9X-/Y, n = 4 in 12 weeks old). **p < 0.01; Two-tailed unpaired 

t-test was performed. 
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Figure S8: Related to Figure 7. USP9X missense variants within the catalytic domain are 

associated with neurodevelopmental disorders. 

(A) Body weight is unchanged across genotypes. (B) The amount of kilocalories consumed per an 

hour. (C) The amount of gas exchange. Usp9X+/Y, n=6; Usp9X-/Y, n=12 from all experiments. (D) 

Two unique missense variants were identified through whole exome or whole genome sequencing 

with no other plausible variants discovered. One of the variants arose de novo, the other was 

maternally inherited. All variants are extremely rare, not seen in Gnomad resource (138K 

exomes/genomes of individuals without neurodevelopmental disorders). All variants were 

predicted to be potentially disease causing by CADD (CADD score ≥ 20), and affect highly 

conserved residues (GERPN > 5). Effect on protein structure was predicted to be variable (SIFT: 

T=tolerated; Polyphen: B=benign, Pr=probably damaging.). (E) Missense variants affect highly 

conserved amino acids. Multiple species alignment of USP9X protein sequence showing location 

of variants. Numbers relate to human USP9X reference sequence. (F) USP9X variants are 

associated with various neurodevelopmental disorders. Summary of neurological features 

associated with each case. ID: intellectual disability; DD: developmental delay; ASD: autism 

spectrum disorder. (G) Mouse Usp9X and the indicated mutants were recombinantly expressed, 

purified to greater than 95% purity and equilibrated as assessed by SDS page. Equilibrated protein 

was used for all subsequent experiments. (H) Fluorescence thermal shift was performed using 0.5 

μg of the indicated mutants were incubated with Sypro orange (5x concentration) and subjected to 

a melt curve from 4–95 °C with fluorescence recorded at 0.5 °C intervals (samples run in 

quadruplicate with data normalized to max fluorescence and cropped to melt peak). 
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Table S1: Related to Figure 1. The prediction of D-box and KEN box results for the mouse ankyrin-

G (National Center for Biotechnology Information accession number NM_146005) are shown. 

 

Position Peptide Score Cutoff Type 
140 - 143 ENHLEVVRFLLDNGASQS 2.486 0 D-box 
282 - 285 AKIDAKTRDGLTPLHCGA 3.608 0 D-box 

1028 - 1031 ITCRLVKRHKLANPPPMV 3.486 0 D-box 
1177 - 1180 GALTKRIRVGLQAQPVPE 3.081 0 D-box 
1283 - 1286 FTTNVSARFWLADCHQVL 3.095 0 D-box 
1392 - 1394 VFNFYSFKENRLPFSIK 10.75 0 KEN-box 
1773 - 1776 AMLNRVQRAELAMSSLAG 4.027 0 D-box 
1865 - 1867 DIGKQSIKENLKPKTHG 10.727 0 KEN-box 
1925 - 1928 TTADGKARLNLQEEEGST 3.568 0 D-box 

Residues defining the D-box and KEN box are marked in bold. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3: Related to Figure 5. The ubiquitinated lysine sites of ANKRD in ANKRD containing psychiatric risk genes 

Gene 
symbol 

ACC_ID The N. 
of 

amino 
acids 

ANKRD Human Mouse (homologous 
sequence) 

Rat (homologous 
sequence) 

Ub-
Lysin

e 

PSD 
protein 

D-
box 

KEN 
box 

ANK3 Q12955   4377 73~825 
 

260, 268 
 

yes yes yes no 
TRANK1 O15050   2925 168~575 561 

  
yes no yes no 

ABTB1 Q969K4   478 1~64 
  

N/A no no yes no 
AGAP1 Q9UPQ3   857 768~830 

   
no yes yes no 

AGAP2 Q99490   1192 1090~1152 
   

no yes yes no 
ANK1 P16157  1881 44~795 436, 454, 534 55, 165, 266, 299, 

450, 607, 662, 685 
63 yes yes yes 

 
no 

 
ANK2 Q01484   3957 30~822 

 
46, 52, 118, 223, 275, 

330, 382, 572, 749, 
802 

52, 118 yes yes yes 
 
 

no 
 
 

ANKDD1A Q495B1   522 14~385 
  

N/A no no yes no 
ANKFN1 Q8N957  763 136~202 

   
no no yes no 

ANKK1 Q8NFD2  765 361~753 702 
 

N/A yes no yes no 
ANKRD11 Q6UB99  2663 167~292 

   
no no no no 

ANKRD13
B 

Q86YJ7  626 47~109 
   

no no 
yes no 

ANKRD17 O75179   2603 233~1414 
   

no no yes no 
ANKRD22 Q5VYY1 191 39~163 N/A N/A N/A no no yes no 
ANKRD23 Q86SG2 305 143~271 

  
258 yes no yes no 

ANKRD27 Q96NW4   1050 396~871 411 764 
 

yes no yes no 
ANKRD30

B 
Q9BXX2   1392 72~233 

 
N/A N/A no no 

yes no 
ANKRD50 Q9ULJ7   1429 477~1107 

   
no no yes no 

ANKS1A Q92625   1134 79~275 
 

198 
 

yes no no no 
ASAP1 Q9ULH1   1129 600~665 

   
no yes no no 

ASAP2 O43150   1006 584~649 
   

no no yes no 
ASB1 Q9Y576   335 36~265 69 

 
N/A yes no yes no 
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ASB11 Q8WXH4  323 64~256 
  

N/A no no yes no 
ASB14 A6NK59  587 82~449 

  
N/A no no yes no 

ASB15 Q8WXK1  588 110~444 
 

133 N/A yes no yes no 
ASB17 Q8WXJ9   295 146~176 

  
N/A no no no no 

ASB4 Q9Y574   426 74~280 
   

no no yes no 
ASZ1 Q8WWH4

   
475 45~243 

   
no no 

yes no 
BCORL1 Q5H9F3   1711 1455~1549 

 
1491 N/A yes no no no 

BTBD11 A6QL63   1104 603~854 
  

N/A no no yes no 
CTTNBP2 Q8WZ74  1663 709~942 

   
no yes yes no 

DAPK1 P53355   1430 378~638 
   

no yes yes no 
ESPN B1AK53   854 1~300 

   
no no yes no 

GIT1 Q9Y2X7  761 132~228 
   

no yes no no 
GIT2 Q14161  759 132~228 

   
no no no no 

HACE1 Q8IYU2 909 64~257 
   

no no yes no 
HECTD1 Q9ULT8 2610 395~612 461, 466, 522 

  
yes no no no 

KANK1 Q14678   1352 1161~1329 
   

no no no no 
LRRK1 Q38SD2   2015 86~222 

  
N/A no no yes no 

MIB1 Q86YT6  1006 430~729 437, 481, 485, 495, 
618, 691, 726 

485, 726 N/A yes no yes 
 

no 
 

MPHOSPH
8 

Q99549   860 600~728 623, 708 
  

yes no no 
 

no 
 

NFKBIL1 Q9UBC1  381 64~130 
  

N/A no no no no 
NOTCH1 P46531   2555 1928~2122 

   
no no yes no 

NOTCH3 Q9UM47   2321 1838~2000 
  

N/A no no yes no 
POTEH Q6S545   545 180~404 

 
N/A N/A no no yes no 

PPP1R13B Q96KQ4 1090 920~985 
   

no no no no 
SHANK1 Q9Y566   2161 212~395 

  
253 yes yes yes no 

SHANK2 Q9UPX8  1470 167~392 
   

no yes no no 
SHANK3 Q9BYB0   1731 148~345 

  
167 yes yes yes no 

TANC1 Q9C0D5   1861 896~1272 
   

no no yes no 
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TANC2 Q9HCD6  1990 846~1227 
   

no no yes no 
TNKS O95271  1327 181~964 210, 327, 507, 659, 

767, 771, 791, 812, 
821, 932 

320, 500, 576, 784, 
805, 806 

N/A yes no yes 
 
 

no 
 
 

TNKS2 Q9H2K2   1166 57~776 169, 225, 398, 425, 
510, 633, 654, 663 

58, 425, 633, 654, 
655 

N/A yes no yes 
 

no 
 

TONSL Q96HA7   1378 528~626 
  

N/A no no yes no 
TRPC4 Q9UBN4   977 31~170 

   
no no yes no 

TRPV4 Q9HBA0   871 237~398 
 

344,352 
 

yes no no no 
TRPV5 Q9NQA5  729 44~268 

 
57 

 
yes no yes yes 

UACA Q9BZF9   1416 38~228 
   

no no yes no 
YTHDC2 Q9H6S0  1430 506~571 

   
no yes no no 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4: Related to Figure 1, 3, 4, and 7, Figure S1, S3, S5, and S8. Sequences of oligos used 

this study. 
Primer name Reporter name Sequence 
AnkG 1-807 F HA-AnkG1-807 AAGGAATTCGGTACCATGAGTGAAGAGCCAAA 
AnkG 1-807 R GCGGCCGCACTCGAGCTAGGTCATAATTTCCT 
AnkG 808-1475 F HA-AnkG808-1475 AAGGAATTCGGTACCATGACCACTACCATCAC 
AnkG 808-1475 R GCGGCCGCACTCGAGCTAACAAGGACTCTGCG 
AnkG 1476-1961 F HA-AnkG1476-1961 AAGGAATTCGGTACCATGGAGCGGACGGATAT 
AnkG 1476-1961 R GCGGCCGCACTCGAGCTAGTGGGTTTTCTTCT 
AnkG 808-1961 F HA-AnkG808-1961 AAGGAATTCGGTACCATGACCACTACCATCAC 
AnkG 808-1961 R GCGGCCGCACTCGAGCTAGTGGGTTTTCTTCT 
Usp9X 1555-1958 F Flag-Usp9X1555-1958 AAGGAATTCGGTACCATGGGATTTGTGGGGCT 
Usp9X 1555-1958 R GCGGCCGCACTCGAGCTATGTGTCCATTCGTT 
GFP-AnkG F GFP-AnkG TACCGGACTCAGATCATGAGTGAAGAGCCAAA 
GFP-AnkG R GGCGACCGGCCGGTGGTGGGTTTTCTTCTCCA 
GFP-Usp9X 1555-1958 F GFP-Usp9X1555-1958 TACCGGACTCAGATCATGGGATTTGTGGGGCTG 
GFP-Usp9X 1555-1958 R GGTGGCGACCGGCCGGTGTGTGTCCATTCGTTC 
Usp9X 1547-1962 F  

His-Usp9X1547-1962 
TACTTCCAATCCAATCCCGTTGGACCCCGTCCACC 

Usp9X 1547-1962 R TTATCCACTTCCAATTTAATGACCTATTGTGTCCA
TTCGTTCATA 

Muta HA-AnkG1-807 Muta 

GFP-AnkG1-807 Muta 
CAGGAGAACCACCTGGAAGTCGTCGCGTTTCTTG
CGGACAATGGCGCCAGCCAAAGCCTG 

Mutb HA-AnkG1-807 Mutb 

GFP-AnkG1-807 Mutb 
GGTGCGAAGATCGATGCCAAGACCGCGGACGGTG
CGACTCCGTTGCACTGTGGGGCGAGA 

K39A HA-AnkG1-807 K39A CAGGGCACCTGGGCAAGGCCCTTGACT 
K260A HA-AnkG1-807 K260A CACGTTGCCTCGGCGCGAGGAAATGCA 
K268A HA-AnkG1-807 K268A GCAAATATGGTGGCGCTATTGCTGGAC 
S1593A  

Flag-Usp9XS3A 
GAAGGCACAGGTGCTGATGTAGATGATG 

S1600A TAGTGATGTAGATGATGATATGGCTGGGGATGAG
AAGC 

S1609A CAGGACAACGAGGCCAATGTTGATCCC 
S1593D Flag-Usp9XS1593D 

His-Usp9XS1593D 
GCCATAGAAGGCACAGGTGATGATGTAGATGATG
ATATGTCTGGGG 

S1600D Flag-Usp9XS1600D 
His-Usp9XS1600D 

GATGTAGATGATGATATGGATGGGGATGAGAAGC
AGGACAACG 

S1609D Flag-Usp9XS1609D 
His-Usp9XS1609D 

GGATGAGAAGCAGGACAACGAGGACAATGTTGA
TCCCAGG 

H1878A His-Usp9X H1878A GGTCAAGCAAGTGGCGGAGCTTACTATTCTTACA
TCATTCAGAGG 

Q1573L Flag-Usp9XQ1573L 
His-Usp9XQ1573L 

ACATGAACTCTGTGATCCTGCAACTCTATATGATC
CC 

L1693W Flag-Usp9XL1693W 
His-Usp9XL1693W 

GTTCTTTAATTCTTGGGTGGATAGTTTAGATG 

G1890E Flag-Usp9XG1890E 
His-Usp9XG1890E 

TCATTCAGAGGAATGGAGAGGATGGTGAAAAAA
ATCGTTG 

His-Usp9X 1547-1962 F  
His-Usp9XS3A 

TACTTCCAATCCAATCCCGTTGGACCCCGTCCACC
AAAAGGATTTGTGGGGCTGAAAAATGCTGG 

His-Usp9X 1547-1962 R GCATATATACTTTTTTATGAACGAATGGACACAAT
AGGTCATTAAATTGGAAGTGGATAA 

Underline indicates codon altered. 
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ABSTRACT 

Extensive genetic association studies have implicated many factors associated with autism 

spectrum disorder (ASD). However, the way these genes shape cellular and neuroanatomical 

structure, as well as neuronal connectivity, is not well understood. Loss of function variants in 

human USP9X, a deubiquitylating enzyme that regulates the stability and function of many 

ASD-related proteins, are associated with both ASD and intellectual disability, and lead to a 

range of brain malformations including dysgenesis of the corpus callosum. Here, we analyzed 

forebrain-specific Usp9x knockout mice (Usp9x-/y). At a behavioral level, Usp9x-/y mice 

displayed abnormal communication and social interaction behaviours consistent with features 

of ASD. Moreover, the absence of Usp9x culminated in reductions to the size of multiple 

regions of the dorsal forebrain. Diffusion tensor magnetic resonance imaging revealed deficits 

in all three major forebrain commissures, as well as overall long-range hypoconnectivity 

between cortical and subcortical regions implicated in ASD. These data identify USP9X as a 

key regulator of a nascent ASD network. 

  



INTRODUCTION 

While ASD is diagnosed on the basis of behavioral criteria, and often manifests in young adults, 

studies point to a major neurodevelopmental aspect to this disorder. Mouse models of ASD 

have been central in expanding our understanding of aberrant brain structure and connectivity 

that contribute to altered behaviour. An increasing body of genetic association studies have 

identified many genes associated with ASD. One of these is USP9X, a highly conserved X-

chromosome gene that encodes a deubiquitylating enzyme (DUB). USP9X regulates many 

signalling pathways relevant to neural development and function, including the pathways for 

transforming growth factor b, Notch and mTor signaling (Kasherman et al., 2020). We have 

previously identified de novo heterozygous mutations to USP9X in both males and females 

(Johnson et al., 2020; Reijnders et al., 2016). These patients exhibit a range of congenital 

malformations, of which deficits to gross nervous system structure, including abnormal 

structure of the corpus callosum, are common (Johnson et al., 2020; Reijnders et al., 2016). 

Critically, many also exhibit symptoms of ASD, pointing to a central role for USP9X in the 

genesis of the nervous system. 

 

Complete loss-of-function Usp9x mutants are embryonic lethal, but forebrain-specific ablation 

of Usp9x (by Emx1-Cre-driven ablation of a conditional Usp9x allele; Usp9x-/y) has revealed a 

role for this DUB in neural stem cell biology, neurogenesis and neuronal maturation 

(Premarathne et al., 2017; Stegeman et al., 2013). This includes a key role for USP9X in 

mediating ankyrin-G dependent postnatal dendritic spine development (Yoon et al., 2020) and 

hippocampal morphogenesis (Oishi et al., 2016). However, our understanding of cortical 

structure and connectivity, as well as behavior, in Usp9x-/y mice is lacking, which limits our 

efforts to understand ASD-related symptoms in patients with USP9X mutations. Here, we find 



deficits in several ASD-related behaviors, as well as defects in cortical structure and 

connectivity in Usp9x-/y mice.  



RESULTS 

Forebrain-specific Usp9x-deficient mice display ASD-related behaviors 

Mice lacking Usp9x from the forebrain have previously been shown to have smaller 

hippocampi and deficits in hippocampal-dependent learning and memory (Johnson et al., 2020; 

Oishi et al., 2016). As ASD is a common characteristic of patients with USP9X mutations 

(Johnson et al., 2020; Reijnders et al., 2016), we first modelled ASD-related behaviors in our 

Usp9x-/y mice. General activity levels of Usp9x+/y and Usp9x-/y mice were investigated with 

home-cage observations using a PhenoMaster apparatus. Usp9x-/y mice displayed significantly 

higher activity levels in the first 15 minutes compared to controls, with increased movement, 

velocity, and distance travelled (Fig. 1A, B, Fig. S1A). This hyperactivity may be a result of 

heightened anxiety levels due to placement in an unfamiliar cage. Long-term home-cage 

activity (7 days) supported this interpretation, revealing significantly reduced total activity, 

specifically in the central region of the cage during the light phase, pointing to elevated anxiety 

in mutant mice (Fig. 1C, D, Fig. S1B-E). Next, we used a Y-maze to assess repetitive 

behaviour, which is a standard ASD assay in mouse models. Usp9x-/y mice were found to enter 

arms of the maze more frequently than controls. However, the duration spent in the arms was 

not significantly different. Neither group showed preference for any of the three arms (Fig. 1E-

G). As such, Usp9x-/y mice did not display repetitive behaviour in this assay, however these 

data suggest hyperactivity in mutant mice, consistent with the initial PhenoMaster 

observations. 

 

One of the hallmark signs of ASD is impaired communication skills (Ferhat et al., 2016), and 

as such we investigated ultrasonic vocalizations from Usp9x-/y mice. P7 pups were separated 

from their dams for five minutes, and their ultrasonic vocalizations were recorded. Compared 

to controls, Usp9x-/y pups emitted a significantly higher number of calls, and at higher 



amplitude (Fig. 1H-K). The types of calls were also characterized based on acoustic structure 

(Ferhat et al., 2016). Although the majority of call types were similar between Usp9x-/y and 

control mice, mutants emitted a significantly greater proportion of complex calls (Fig. 1L). 

These data indicate that Usp9x-/y mice display abnormal communication, which may resemble 

atypical features of vocalizations seen in ASD patients (Patten et al., 2014). 

 

Next, we investigated sociability in Usp9x-/y mice as a major characteristic of ASD, using the 

three-chambered social interaction test (Langguth et al., 2018). Here, the test mouse was placed 

in a central arena, and a conspecific mouse was placed randomly into one of the adjoining 

chambers (Fig. 1M). In the first minute of the trial, control mice spent significantly more time 

interacting with the novel mouse than the empty chamber, but Usp9x-/y mice did not show a 

preference for interacting with the novel mouse, instead spending significantly more time in 

the empty chamber, indicative of a deficit in sociability (Fig. 1N), consistent with ASD-like 

behaviour. Usp9x-/y mice also exhibited deficits in sociability over the full five minutes of the 

trial (not shown). 

 

Finally, to address social memory, we performed a five-trial social habituation/dishabituation 

test, which assesses the ability to recognise novel and familiar animals (Ferguson et al., 2000). 

In this experiment, the test mouse was introduced to the same stimulus mouse for four trials 

over four days, then a novel mouse on the fifth trial (Fig. 1O). On the first trial, the control 

mice showed high interaction with the stimulus mouse, which decreased gradually over the 

next three trials as the stimulus mouse became familiar. In contrast, the interaction time of 

Usp9x-/y mice did not change over the first four trials. On the fifth trial, control mice showed 

increased interest in the novel mouse, whereas the interest of Usp9x-/y mice did not change (Fig. 

1P). The lack of interaction of mutant mice with novel mice is further suggestive of social 



deficits. Collectively, these assays reveal that Usp9x-/y mice have abnormal behavior, including 

hyperactivity, abnormal ultrasonic vocalisation, decreased social interest, and decreased social 

recognition, which are hallmark features of neurodevelopmental disorders including ASD. 

 

Usp9x-/y mice exhibit cortical abnormalities 

Could abnormalities in brain structure and connectivity contribute to these behavioural 

deficits? Although reductions in the size of the hippocampus and the corpus callosum following 

deletion of Usp9x in the dorsal forebrain of mice have been reported (Oishi et al., 2016; 

Stegeman et al., 2013) a systematic analysis of the neuroanatomy of the entire brain, especially 

in regions implicated in ASD, has not been undertaken. Moreover, although altered 

connectivity has emerged as a critical feature of patients with ASD (Hong et al., 2019), 

connectivity has not been investigated in this model. To address this, hematoxylin staining was 

performed on sections from multiple points along the rostral-caudal axis of the brain to assess 

the effect of Usp9x deletion on adult mouse brain structures (Fig. 2A-F, Fig. S2A-L). Firstly, 

given the importance of neuronal connectivity in ASD, the structure of the three main forebrain 

commissures was examined. Interestingly, the corpus callosum of Usp9x-/y brains was reduced 

by ~50%. The hippocampal commissure was also reduced, medially by ~72% and laterally by 

~53%. Finally, the anterior limb of the anterior commissure was reduced (74%) in the absence 

of Usp9x. 

 

Next, regions of the cerebral cortex implicated in the aetiology of ASD were examined. Using 

the Allen Mouse Brain Atlas (Lein et al., 2007) as a reference, the width of the cortical plate 

of the somatosensory, somatomotor, anterior cingulate, visual, auditory, and retrosplenial 

cortices were measured (Fig. 2A-F, Fig. S2A-L). A reduction in the size of the somatosensory 

and somatomotor cortices in Usp9x-/y brains was observed rostrally, with a reduction in the 



somatosensory cortex also seen more caudally. In contrast, the anterior cingulate cortex was 

significantly larger in height, but not width, in Usp9x-/y samples. The size of the visual, 

auditory, and retrosplenial cortices were not significantly different. These data suggest the size 

of multiple regions of the cortex that are implicated in ASD aetiology are abnormal in this 

model. 

 

Deletion of Usp9x results in global volumetric reductions 

We next considered the possibility that deleting Usp9x in the dorsal forebrain may also impact 

upon the development of other brain regions. To investigate the phenotype of Usp9x-/y mice 

globally, structural MRI (sMRI) was employed to provide an unbiased volumetric analysis of 

major regions throughout the brain. This analysis revealed that the whole brain volume of 

Usp9x-/y mice was significantly reduced by ~10% compared to controls (Fig. 3A-G). Indeed, 

all measured structures, except the cerebellum and superior colliculi, were significantly smaller 

in Usp9x-/y mice. Most importantly, these volumetric reductions occurred not only in the 

cerebrum, but also the thalamus, hypothalamus, and midbrain. As the Emx1 promotor is only 

expressed in the dorsal telencephalon from embryonic day 8.5, this suggests that volumetric 

reductions in the thalamus, hypothalamus, and midbrain occurred indirectly. Critically, when 

we normalized these area-specific volumetric measurements to the whole brain volume, we 

revealed that cortical regions were predominantly affected, such as the hippocampus, corpus 

callosum, anterior commissure and fimbria (Fig. 3G), highlighting the significant role for 

Usp9x in dorsal telencephalic development. 

 

Usp9x-/y mice have impaired white matter integrity and connectivity 

Some of the most significant reductions in volume were observed within white matter tracts. 

This is consistent with reports of reduced callosal size in patients with ASD (Freitag et al., 



2009). However, analyses of human USP9X patients have not interrogated white matter 

integrity and connectivity, again limiting our capacity to understand patient symptomology. To 

study white matter structure in more depth, we performed diffusion tensor MRI (DTMRI) on 

adult wild-type and mutant brains. Tractography, a form of DTMRI analysis which generates 

a 3D model of white matter tracts to enable structural deficits to be identified (Tournier et al., 

2012), was generated for the corpus callosum, the anterior commissure, and the hippocampal 

commissure of Usp9x+/y and Usp9x-/y mice. All three commissures had visibly diminished 

tractography in Usp9x-/y mice, indicating that the commissures had reduced structural integrity 

(Fig. 4A-H). Moreover, whole brain tract counts revealed a significant reduction in tracts in 

Usp9x-/y mice (Fig. 4I). 

 

To probe this more deeply, we analysed the four major DTMRI values that collectively 

describe the condition of white matter (Fig. 4J-M): fractional anisotropy (FA), axial diffusivity 

(AD), radial diffusivity (RD), and mean diffusivity (MD). AD and MD, which measure the rate 

of water diffusion parallel to the axon tract and the overall magnitude of water diffusion, 

respectively, were not significantly affected between sample groups, suggesting intact axons 

in Usp9x-/y mice. In contrast, FA was significantly reduced within the corpus callosum and 

hippocampal commissure of Usp9x-/y mice. FA describes the degree of anisotropy of water in 

tissue, and provides a measure of overall white matter structure integrity. Furthermore, RD, 

which describes the rate of diffusion perpendicular to the axon tract, was significantly increased 

within the corpus callosum and hippocampal commissure of Usp9x-/y mice. Such increased RD 

values are often associated with myelination deficits or looser packing of axons within the 

white matter bundle (Song et al., 2002). Collectively, these data reveal reductions to the size 

of the major forebrain commissures, consistent with our histological analyses, as well as 



abnormal white matter microstructure abnormalities within the hippocampal commissure and 

the corpus callosum. 

 

The discovery of white matter deficits raised the question: are other white matter tracts affected 

in Usp9x-/y mice? To address this, DTMRI values were investigated using whole brain voxel-

based analysis (VBA) approach using FSL (FMRIB Software Library, Oxford) randomise with 

threshold-free cluster enhancement (TFCE). VBA TFCE identified reductions in FA 

throughout numerous white matter tracts in Usp9x-/y mice, such as the internal capsule, stria 

medullaris, amygdala capsule and optic tract (Fig. 4N, Fig. S3). Next, we questioned how white 

matter abnormalities would affect the neural connectivity of Usp9x-/y mice. To investigate 

connectivity, tractography was generated for several select connections between regions of 

interest (Fig. 4P, O). Inter- and intra-hemispheric connections known to contribute to 

behaviour, memory and cognition were selected, due to their relevance to ASD. In line with 

our earlier findings, interhemispheric connections were reduced in Usp9x-/y mice. Surprisingly, 

the tract count of three out of four intra-hemispheric connections were significantly increased 

in Usp9x-/y mice. These findings are consistent with one theory of ASD, which postulates short 

range hyper-connectivity and long-range hypo-connectivity in this disorder (Geschwind and 

Levitt, 2007; Haberl et al., 2015).  



DISCUSSION 

Loss of function mutations in USP9X are associated with ASD in both males and females 

(Johnson et al., 2020; Reijnders et al., 2016). Indeed, autism was diagnosed in 80% of male 

missense mutation USP9X patients (Johnson et al., 2020). We previously reported deletion of 

Usp9x from the dorsal forebrain of mice gave rise to severe learning impairment supporting 

the Usp9x-/y mice as a model of genetic ID (Johnson et al., 2020). Here we show that Usp9x-/y 

mice have impairments in ASD-associated behaviours that assess social interactions and 

communication, but not in stereotyped or repetitive behaviours. 

 

The decreased social interaction displayed in Usp9x-/y mice, both regarding the three-

chambered social interaction and the social habituation/dishabituation tests (Fig. 1), was 

similar to, or indeed more pronounced, than that observed in other ASD mouse models, such 

as BTBR mice (McFarlane et al., 2008; Moy et al., 2007). Indeed Usp9x-/y mice showed less 

interest in the conspecific mouse and spent significantly more time in the empty chamber in 

the first minute of the three-chambered social interaction test. Ultrasonic vocalizations, a 

standard test of ASD mouse models (McFarlane et al., 2008), were significantly altered in 

Usp9x-/y pups (Fig. 1). Postnatal day 7 corresponds with the common age of diagnosis of ASD 

in humans (Fountain et al., 2011). The differences in the number of calls emitted, amplitude, 

as well as call repertoire, suggest that Usp9x-/y mice display abnormal communication, 

consistent with the alteration of speech and language seen in human USP9X ASD patients 

(Johnson et al., 2020; Reijnders et al., 2016). Therefore, Usp9x-/y mice display several 

behaviours characteristic of ASD. 

 

By contrast, no repetitive behaviours were observed in the Usp9x-/y mice. All tests recorded 

increased activity in Usp9x-/y mice when placed in novel settings, either in home cage 



observation (Fig. S1) and Y-maze (Fig. 1) consistent with hyperactivity reported for Usp9x-/y 

mice in elevated plus maze, open field and light-dark box experiments (Yoon et al., 2020). 

Interestingly, home cage recordings conducted over 7 days detected decreased movement in 

Usp9x-/y mice. This decrease was attributable to reduced traverse through the centre of the cage 

but only during the light cycle (Fig. S1). This aversion to the central part of the cage and 

preference for the periphery is called thigmotaxis (Simon et al., 1994), and is a sign of anxious 

behaviour in rodents (Bailey and Crawley, 2009) possibly triggered by bright lights, which are 

stressors for mice (Prut and Belzung, 2003). This aligns with clinical manifestations of some 

USP9X ID patients, who exhibit anxiety traits (Johnson et al., 2020). Similar 

hyperactivity/hypermotility and increased anxiety have been seen in other mouse models of 

autism, such as BTBR, Ext1-knockout, and Stip1-heterozygous mice (Beraldo et al., 2015; 

Faraji et al., 2018; Irie et al., 2012), as well as an AnkG-knockout model of bipolar disorder 

(Zhu et al., 2017). 

 

Several of the neuroanatomical alterations observed in Usp9x-/y mice align with those observed 

in human USP9X ASD patients, as well as other ASD patients. We have previously reported 

that deletion of Usp9x in the dorsal forebrain leads to a significant reduction in the size of the 

hippocampus (Oishi et al., 2016), which was confirmed by MRI analysis (Fig. 2). Furthermore, 

the volumetric analysis presented here also revealed a 10% reduction in overall brain volume, 

due to decreased volumes in most brain regions. The reduction in volume included structures 

outside the dorsal forebrain, from which Usp9x was not deleted, including the thalamus, even 

after correcting for overall smaller brain volume. The thalamus is an important regulator of 

sensory input into the cortex and has been implicated in ASD (Woodward et al., 2017). These 

reductions may arise from altered neuronal connectivity between disparate brain regions during 

development. 



 

MRI analysis also revealed major reductions in the major commissures of the brain. DTMRI 

tractography confirmed this reduction, as well as the reduced structural integrity in the corpus 

callosum, hippocampal commissure and anterior commissure (Fig. 3). Abnormal development 

of brain connectivity is a well-supported theory for the pathology of ASD (McFadden and 

Minshew, 2013). ASD has a range of symptoms, including social, language, sensory, and 

behavioural effects, which are associated with different regions of the brain. This suggests that 

axonal tracts connecting these regions may be altered in ASD, rather than there being deficits 

in a single structure. In particular, connectivity between frontal and posterior cortical regions 

is required for many higher-level processes that autistic patients struggle with (Schipul et al., 

2011). The ‘long-range hypoconnectivity and short-range hyperconnectivity’ theory of autism 

suggests that long-range connections fail to form, resulting in an increased number of abnormal 

short-range connections (Geschwind and Levitt, 2007; Haberl et al., 2015; Schipul et al., 2011). 

 

The size and structural integrity of the corpus callosum has also consistently been identified as 

affected in patients with ASD (Boger-Megiddo et al., 2006; Frazier and Hardan, 2009). 

Consistent with this notion, our DTMRI analysis identified reduced size and integrity of the 

corpus callosum in Usp9x-/y mice, as well as the hippocampal and anterior commissures. 

Indeed, fractional anisotropy, not only in these commissures, but in almost all white matter 

tracts, was reduced throughout the cerebrum, thalamus, hypothalamus, midbrain, and pons. 

The reduced tract count evident in whole brain tractography supports these results, reiterating 

that functional connectivity is compromised in Usp9x-/y mice. Interestingly, USP9X regulates 

axon growth, in a TGF-b-dependent manner, in cultured neurons (Stegeman et al., 2013) and 

may have a similar function in vivo. 

 



Finally, an ever increasing number of genes have been implicated in the pathogenesis of ASD. 

Whilst providing clues to the molecular underpinnings of ASD, an inherent problem is that 

each gene merely accounts for a minor fraction of the disorder. Therefore, there has been 

increased emphasis on studying gene interactions, and networks, with the goal of identifying 

points of convergence that may be amenable to therapeutic intervention. SFARI Gene reveals 

that many USP9X substrates have been implicated in ASD. These include ASD genes defined 

with (i) high confidence CTNNB1 (Taya et al., 1999), ANK2 and 3, SHANK1, 2 and 3 (Yoon 

et al., 2020) and PTEN (Shen et al., 2019), (ii) strong candidate genes with a strong association, 

PRICKLE1 and 2 (Paemka et al., 2015), NUAK1 (Al-Hakim et al., 2008), and mTOR pathway 

components RAPTOR and RICTOR (Bridges et al., 2017) and, (iii) ASD-associated genes with 

suggestive evidence, such as MIB1 (Wang et al., 2019) and SMURF1 (Xie et al., 2012). As a 

deubiquitylating enzyme, USP9X can regulate the stability and/or activity of these substrates, 

potentially concurrently, suggesting it occupies a pivotal position in a putative ASD genetic 

network. 

  



STAR«METHODS 

Detailed methods are provided in the online version of this paper and include: 

• Key resources table 

• Lead contact and materials availability 

• Experimental model 

• Method details 

 

ACKNOWLEGEMENTS 

Imaging was carried out in The School of Biomedical Sciences Microscopy and Imaging 

Facility. We thank the facility manager, Dr. Shaun Walters, for his assistance. We would also 

like to thank all of the staff at the UQ Biological Resources animal facility for all of their 

assistance with colony maintenance. We acknowledge the supports from the Queensland NMR 

Network and the National Imaging Facility (a National Collaborative Research Infrastructure 

Strategy capability) for the operation of 16.4T MRI at the Centre for Advanced Imaging, The 

University of Queensland. This work was funded by grant from the Australian Research 

Council (DP180100017 to MP and THJB) and a SFARI Explorer grant (527556 to MP, SAW 

and LAJ). 

 

AUTHOR CONTRIBUTIONS 

MP, LAJ and SAW conceived this study. MAK performed the histological analyses. LC and 

NDK performed the magnetic resonance imaging and analysis. MAK, MSV and TJB 

performed and analysed the behavioral experiments. MAK and LC prepared the figures with 

MP. MP and LC wrote the manuscript with SAW and LAJ. All authors provided comments. 

 

DECLARATION OF INTERESTS 



The authors declare no competing financial interests. 

  



FIGURE LEGENDS 

Figure 1: Usp9x-/y mice display abnormal behaviour in ASD-related tests 

Total distance travelled (A) and velocity (B) of mice in the first 15 minutes within the 

PhenoMaster. Cumulative distance travelled (C) and activity within the central part of the cage 

in the light and dark phases (D) over the 7 days of testing in the PhenoMaster. (E) Cumulative 

heatmap of Y maze test. Arm entry frequency (F) and arm entry duration (G) were tested. (H-

L): Ultrasonic vocalization test. P7 pups were separated from their dams for 5 minutes. The 

number (H), duration (I), frequency (J), amplitude (K), and category (L) of calls was recorded. 

(M, N) The three-chambered sociability test. In this test, the test mouse was placed into a box 

with three chambers. Placement of a novel mouse into one of the empty chambers was used to 

assess sociability; data for the first minute of the trial are shown (N). (O, P) The social 

habituation/dishabituation test. This test involved five trials across five days (O). In the first 

four trials, the test mouse was exposed to the same conspecific mouse for one minute. In the 

fifth trial, a novel conspecific mouse replaced the familiar one (P). ns= not significant; * 

p<0.05; ** p<0.01; *** p<0.001; Student’s t-test. 

 

Figure 2: Usp9x-/y mice display cortical abnormalities 

(A, B, D, E) Hematoxylin-stained coronal sections of Usp9x+/y (A, D) and Usp9x-/y (B, E) brains 

analyzed at Bregma +0.13mm (A, B) and Bregma -0.35mm (D, E). Measurements of cortical 

regions were taken at Bregma +0.13mm (C) and Bregma -0.35mm (F), and included the corpus 

callosum (CC), anterior commissure (AC), primary motor cortex (M1), primary sensory cortex 

(S1), anterior cingulate cortex (ACC) and hippocampal commissure (HC). ns= not significant; 

* p<0.05; *** p<0.001 Student’s t-test. 

 

 



Figure 3: Reduction in brain volume in Usp9x-/y mice 

(A-F) Volume differences between Usp9x-/y (B, E; orange) and Usp9x+/y (A, D; blue) mice were 

observed when the sMRI average template of Usp9x-/y samples was overlaid on that of Usp9x+/y 

samples. Sagittal sections are shown in A-C; coronal sections are shown in D-F. (G) Volumetric 

analyses of major structures in Usp9x+/y and Usp9x-/y brains. Data were also normalized to 

whole brain volume. Significant values (* p<0.05) are listed in green; Welch’s t-test. 

 

Figure 4: Deficits in axonal tract integrity and neural connectivity in Usp9x-/y mice 

(A-H) Tractography of the anterior commissure (AC; A, E), corpus callosum (CC; B, F), and 

hippocampal commissure (HC; C, G) of Usp9x+/y and Usp9x-/y mice. Panels D and H show the 

combined view of all 3 commissures. (I) Whole brain tractography of Usp9x+/y and Usp9x-/y 

mice. Axial diffusivity (J), mean diffusivity (K), fractional anisotropy (L) and radial diffusivity 

(M) of the forebrain commissures in control and mutant mice. (N) Voxel-based analysis with 

threshold-free cluster enhancement was used to study changes in fractional anisotropy 

throughout the whole brain. Confidence interval = 95-100% (colored key). (O) Tractography 

was used to test connections between specific regions of Usp9x+/y and Usp9x-/y mice. 

Quantifications are shown in P. ns= not significant; * p>0.05; ** p<0.01; *** p<0.001; Welch’s 

t-test. Cingu-cingulate cortex; Caudo-caudoputamen; Retro-retrosplenial cortex; Entor-

entorhinal cortex; Hippo-hippocampus; Sept-septum; Amyg-amygdala, M2 (L)-left secondary 

motor cortex; M2 (R)-right secondary motor cortex; AC-anterior commissure.  
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SUPPLEMENTARY FIGURE LEGENDS 

 

Supplementary Figure 1: Usp9x-/y mice display abnormal behaviour in ASD-related tests 

(A) Activity counts over the first 15 minutes of the PhenoMaster home-cage experiment. (B-

E). Activity over the entire 7 days of the PhenoMaster home-cage experiment, showing total 

activity partitioned into light and dark phases (B), peripheral activity partitioned into light and 

dark phases (C), ambulatory (Amb) and fine activity within the central domain of the home-

cage partitioned into light and dark phases (D), and ambulatory and fine activity within the 

peripheral domain of the home-cage partitioned into light and dark phases (E). ns= not 

significant; ** p<0.01; *** p<0.001; Student’s t-test. 

 

Supplementary Figure 2: Usp9x-/y mice display cortical abnormalities 

Hematoxylin-stained coronal sections of Usp9x+/y (A,D,G,J) and Usp9x-/y (B,E,H,K) brains 

were measured at Bregma 0.37 mm (C), -0.71 mm (F), -1.67 mm (I), and -3.15 mm (L). 

Measured regions are shown with the colored arrows; CC= corpus callosum, M1= primary 

motor cortex, S1 = primary sensory cortex, AC = anterior commissure, ACC = anterior 

cingulate cortex, HC = Hippocampal commissure, AuC = auditory cortex, RC = retrosplenial 

cortex, VC = visual cortex. ns= not significant; * p<0.05; ** p<0.01; *** p<0.001; Student’s 

t-test. 

 

Supplementary Figure 3: Deficits in axonal tract integrity in Usp9x-/y mice 

(A-F) Threshold-free cluster enhancement was used to investigate changes in fractional 

anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD) 

throughout the whole brain. Significant changes were observed for FA and RD. Confidence 

interval = 95-100% (colored keys; blue/white – FA; Red/yellow - RD); Welch’s t-test. 









 STAR«METHODS 

 

KEY RESOURCES TABLE 

Reagent or Resource Source Identifier 
Chemicals, Peptides, 
and Recombinant 
Proteins 

  

Mayer’s 
Haematoxylin 
Solution 

FUJIFILM 
Wako Pure 
Chemical 
Corporation 

Distributor no: 131-09665 

DPX mounting 
medium 

LabChem AJA3197-500ML 

Goat serum Sigma-
ALDRICH 

G9023-10ML 

Triton X-100 
Detergent 

Bio-Rad #1610407 

DAKO Fluorescent 
mounting medium 

Agilent Dako S3023 
 

   
Experimental 
Models: 
Organisms/Strains 

  

Mouse: Usp9x line 
(Usp9xloxP/loxP x 
Emx1-iCre) 

(Stegeman et 
al., 2013) 

NA 

   
Software and 
Algorithms 

  

GraphPad Prism 7 GraphPad 
Software 

https://www.graphpad.com/scientific-
software/prism/; RRID: SCR_002798 

Fiji ImageJ https://imagej.net/Fiji/Downloads; 
RRID:SCR_002285 

Adobe Illustrator CC Adobe http://www.adobe.com/products/illustrator.html; 
RRID: SCR_010279 

MRtrix3 Software (Tournier et al., 
2019) 

https://www.mrtrix.org; 
RRID:SCR_006971 

Advanced 
Normalization Tools 
(ANTS)  

(Avants et al., 
2011) 

http://stnava.github.io/ANTs/; 
RRID:SCR_004757 

ITK-SNAP Penn Image 
Computing and 
Science 
Laboratory 
(PICSL) and 
the Scientific 
Computing and 

http://www.itksnap.org/pmwiki/pmwiki.php; 
RRID:SCR_002010 



Imaging 
Institute (SCI). 

FSL 
 

Analysis 
Group, 
FMRIB, 
Oxford, UK 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki; 
RRID:SCR_002823 

ImageScope Aperio http://www.leicabiosystems.com/digital-
pathology/digital-pathology-
management/imagescope/; 
RRID:SCR_014311 

Allen Mouse Brain 
Atlas 

Allen Institute http://mouse.brain-map.org/static/atlas 
RRID:SCR_002978 

 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by lead contact, Michael Piper (m.piper@uq.edu.au). This study did not generate 

unique reagents.  

 

EXPERIMENTAL MODEL 

Mice 

The mouse line used in this study is based on the Cre/loxP system (Stegeman et al., 2013). The 

Usp9xloxP/loxP female mice were crossed with males expressing the codon-improved Cre 

recombinase (iCre) under the transcriptional control of Emx1 promoter, which is restricted to 

the dorsal telencephalon (Kessaris et al., 2005). The Emx1-iCre mice also express 

Gt(ROSA)26Sor Tm14(CAG-tdTomato)Hze reporter gene, wherein the red fluorescent protein 

TdTomato will be co-expressed in mice expressing the iCre recombinase (Madisen et al, 2009). 

As Usp9x is an X-linked gene, female offspring inherit one allele from each parent and were 

heterozygous for the floxed Usp9x allele. All male offspring inherit the floxed Usp9x allele, 

while only half will inherit the iCre gene which results in Usp9x knockout. As such, 

experiments were carried out using males, including those that inherited the iCre gene (Usp9x-

/y), and littermates who did not (Usp9x+/y) as controls. Genotyping was done using ear notch 

samples collected during weaning for adult experimental animals, as well as tail tips for 

postnatal animals. Genotyping PCR primers are available on request.  

 

Animals were housed and handled in accordance with the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes. Protocols for experimental usage were 

approved by the Animal Ethics Committee of Griffith University (GU Ref No: 



GRIDD/04/18/AEC and ESK/004/15), as well as the University of Queensland (UQ Ref No: 

QBI/351/16). 

 

METHOD DETAILS 

Perfusions 

Adult male mice were euthanized by intraperitoneal injection of 0.8 mL of 1:50 Lethabarb 

(Virbac). Incisions were made though the integument beneath the rib cage, the diaphragm, and 

then along the rib cage parallel to the sternum. The rib cage was folded back to expose the 

heart. A 27-gauge needle attached to a peristaltic perfusion pump was inserted into the left 

ventricle of the beating heart. The right atrium was cut to allow the flow of liquid. 

Approximately 15-20 mL of 1X PBS solution was pumped through the body until the liver was 

clear. Following this, approximately 30-40 mL of 4% paraformaldehyde (PFA) was pumped 

through. Once completed, the mouse was decapitated, then the brain was collected by making 

a longitudinal midline incision to the skull, fragmenting it into pieces which were removed. 

The brain was post-fixed in 4% PFA for 48 hours before storing in PBS at 4°C.  

 

Vibratome sectioning 

Fixed brains were embedded in 3% noble agar gel and sectioned with the Vibratome VT1000S 

(Leica) at 50 µm thickness as free-floating sections. Sections were stored in PBS with 0.02% 

sodium azide at 4°C.  

 

Haematoxylin staining 

Sections were mounted on SuperFrost Plus microscope slides (Menzel-Glasser, Thermo-Fisher 

Scientific) and dried at 37°C for approximately 15 minutes. Sections were then rehydrated in 

H2O for 1 minute, placed in hematoxylin stain for 2.5 minutes, then gently rinsed with H2O 

for 1 minute. The sections were dehydrated with the following steps: H2O for 1 minute, 70% 

ethanol for 3 minutes, 95% ethanol for 1 minute, and 3x 100% ethanol for 2 minutes. The 

sections were then placed in xylene for 3 minutes, twice. Finally, the slides were mounted with 



DPX mounting medium. Imaging was performed using the Aperio SlideScope XT. The Aperio 

ImageScope ruler tool was used for measurements. 

 

DTMRI Imaging 

Samples were incubated in 0.2% v/v Magnevist in phosphate buffer saline for 4 days prior to 

MRI. MRI data were acquired using a 16.4 T vertical bore microimaging system (Bruker 

Biospin, Rheinstetten; ParaVision v6.01) equipped with Micro2.5 imaging gradient and a 

15 mm linear surface acoustic wave coil (M2M, Brisbane, Australia). Two sets of scans were 

taken: 3D T1/T2*-weighted fast low angle shot (FLASH) scans, which were used for high 

resolution imaging and structural data; and 3D diffusion-weighted images (DWI), which were 

used for all data relating to the diffusion of water molecules. 

 

The FLASH images were acquired using a gradient echo imaging sequence with the following 

parameters: repetition time (TR) = 50 ms, echo time (TE) = 12 ms, bandwidth = 50 kHz, field 

of view (FOV) = 19.6 × 11.4 × 8.4 mm and matrix size = 654 × 380 × 280, which results in 

30 µm isotropic image resolution, with the acquisition time of 30 mins. The DWI images were 

acquired using a Stejskal-Tanner DWI spin-echo sequence with TR = 200 ms, TE = 23 ms, 

δ/Δ = 2.5/12 ms, bandwidth = 50 kHz, FOV = 19.6 × 11.4 × 8.4 mm and matrix 

size = 196 × 114 × 84, image resolution = 100 µm, 30 direction diffusion encoding with b-

value = 5000 s/mm2, two b = 0 images, with the acquisition time of 17 h. DWI datasets were 

zero-filled by a factor of 1.5 in all dimensions prior to Fourier transform to improve fiber 

tracking (Tournier et al., 2012). 

 

Structural MRI Processing 

The C57 Brookhaven Mouse Brain Atlas (Ma et al., 2005) was used to segment the brains into 

20 major structures for volumetric analysis. Image registration was performed with Advanced 

Normalization Tools (ANTS) (Avants et al., 2011), where separate templates for Usp9x+/y and 

Usp9x-/y were generated using buildtemplateprallel.sh script. The mouse brain atlas was 

normalised into the templates using diffeomorphic registration and subsequently mapped out 

into the individual sample native space to measure each brain structure. 

 

Diffusion MRI Processing 



DTMRI data was processed using the MRTrix3 package (www.mrtrix.org). Changes in 

fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity 

(MD) were investigated for the whole brain using voxel-based analysis (VBA). To do this, a 

whole population template was first generated for the FA maps using the ANTS 

buildtemplateparallel script. VBA was then performed the DTI parameter maps in the template 

space using FSL (FMRIB Software Library, Oxford) randomise program, run with 5000 

permutations. Significant changes between the two groups were determined using Threshold-

Free Cluster Enhancement (TFCE) with family-wise error (FWE) correction (Spisák et al., 

2019; Winkler, Ridgway, Webster, Smith, & Nichols, 2014). 

 

For tractography, DTMRI data were masked and bias corrected using ANTS 

N4BiasFieldCorrection. The fibre orientation distribution (FOD) was calculated using 

constrained spherical deconvolution (Jeurissen, Tournier, Dhollander, Connelly, & Sijbers, 

2014; Tournier, Calamante, & Connelly, 2007).  Probabilistic tractography using the iFOD2 

algorithm (Tournier et al., 2012) was used to generate white matter streamlines of the corpus 

callosum, anterior commissure, and hippocampal commissure from seeding regions of interest 

(ROIs) drawn in MRView. Tractography was also generated for connections between specific 

areas of interest with relation to autism spectrum disorder. These specific connections 

measured are outlined below.  

 

 

Structure 1 Structure 2 

Cingulate cortex (left) Caudoputamen (left) 

Retrosplenial cortex (left) Entorhinal cortex (left) 

Hippocampus (left) Septum (left) 

Hippocampus (left) Amygdala (left) 

Secondary motor cortex (left) Secondary motor cortex 

(right) 

Amygdala (left) Anterior commissure 

 

Animal behaviour assays 

Animals were subjected to a battery of behavioural tests as further described. Briefly, two 

cohorts of mice (n=6 for Usp9x+/y, n=10 for Usp9x-/y) were housed in the Phenomaster for 



seven days to monitor their physical and metabolic activity. Two more cohorts were subjected 

to behavioural assays to investigate anxiety-related behaviours, namely the open field test, 

elevated plus maze, and the light/dark box (Usp9x+/y n =16-26; Usp9x+/y n =15-16). Finally, 

animals were also subjected to behavioural assays that specifically investigate ASD-related 

behaviour, which are ultrasonic vocalisation recordings, three-chambered social interaction 

test, social memory test, and Y-maze test (Usp9x+/y n =15-16, Usp9x-/y n =7-14).  

 

Phenomaster Metabolic Home Cage Observations 

Adult animals were housed individually at the Integrated Physiology Facility at the School of 

Biomedical Sciences of the University of Queensland for the duration of the experiment. The 

Phenomaster apparatus allows animals to be monitored in their home-cage setting with minimal 

interaction with humans. Animals were checked twice every day for food and water 

availability. Animals were allowed to acclimatize for a week in a mock experimental chamber, 

including allowing them to learn how to use the food and water dispensers. A normal 12-hour 

light/dark cycle is applied to the mice during the period of both acclimatization and recording. 

After a week, test subjects were transferred into the experimental chamber where food and 

water consumption, body weight, gas exchange rate, and activity were monitored for a week. 

Data acquisition and analysis were made on the TSE Systems (TSE) software. For this 

experiment, we used 6 Usp9x+/y mice, and 10 Usp9x-/y mice. 

 

Y-maze 

A maze with three arms measuring 40 cm in length each was used to investigate repetitive 

behaviour in the mice. The maze was placed with one arm facing the researcher; starting from 

the left, arms were labelled A, B, and C. The test animal was placed in arm B facing the centre 

of the maze and recorded to 10 minutes. Spatial cues were used to differentiate between all 

three arms. For this experiment, we used 16 Usp9x+/y mice, and 14 Usp9x-/y mice. 

 

Ultrasonic Vocalisation (USV) recordings  

Postnatal day 7 (P7) pups were used to record USVs. The protocol for recording was adapted 

from (Glendining et al., 2018). The Ultrasonic Microphone 250K (Dodotronic) was inserted 

into the lid of a polystyrene box and connected to a computer to record. An empty container 

without bedding was placed inside the polystyrene box with a heating pad underneath. Each 

pup was placed in the empty container and recorded for 5 minutes. Pups were marked, tail-

snipped, and weighed after recording and returned to the cage. The process was repeated until 



all the pups were recorded. Recordings were made using the Audacity software (Audacity) and 

spectrograms were made and analysed using the Raven Pro software (Cornell Lab of 

Ornithology). For this experiment, we used 16 Usp9x+/y mice, and 14 Usp9x-/y mice. 

 

Three-chambered social test  

The protocol for the three-chambered social interaction test was adapted from Langguth et al. 

(2018). Briefly, an acrylic arena that was divided into three compartments, each compartment 

measuring 20 x 30 x 30 cm, with removable clear plastic walls was used to conduct the 

experiment. To assess social interaction, Usp9x+/y and Usp9x-/y mice were exposed to a wild-

type conspecific mouse of the same sex and age in one of the chambers for 5 minutes and the 

total time spent the test mouse spent interacting with the conspecific was recorded and 

compared to time spent in the empty compartment. For this experiment, we used 16 Usp9x+/y 

mice, and 14 Usp9x-/y mice. 

 

Five-Trial Social Memory Test 

The social memory test consists of five phases, with one phase per day. During the first four 

phases, Usp9x+/y and Usp9x-/y mice were exposed to the same conspecific mouse for 1 minute. 

The time that Usp9x+/y and Usp9x-/y spent interacting with the conspecific mouse was recorded. 

During the fifth phase, a novel conspecific mouse was introduced in place of the familiar one. 

The time that Usp9x+/y and Usp9x-/y spent interacting with the unfamiliar mouse was recorded.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical methods relevant to each Figure are outlined in each Figure Legend. Statistical 

analysis was performed using GraphPad Prism software version 8 (GraphPad, San Diego, CA, 

USA). Data are presented as the mean ± standard error of the mean (SEM) values. Calculated 

p values are indicated on individual figures.  

 

DATA CODE AND AVAILABILITY 

This study did not generate any unique datasets or code. 
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