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Abstract 

Autism spectrum disorders (ASD) is a complex, heterogenous, and prevalent neurodevelopmental 

disorder characterized by core symptoms, including social communication deficits, restrictive 

interests and repetitive behaviors. Although environmental factors contribute to the etiology of ASD, 

the disorder has a strong genetic basis.  Previous studies have focused on the cerebral cortex, 

hippocampus, and associated brain regions to uncover the underpinnings of ASD. However, 

dysfunction of the cerebellum has emerged as one of the most consistent associates of ASD. Although 

traditionally thought to function solely in motor control, more recent studies have established that 

projections from the cerebellum make mono- and polysynaptic connections to a variety of non-motor 

areas including cerebral cortex, hypothalamus, hippocampus, and is involved in a range of cognitive, 

sensory, and behavioral functions. Whereas the cellular and molecular mechanisms underlying ASD 

are far from understood, information gained from genetic studies in humans and animal models of 

ASD have identified a large number of genes and several signaling pathways the dysfunction of 

which may contribute to the disorder. In this review, we summarize recent evidence on the key role 

that the cerebellum plays in the development of ASD and then focus on genetic variations that cause 

ASD, focusing, to the extent possible, on the cerebellum. We have divided the ASD-associated gene 

in two subgroups – those that have been identified through a candidate gene approach with 

knowledge of their function in the cerebellum and their relationship to ASD subsequently confirmed 

in experimental models, and those identified through unbiased genetic analyses of individuals with 

ASD, many of which have not yet been characterized extensively and/or not studied in animal 

models. 
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ASD is a heterogeneous and behaviorally-defined group of conditions sharing three core 

phenotypic manifestations - impairment in social communication and interaction, repetitive patterns 

of behavior, and restricted interests, which typically are displayed early during childhood (Volpe, 

2009, 2021; Lord et al., 2020). Although not widely appreciated, about 90% of individuals with ASD 

also have difficulties in sensory processing (Levy et al., 2009; Marco et al., 2011; Robertson and Baron-

Cohen, 2017; Nimbley et al., 2022) and about ~30% display intellectual disability (Baio et al., 2018). 

About 15% of young children with ASD have macrocephaly, as a result of accelerated brain growth 

(Lainhart et al., 2006; Sacco et al., 2015).  In contrast to macrocephaly in children, brain size is 

generally reduced in adults with ASD (Courchesne et al., 2011).  Based on current estimates from the 

CDC’s Autism and Developmental Disabilities Monitoring (ADDM), about 1 in 36 children in the 

U.S. are diagnosed with ASD (Shaw et al., 2025). Worldwide, the prevalence of ASD has quadrupled 

over the past three decades.  Although much of this increase has been attributed to increased 
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awareness of ASD, increased screening, and better diagnostic tools, a substantial increase in the 

development of ASD cannot be ruled out.  

Based on clinical criteria, ASD is classified as “syndromic” or “non-syndromic”. Whereas 

individuals with non-syndromic ASD, also referred to as “idiopathic ASD”, exhibit the core 

symptoms that define the disorder, syndromic ASD is clinically highly heterogenous and includes 

other phenotypic abnormalities, such as epilepsy, speech impairment, intellectual disability, and/or 

dysmorphic features (Sztainberg and Zoghbi, 2016; Weuring et al., 2021). In most cases, syndromic 

ASD is monogenetic, with the gene mutation causing another neurodevelopmental disorder the 

manifestations of which are accompanied by ASD symptoms.  Such disorders include Fragile X 

syndrome, Down syndrome, Asperger’s syndrome, Rett syndrome, and Tuberous Sclerosis Complex 

(TSC) (Moss and Howlin, 2009). It is noteworthy that the affected genes within this category 

identified so far account have disparate biological functions and account for only 1-2% of ASD cases. 

In contrast, non-syndromic ASD is polygenic with many genes each making minor contributions, and 

that act in combination with prenatal or perinatal environmental factors (Sztainberg and Zoghbi, 

2016; Weuring et al., 2021).  While contribution of environmental factors in the pathogenesis of 

idiopathic ASD is well-accepted, input from genetic factors is much higher and consequently more 

attention has been placed on identifying the latter. It is noteworthy, however, that there is no known 

genetic cause for about 80% of individuals with ASD. 

The vast majority of effort into understanding the neurobiological underpinnings of ASD has 

focused on the cerebral cortex and to a lesser extent, the amygdala and hippocampus. Critically, 

however, a large and growing body of evidence indicates that atypicality in the development and 

functioning of the cerebellum is more commonly associated with ASD than other brain regions 

(Fatemi et al., 2012; Becker and Stoodley, 2013; D’Mello and Stoodley, 2015a; D’Mello et al., 2016; 

Stoodley et al., 2017; Kelly et al., 2020). In this review we summarize findings that support a key role 

for the cerebellum in ASD pathogenesis. In particular, we describe many of the genes and signaling 

pathways the dysfunction of which have been implicated in ASD focusing more on those that are 

expressed and function in the cerebellum.  

Cerebellar Structure and Function 

The cerebellum is comprised of three lobes (anterior, posterior, and flocculonodular) which are 

further subdivided into ten bilateral lobules  (Roostaei et al., 2014; D’Angelo, 2018). The outer 

portion, the cerebellar cortex, is composed of three layers – the internal granule layer (IGL) containing 

billions of granule neurons, the single-cell Purkinje cell (PC) layer, and a cell sparse molecular layer 

(ML) in which inhibitory basket and stellate interneurons are located and where synapses involving 

cell types and granule and PCs exist (Figure 1). The PCs are flanked by Bergman glial (BG) cells, a 

specialized type of glial cell present only in the cerebellum, which play a crucial role in the 

development of the cerebellum and the functioning of PCs through adulthood. Coming into the 

cerebellar cortex are mossy fibers from brainstem nuclei and the spinal cord, which synapse with 

provide excitatory input to granule neurons (Figure 1). PCs receive excitatory input from the granule 

neuron parallel fibers in the molecular layer and from the climbing fibers of the inferior olive. The 

parallel fibers of granule cell also stimulate basket and stellate interneurons within the molecular 

layer and Golgi cells, the cell bodies of which reside within the IGL. PCs represent the sole output 

from the cerebellum receiving inhibitory modulation primarily from stellate and basket cells in the 

molecular layer (see Figure 1). PCs, which are GABAergic, connect to the deep cerebellar nuclei – the 

main output nuclei of the cerebellum (Roostaei et al., 2014; D’Angelo, 2018). Unlike neurons within 

the layers of the cerebral cortex, cerebellar cytoarchitecture within the three layers and ten lobules 

has long been thought to be relatively uniform and simple. However, recent findings document 

considerable functional heterogeneity within the same neuronal types across the cerebellum, and 

with complex region- and cell population-specific transcriptomic and splicing programs underlying 

its development and functioning (Farini et al., 2020, 2021).  
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Figure 1. Neuronal circuity in the cerebellum. The mature cerebellar cortex consists of the internal granule cell 

layer (IGL), which contains the cell bodies of granule neurons and Golgi cells, the Purkinje cell layer (PCL), 

which contains the cell bodies of a single monolayer of PCs, and the molecular layer (ML), which contains the 

dendrites of the PC and granule neurons (parallel fibers), and the basket and stellate cells, two types of 

GABAergic interneurons. Granule neurons receive excitatory input from the mossy fibers whereas Purkinje cells 

are stimulated by neurons of the inferior olivary neurons. The sole output from the cerebellum is from the PC 

and through the neurons of the deep cerebellar nuclei. Bergman glia cells, which localize close to PCs, are not 

shown. 

Historically considered a motor structure, it is now established that the cerebellum makes 

functional and anatomical connections to several association areas of the cerebral cortex including 

the prefrontal cortex and several whole-brain networks that are important for cognition (D’Mello and 

Stoodley, 2015a; Frosch et al., 2022).  Indeed, like the cerebral cortex, the cerebellum is involved in a 

variety of cognitive and behavioral functions, including speech and language, emotions, learning and 

memory, mentalizing, decision making, and reward and social behavior (Dickson et al., 2017; Carta 

et al., 2019; Chabrol et al., 2019; Deverett et al., 2019; Schmahmann, 2019; Schmahmann et al., 2019; 

Chen et al., 2022b; Olson et al., 2023; Jobson et al., 2024).  Additionally, and through converging 

connections to sensorimotor cortices, thalamus, and basal ganglia the cerebellum is involved in 

sensory-motor processing that fine-tunes motor actions (Glickstein and Doron, 2008; Strick et al., 

2009; Sivalingam and Pandian, 2024).  

A large body of evidence indicates that defective formation, maintenance, and plasticity of 

synapses plays a central role in ASD and other neurodevelopmental disorders (Bourgeron, 2015; 

Parenti et al., 2020). Synaptic dysfunction affects neuronal circuitry through a number of effects, chief 

among which is the disruption of the interplay between excitatory and inhibitory neurotransmission, 

widely referred to as excitatory/inhibitory (E/I) balance (Gao and Penzes, 2015; Sohal and Rubenstein, 

2019). Excitatory (primarily glutaminergic) and inhibitory (primarily GABAergic) synapses are 

morphologically distinct, contain different protein components, and display different localization.  

Cerebellum in Human Studies of Autism 

Although several regions of the brain show atypicalities in studies of autism, the cerebellum is 

strikingly the most consistent site of abnormality. Postmortem studies of autism find reduced PCs in 
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the posterior cerebellum, a region most associated with cognitive processing (Stoodley and 

Schmahmann, 2010; Van Overwalle et al., 2022; Ciricugno et al., 2024). Structural neuroimaging 

studies in humans also report differences in the cerebellum. Posterior cerebellar regions show 

reduced gray matter and individual differences in cerebellar grey matter volume are associated with 

increased symptom severity in core ASD diagnostic criteria (social interaction, language, and 

repetitive behaviors (Zhao et al., 2022; Christensen et al., 2024).  Reduced cerebellar grey matter has 

also been associated with language delays in autistic children – one of the first signs of ASD which 

spurs parents to seek out diagnoses for their child. Finally, cerebellar differences in autistic children 

and adults have also been documented by functional neuroimaging studies. Posterior cerebellar 

regions (Crus I/II) implicated in cognition show atypical patterns of connectivity with the cerebral 

cortex, including regions critical for speech and language, the prefrontal cortex, and other association 

areas important for social interaction, executive function, and communication (Verly et al., 2014; 

Khan et al., 2015; Alho et al., 2023). Atypical functional connections between the cerebral cortex and 

sensorimotor cerebellar regions (in the anterior lobe and lobule VIII) have also been associated with 

sensory over-responsivity, a core diagnostic criterion in autism (Cakar et al., 2024).   

Crucially, differences in the cerebellum may be an early indicator of long-term outcomes in ASD. 

For instance, altered cerebro-cerebellar connections in 9-month old infants at risk for autism were 

associated with greater probability of social communication difficulties years later (Okada et al., 

2022). This suggests that dysfunction in cerebro-cerebellar circuits may be useful predictors of social 

communication disruptions in ASD children even before these behaviors are exhibited. 

Cerebellar Development in ASD 

In humans, the cerebellum starts developing from about 4 weeks of gestational age extending 

into second year of life, with the third trimester of gestation representing a critical period during 

which there are dynamic changes (ten Donkelaar et al., 2003; Leto et al., 2016).  

Cerebellar lesions, damage resulting from tumor-resection, and genetically-caused 

neurodevelopmental disorders that disrupt cerebellar development, particularly during the critical 

period, are associated with ASD (Becker and Stoodley, 2013; D’Mello and Stoodley, 2015b; Stoodley, 

2016). Reduction in cerebellar volume is a common feature both in individuals with ASD and in 

various mouse genetic models of the disorder (Courchesne, 1991; Ellegood and Crawley, 2015; 

McKinney et al., 2022). Specific cerebellar subregions have been identified that are associated with 

ASD, such as right Crus 1 (RCrus1), which is located in the right posterolateral portion of the 

cerebellar cortex, and involved in higher-order social and language processing (Stoodley et al., 2017). 

Compelling evidence that functional connections between the cerebellum and cortex are disrupted 

in ASD has been described (D’Mello and Stoodley, 2015b). The cerebellum makes direct connections 

with the ventral tegmental area (VTA), a brain area critical for the control of social behaviors and 

reward perception, which in turn makes dopaminergic connections with the prefrontal cortex (PFC) 

(Carta et al., 2019).  Optogenetic inhibition of cerebellum-VTA projections in mice abolishes social 

preference demonstrating the importance of this circuit for normal social behavior. Stimulation of the 

dentate nucleus (DN) of the cerebellum results in the release of dopamine in the medial prefrontal 

cortex (mPFC)(Rogers et al., 2013) possibly via the VTA. Altered connectivity between the RCrus1 

region of the cerebellum and the PFC has been described in children with ASD and in ASD mice 

(Stoodley et al., 2017). Together, these findings suggests that reduced or delayed information 

processing between the cerebellum and regions within the cortex, as well as other brain regions, may 

manifest as the cognitive, language, motor, and social interactions displayed in ASD. Studies using 

various genetic models have confirmed the association of cerebellar dysfunction in ASD-like 

behavior, including sensory defects (C et al., 2014; Kloth et al., 2015; Fernández et al., 2021; Hanzel et 

al., 2024).  It should be noted that while cerebellar underdevelopment or lesions cause cerebellar 

dysfunction, there are other mechanisms by which dysfunction can occur without obvious changes 

in cerebellar morphology or volume. For example, exposure to a number of toxins early in life, 

including mercury, lead, valproic acid, and alcohol (Sanders et al., 2009; Minami et al., 2010; Kern et 
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al., 2012; Kumar et al., 2013; Stoodley and Tsai, 2021; Guerra et al., 2023; Mitoma et al., 2024), as well 

as prenatal stressors and infections (Wang et al., 2014; Beversdorf et al., 2018; Zawadzka et al., 2021), 

affect the functioning of cerebellar cells and circuitry without noticeable macro-morphological 

alterations.  

Of particular significance to ASD pathogenesis are cerebellar PCS, the elaborate dendritic 

branching of which is the most complex among CNS neurons (Hampson and Blatt, 2015). The 

dendrites of PCs are rich in spines which change in form, number, and function in response to stimuli 

(Tanaka, 2009; Nishiyama, 2014; Fernández Santoro et al., 2024). Post-mortem examinations of 

individuals with ASD consistently find a reduction in the number, size, and dendritic arborization of 

PCs regardless of age or sex (Bauman and Kemper, 1985; Courchesne, 1991; Bailey et al., 1998; Fatemi 

et al., 2002a; Whitney et al., 2009; Fatemi et al., 2012; Skefos et al., 2014; Hampson and Blatt, 2015).  

In addition to PC numbers, cerebellar weight and size is often reduced in the ASD brain (Courchesne, 

1991; Wang et al., 2018b; Ma and Kwan, 2022). Chimeric mice generated using the Lurcher mutant 

(which displays total loss of PCs) and normal mice, display repetitive behavior and increased activity, 

consistent with a causal a role for decreased PC numbers in ASD-related symptoms (Martin et al., 

2010). Similarly, genetically-induced dysfunction of PCs or their outputs to the deep cerebellar nuclei 

in mice induces ASD-like behavior, including social interaction deficits, and repetitive and 

stereotyped behavior (Xing et al., 2018; Yang et al., 2022; Cai et al., 2024). Vice versa, commonly 

utilized genetic mouse models of ASD that are not constructed by targeting PCs, display loss of PC 

and cerebellar dysfunction (Jaber, 2023). In addition to reduced PC numbers, disorganization of 

cerebellar nuclei and a reduction in white matter volume and integrity in the cerebellum has also 

been described in mouse models of ASD (Cheung et al., 2009; Hatten, 2020; Yeh et al., 2022). In 

contrast to these changes, neither the density of basket and stellate cells or the number synaptic 

connections to PCs by these cell types is reduced prior to the loss of PCs (Whitney et al., 2009). 

Midgestational exposure of rodents to valproic acid (VPA) recapitulates several of the 

neurochemical and behavioral features of ASD and is a commonly used non-genetic model of the 

disorder (Nicolini and Fahnestock, 2018). Similar to its effect in rodents, exposure to VPA, a drug 

used to treat epilepsy, during pregnancy increases the risk of ASD (DiLiberti et al., 1984; Clayton-

Smith and Donnai, 1995; Nicolai et al., 2008; Bromley et al., 2013) strengthening the physiological 

validity of the experimental model.  In VPA-exposed mice, the reduction in PC numbers is unequal 

across the cerebellar cortex, with only some lobes displaying it (Wang et al., 2018b; Ma and Kwan, 

2022). Chemogenetic inhibition of PCs in RCrus1 of normal mice generates deficits in social 

interaction, whereas optogenetic stimulation of this circuit has been described to reduce these 

symptoms in a mouse genetic model of ASD (Stoodley et al., 2017). This identifies RCrus1 as being 

one area in which loss of PC could have significant effect on ASD development. Like RCrus1, the 

cerebellar posterior vermis connects to the mPFC (Kelly et al., 2020). Stimulation of PCs in the 

posterior vermis, but not some other cerebellar regions, alleviates repetitive behaviors. This finding 

suggests that PCs in different parts of the cerebellum control different aspects of ASD (Kelly et al., 

2020). 

Multiple studies have described gene expression changes in PCs of humans with ASD (Fatemi 

et al., 2002b; Yip et al., 2007; Brandenburg et al., 2022). Among the genes that are downregulated is 

GAD67, which is the major GAD isoform in PCs and in the brain.  Given that GAD is the enzyme 

that catalyzes conversion of glutamate to GABA, a significant reduction of GAD67 expression would 

lead to reduced GABA production in PCs (Gonzalo-Ruiz et al., 1990; Yamamoto et al., 1992; 

Middleton and Strick, 2001). Thus, along with reduced PC numbers, the reduced GAD expression 

would substantially decrease GABAergic neurotransmission to the deep cerebellar nuclei from the 

cerebellum to the thalamus and cortical regions with functional consequences. Reduced GAD 

expression has also been described in the mouse VPA model along with along with manifestation of 

ASD-like behaviors, including anxiety, sleep disturbances, and social interaction deficits (Cusmano 

and Mong, 2014; Olexová et al., 2016; Win-Shwe et al., 2018; Ma and Kwan, 2022).    
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An argument by Baizer against a role for the cerebellar dysfunction in ASD has also been 

presented (Baizer, 2024). Central to this argument is the observation that cerebellar damage does not 

consistently cause ASD in children. While this is the case, it is undisputable that cerebellar damage 

increases the risk of developing ASD and is, in fact, regarded as one of the highest risk factors for 

ASD (d’Oleire Uquillas et al., 2025). Given the highly diverse and heterogenous clinical 

manifestations and etiology of ASD, it is unlikely that cerebellar damage and dysfunction is the sole 

contributor to ASD diagnosis. Dysfunction of non-cerebellar brain regions may account for a subset 

of ASD cases with symptoms that incompletely overlap with cerebellar ASD. Additionally, non-

cerebellar areas likely make greater contributions to the systemic symptoms often displayed in ASD, 

such as circadian rhythm disruption, immune system dysfunction, and gut microbiota alterations 

(Fattorusso et al., 2019; Hughes et al., 2023; Yurdakul et al., 2023). Finally, even though cerebellar 

damage greatly increases the risk for ASD, contribution of other genetic and environmental factors 

may be necessary.  

It has also been pointed out that cerebellar damage in adults does not cause the same types of 

behavioral alterations that ASD children with early-life cerebellar damage exhibit (Baizer, 2024). This 

is not surprising, however, because early-life damage would have broad impact the development of 

the cerebellum, its cytoarchitecture, and circuitry within it as well as from it to other brain regions. 

Being a period of great neuroplasticity, some of the damage resulting from prenatal damage would 

be alleviated by compensatory mechanisms explaining the milder, but broader spectrum of 

symptoms exhibited by prenatal damage compared with the primarily motor deficits observed in 

adults.  

Another argument made, specifically discounting the role of PCs is that ASD is not observed in 

all conditions in which there is reduced PC numbers (Baizer, 2024). It deserves mention, however, 

that reduction in PCs could be due to decreased production during cerebellar development or 

resulting from increased loss degeneration after these cells are produced in correct numbers. Existing 

information points to increased death of PCs in ASD, rather than a reduction in their production 

(Gerhant et al., 2013).  In many mutant mouse lines, including those displaying ASD features, PC 

reduction results from early postnatal degeneration (Dusart et al., 2006; Wang and Morgan, 2007; 

Armstrong et al., 2011; Cendelin, 2014) which could impact refinement of neural connectivity in the 

cerebellum, which would impact functioning of other brain regions that are connected by the 

cerebellum. In adults, reduction of PC numbers could only result of a loss of pre-formed neurons. 

Recent findings that subregions within the cerebellar cortex and nuclei have distinct functions (King 

et al., 2019; Kebschull et al., 2020) indicating that the location of PC reduction within the cerebellum 

would also impact the consequences. Consistent with this, it is known that in different 

neurodevelopmental disorders, different cerebellar lobules are affected (Daskalakis et al., 2005; 

Becker and Stoodley, 2013; Hampson and Blatt, 2015; Wang et al., 2020). Additionally, GWAS 

analyses of different subregions of the cerebellar hemispheres and vermis have described heritable 

genetic variability across the different anatomical regions of the cerebellum (Chambers et al., 2022; 

Carrión-Castillo and Boeckx, 2024). Whether the loss of PCs is accompanied by loss of the associated 

granule neurons or interneurons could also influence outcome with regard to clinical outcome. 

Although convincing evidence supports involvement of the cerebellum in ASD, this does not exclude 

involvement of non-cerebellar areas also, particularly with relation to the systemic symptoms often 

displayed in ASD, such as circadian rhythm disruption, immune system dysfunction, and gut 

microbiota alterations (Fattorusso et al., 2019; Hughes et al., 2023; Yurdakul et al., 2023). 

Strong correlation between circadian rhythm disorders and ASD (as well as other 

neurodevelopmental disorders) has been documented (Abdul et al., 2022; Yurdakul et al., 2023). In 

humans, and other mammals, the circadian timing system is composed of a central clock in the 

suprachiasmatic nuclei (SCN) of the hypothalamus and a number of secondary clocks (also referred 

to as oscillators) in the brain and peripheral organs. The peripheral clocks  are synchronized by the 

central clock through neuronal activity and humoral signals (Dibner et al., 2010; Schibler et al., 2015). 

Circadian rhythms both in the central and peripheral clocks are generated by auto-regulatory 
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feedback loops controlled by the CLOCK and BMAL1 proteins, which regulate the transcription of a 

large number of genes in different organs and cell types to generate oscillations (Dibner et al., 2010; 

Schibler et al., 2015). Dysfunction of BMAL1 and some of the clock-controlled genes affect synaptic 

function and are associated with ASD susceptibility (Geoffray et al., 2016). The cerebellum is one of 

the many regions outside the central clock that participates in the regulation of circadian rhythm 

function of the brain (Mendoza et al., 2010; Rath et al., 2012; Bering et al., 2021). The cerebellar 

oscillator has been proposed to reside in PCs (Mendoza et al., 2010; Mordel et al., 2013). Genetic or 

environmental factors that cause the dysfunction or degeneration of PCs could therefore disrupt the 

working of the central clock resulting in neurodevelopmental abnormalities, including ASD.  

Although it is widely assumed that the underpinnings of ASD lie in neuronal dysfunction, a 

growing number of studies indicate contributions from abnormalities in astrocytes and microglia. 

Compelling evidence from both patients and mouse models indicates alterations in the numbers, 

morphology, and functioning of glial cell types in ASD (Petrelli et al., 2016, 2016; Scuderi and 

Verkhratsky, 2020; Gzielo and Nikiforuk, 2021; Cantando et al., 2024). By regulating synaptic 

pruning, microglia play an essential role in the establishment of functional of neuronal circuitry 

(Paolicelli et al., 2011; Schafer et al., 2012). Dysfunction in microglial function resulting in reduced or 

excessive synaptic pruning disrupts the E/I balance in neuronal circuits affecting brain function and 

behavior (Zhan et al., 2014; Koyama and Ikegaya, 2015). Astrocytes play critical roles in the regulation 

of a variety of neurodevelopmental processes, including neuronal migration, axon guidance, 

dendritic morphology, neurotransmitter uptake, and neuroinflammation (Linnerbauer et al., 2020; 

Andrade-Talavera et al., 2023; Valles et al., 2023). It is now well-documented that astrocytes regulate 

synaptic development, maturation, and function, and form tripartite synapses with neurons (Farhy-

Tselnicker and Allen, 2018; Park and Chung, 2023). Some of the neurodevelopmental functions of 

astrocytes involves interaction with microglia  (Petrelli et al., 2016; Sun et al., 2023). Studies of 

postmortem ASD patients have described increased expression of both astrocyte and microglial 

markers in the PFC (Edmonson et al., 2014). In the cerebellum however, only an increase in astrocyte 

markers is found in the ASD along with reduced expression of neuronal markers (Edmonson et al., 

2014). Of particular significance to ASD-associated cerebellar dysfunction are BGs (Bellamy, 2006; 

Ben Haim and Rowitch, 2017; Chrobak and Soltys, 2017). BG play a crucial role in multiple aspects of 

cerebellar development including neuronal migration, maturation, synapse formation, and 

regulation of neuronal activity (Yamada et al., 2000; Lordkipanidze and Dunaevsky, 2005; Wang et 

al., 2012; H et al., 2013; Chrobak and Soltys, 2017). With regard to PCs, BGs regulate the growth and 

shaping of the dendrites of adjacent PCs (Lordkipanidze and Dunaevsky, 2005; Bellamy, 2006). In the 

mature cerebellum, BG processes cover PC synapses, and through their ability to regulate the 

membrane potential, control the activity of PCs (Wang et al., 2012; Chrobak and Soltys, 2017). Some 

evidence suggests that BG regulate the survival of PCs through regulation of glutamate homeostasis 

(Chrobak and Soltys, 2017). Thus, dysfunction of BG could cause the degeneration and loss of PCs in 

ASD. Neuroinflammation, oxidative stress and endoplasmic stress in the cerebellum (and other brain 

regions) are other features described in ASD (Vargas et al., 2005; Sajdel-Sulkowska et al., 2009, 2011; 

Fatemi et al., 2012; Dong et al., 2018; Matta et al., 2019) and that can result from dysfunction of BGs 

and other types of glial cells. 

The Genetic Basis of ASD 

ASD is highly heritable - the concordance rate for monozygotic (MZ) twins has been reported to 

be as high as 90%, and about 31% for dizygotic (DZ) twins (Rosenberg et al., 2009; Lichtenstein et al., 

2010; Ho et al., 2022; Vorstman et al., 2022).  Indeed, ASD is the most heritable of all psychiatric 

disorders. Consequently, much of the research on the molecular underpinnings of ASD has focused 

largely on genetic factors. While genetic contribution is indisputable, the less than absolute 

concordance in twin studies indicates that other pre-, peri-, and postnatal environmental factors 

protect or are necessary for full manifestation of ASD. While the nature of the environmental factors 

remains poorly understood, maternal lifestyle, pregnancy-related factors including viral infections, 
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birth complications, and parental age have been implicated (Modabbernia et al., 2017; Bai et al., 2019, 

2019; Cheroni et al., 2020; Masini et al., 2020; Andrade, 2024).  

Consistent with the clinical heterogeneity, different types of inherited or spontaneous genetic 

mutations, including point-mutations, chromosomal rearrangements, and copy number variants, can 

cause or contribute to ASD (Chahrour et al., 2016; Masi et al., 2017; Havdahl et al., 2021; Vashisth and 

Chahrour, 2023). Another complication in identifying genes associated with ASD is that it can occur 

with other behavioral disorders as schizophrenia, bipolar disorder, ADHD, anxiety disorders, 

epilepsy, obsessive compulsive disorder, and learning or communication disorders. Results of 

genetic studies indicate that the genetic risk for ASD can have causal effects on one of aforementioned 

disorders and vice versa (Salenius et al., 2024).   

Although the genetic variations that produce the core symptoms of ASD are far from clear, 

significant progress has been made over the past decade. Various transcriptomic analyses both at the 

level of brain regions and subregions and from single cells in these locations have been conducted 

(Harrison et al., 2015; Qian et al., 2018; Jin et al., 2020; Morabito et al., 2023; Wamsley et al., 2024). 

Much of this information that has come from the analyses of the cortex, and particularly the PFC. 

Encouragingly, studies using patients and mouse models have identified a number of common genes 

the altered expression of which is associated with ASD. But how the heterogenous etiologies and 

genetic variation in ASD converge on to these common and broadly shared transcriptional changes 

is currently unclear. In comparison with the cortex, considerably less attention has been placed on 

ASD-associated genetic variation in the cerebellum although based on existing information, a 

majority of the genes that have been found cause or increase risk of ASD genes in the cortex and other 

brain regions are co-expressed in the cerebellum (van der Heijden et al., 2021; Guerra et al., 2023). 

Despite the finding of location-dependent functional differences within the cerebellum, analyses 

conducted so far using UK Biobank GWAS summary data have not identified specific subregions of 

the cerebellum displaying significant genetic correlations with ASD at the whole genome-level  

(Chambers et al., 2022; Carrión-Castillo and Boeckx, 2024). The lack of genetic correlation may be 

explained by the canceling out of genetic changes occurring in opposing directions or limited sample 

size. 

In this review, we describe genetic variations that cause or increase the risk of syndromic and/or 

non-syndromic ASD, focusing, to the extent possible, on the cerebellum. Emphasis has been placed 

on studies conducted more recently. For this review, we have divided the genes associated with ASD 

in to two subgroups – those that have been identified primarily through a candidate gene approach 

and their relationship to ASD then confirmed in experimental models, and those identified through 

unbiased genetic analyses of individuals with ASD, many of which have not yet been characterized 

extensively and/or not studied in animal models. 

I. Candidate Gene Approach 

The candidate gene approach involves identification based on clinical studies, or experimental 

evidence derived from the analyses of pathophysiological animal models exhibiting ASD-like 

behavior. Based on the analyses of such candidate genes, primarily using rodent models, a diverse 

set of cellular abnormalities have been implicated in ASD. Most common among these are abnormal 

synaptic development, maintenance, functioning, and plasticity (Zoghbi, 2003; Garber, 2007; 

Nagappan-Chettiar et al., 2023). Not surprising therefore, most of the genes that cause or increase 

risk of ASD encode for synaptic proteins. We subdivide this section into genes that function primarily 

at the synapse, and those that have other functions including the development of the cerebellum. 

Although numerous genes have been implicated in both these categories, focus has been restricted 

on those that have been implicated in multiple studies conducted by different laboratories. 

A. Protein Regulating Synaptic Function and Neurotransmission  

SHANK3: The SHANK3 (SH3 and multiple ankyrin repeat domains protein) gene is part of a 

family of three genes, SHANK 1 – 3, which encode postsynaptic multi-domain scaffolding proteins 

at glutamatergic synapses in the CNS (Monteiro and Feng, 2017). As scaffolding proteins, SHANK 

proteins interact with a large number of postsynaptic proteins and these associations are critical for 

synapse formation, function, and plasticity  (Monteiro and Feng, 2017). In humans and rodents, all 
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three SHANK proteins are expressed in several brain regions and cell types (Monteiro and Feng, 

2017). Within the human and mouse cerebellum, SHANK2 displays highest expression in the 

cerebellum  (Wan et al., 2021; Woelfle et al., 2023). While SHANK1 and 2 are expressed by PCs 

whereas SHANK3 is expressed in granule neurons (Wan et al., 2021; Woelfle et al., 2023). The patterns 

of intracellular localization also differ - SHANK3 mRNA, is localized in the soma of cerebellar cells, 

whereas SHANK1 and 2 mRNAs are in dendrites (Böckers et al., 2004). 

Variations in all three of the SHANK genes are associated with ASD, which totally account for 

~2% of ASD cases (Leblond et al., 2014). Based on mRNA expression and localization analysis, 

SHANK1 and SHANK2 mRNAs are expressed widely early in the brain, particularly after birth 

(Böckers et al., 2004). In contrast, SHANK3 is expressed selectively inn the cerebellum and thalamus 

where expression increases after birth and through adulthood (Böckers et al., 2004). Within the 

cerebellum, SHANK 1 and SHANK2 mRNA localize selectively to parallel fibers of granule cells. The 

localization of SHANK mRNAs to dendrites in the cerebellum suggests roles in synaptic activity-

induced alterations through local translation.    

Most research of the involvement of SHANKS in ASD has been on SHANK3  (Peça et al., 2011; 

Uchino and Waga, 2013; Mashayekhi et al., 2021). SHANK3 gene haploinsufficiency is the major cause 

of Phelan-McDermid syndrome (PMDS), a syndromic form of ASD (Phelan et al., 1993; Mitz et al., 

2024).  Other loss-of-function mutations of SHANK3, which include large deletions and insertions, 

point mutations, and splicing mutations, have been linked to non-syndromic ASDs (Durand et al., 

2007; Moessner et al., 2007; Boccuto et al., 2013; Leblond et al., 2014).  SHANK3-deficient mice and 

rats display disrupted E/I balance, and alterations in dendritic and spine morphology in multiple 

brain regions, including the cerebellum. Furthermore, the mutant animals display ASD-like 

behaviors including repetitive grooming and impaired social interaction (Peça et al., 2011; Durand et 

al., 2012; J et al., 2015; Jacot-Descombes et al., 2020). Loss of SHANK3 function also produces ASD-

like behavior in other species, including zebrafish (Kareklas et al., 2023), dogs (Tian et al., 2023), and 

macaques (Zhou et al., 2019). Results of a recent study described deregulated glutaminergic receptors 

at granule neuron – mossy fiber synapses in SHANK3 mutant mice, which correlated with behavioral 

alterations (Kshetri et al., 2024). 

Several studies have documented ASD-linked mutations and polymorphisms in the SHANK1 

gene (Sato et al., 2012b; Gong and Wang, 2015; Qiu et al., 2019). ASD core symptoms are recapitulated 

in SHANK1 knockout mice (Sungur et al., 2014, 2016, 2018). Knock-in mice expressing the R882H 

mutation, a common SHANK1 mutation in humans with ASD, also display core symptoms of ASD 

indicating that the mutation impairs function.  The development of symptoms is associated with 

structural changes in the frontal cortex, cerebellum, and hippocampus and a reduction of mGluR1-

IP3R1-calcium signaling in these brain regions (Qin et al., 2022). Impaired mGluR1 signaling is also 

displayed in knock-in carrying another common ASD-associated mutation, SHANK1-P1812L (Qin et 

al., 2023). Interestingly, while mice hemizygous for the mutant allele display core ASD symptoms, 

homozygous mutant mice displayed long-tern memory impairment but not ASD behaviors (Qin et 

al., 2023). 

 Loss-of-function mutations in the SHANK2 gene are a particularly penetrant cause of ASD with 

cerebellum-regulated motor impairment (Leblond et al., 2014). PC-specific deletion of SHANK2 in 

mice results in their dysfunction and in an ASD-like phenotype (Peter et al., 2016). In mouse models 

of both idiopathic and syndromic ASD, GABA-A receptor density is reduced in the cerebellum which 

disrupts E/I balance (Nardi et al., 2023). Interestingly GABA-A receptor density is elevated in the ASD 

hippocampus in SHANK2-deficient mice suggesting brain-region-specific perturbations. Together, 

these and other studies indicate that dysfunction of both excitatory and inhibitory neurotransmission 

contribute to ASD.  

Neuroligins (NLGNs): One of the many proteins that interact with SHANK proteins in the 

postsynaptic terminal are the neuroligins (NLGNs), a family of four transmembrane cell adhesion 

proteins, (NLGN1-4), that regulate synapse formation, organization, and function (Nguyen et al., 

2020). Besides associating with postsynaptic proteins though their intracellular domains, the 

extracellular domain of NLGNs bind to presynaptic transmembrane neurexin proteins forming 

bridges across synapses bridges. Whereas the other NLGNs act at both excitatory and inhibitory 

synapses, NLGN2 acts exclusively at inhibitory synapses (Ali et al., 2020). Mutations in all for NLGN-

encoding genes display a high penetrance linkage to ASD (Chen et al., 2014). The mutations are 
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generally de novo and occurring in the germline (Chen et al., 2014). Among the NLGNs, genes for 

NLGN-3 and NLGN-4 are on the X-chromosome (Nguyen et al., 2020).  

Each NLGN plays an essential role in synapse maintenance as RNAi-mediated knockdown of 

each of them results in extensive loss of both excitatory and inhibitory synapses (Chih et al., 2005a). 

Analyses of the localization of the four NLGN proteins has revealed that NLGN1 is specifically 

present in excitatory neurons, NLGN2 in inhibitory neurons, and NLGN4 in glycinergic neurons 

(Chih et al., 2005b; Varoqueaux et al., 2006; Craig and Kang, 2007; Bolliger et al., 2008). In contrast, 

NLGN3 is expressed in both excitatory and inhibitory neurons.  While the intracellular region of the 

NLGNs associate with postsynaptic proteins, including SHANK proteins, the extracellular region 

interacts with neurexins (NXNs), which are transmembrane presynaptic proteins. The NLGN-NXN 

interaction is necessary for synapse formation and maintenance (Reissner et al., 2008; Südhof, 2008a; 

Koehnke et al., 2010). Within the postsynaptic cell, NLGNs also play a key role in localizing 

neurotransmitter receptors and channels (Ozaki, 2001). Different NLGN mRNAs can be co-expressed 

in the same neurons where they are localized to distinct types of synapses.  

All four NLGNs are expressed in the cerebellum. Selective deletion of NLGNs in cerebellar PCs 

either singly or in combination reveals that NLGNs have both shared and distinct roles in regulating 

synaptic transmission (Zhang et al., 2015a; Zhang and Südhof, 2016; Qin et al., 2024). Ablation of all 

NLGNs in PCs results in the reduction of climbing fiber synapses (Zhang et al., 2015a). NLGNs also 

localize within cerebellar astrocytes with about 40% of the total NLGN expressed in BG cells, the 

predominant astrocytes in the cerebellum.  

In the cerebellum, NLGN1 localizes mostly to synapses between parallel fibers, processes of 

interneurons in the ML, and synapses of mossy fibers and granule cell dendrites where is colocalizes 

with PSD-95, which marks excitatory postsynaptic sites. In contrast, localization of NLGN1 is low in 

PC dendrites and soma. NLGN2 localization in the cerebellum is restricted to inhibitory synapses 

and plays a critical role in regulating climbing fiber synapse numbers (Zhang et al., 2015b). NLGN3 

is localized predominantly in the cell body of BG cells with much lower presence in the processes 

(Qin et al., 2024). Little is known about the localization pattern or function of NLGN4 is the 

cerebellum. 

NLGN1 and ASD-NLGN2 knockout mice display ASD-like behaviors (Blundell et al., 2009, 

2010). In the Fragile-X mouse model of ASD, the expression of NLGN1 is decreased in the brain 

(Dahlhaus and El-Husseini, 2010). Normalizing NLGN1 expression alleviates impairment of social 

behavior in mutant mice, but not the deficit in learning and memory suggesting that the reduced 

level of NLGN1 is a key contributor to at least some ASD-like behavioral impairment (Dahlhaus and 

El-Husseini, 2010).  

In the context of ASD, most work has been done on NGLN-3. In the cerebellum, NLGN-3 is 

expressed both in PCs and granule neurons.  Knock-in mice with an ASD-associated mutation in 

NLGN-3, R451C, a mutation first identified in individuals with ASD (Jamain et al., 2003; Yan et al., 

2005), display increased cortical inhibitory synaptic strength along with impaired social interaction 

(Ellegood et al., 2011; Etherton et al., 2011; Ellegood and Crawley, 2015; Speed et al., 2015).  Another 

study that compared the effect of the R451C mutation in different brain regions described increased 

excitatory synaptic transmission in the hippocampus but increased inhibitory transmission in the 

somatosensory cortex indicating that the same mutation induces region-specific changes in synaptic 

function (Etherton et al., 2011).  In the cerebellum of NLGN-3-R451C mice, the expression of NLGN3 

is reduced by ~90% suggesting that the mutation renders NLGN3 unstable (Lai et al., 2021). 

Furthermore, the normal postnatal pruning of supernumerary climbing factor synapses with PCS is 

impaired, leading to abnormal E/I balance in PCs (Lai et al., 2021). Abnormal synapse elimination is  

thought to contribute to ASD and other neurodevelopmental disorders (Watanabe and Kano, 2024).  

In contrast to mice with the R451C mutation, NLGN-3 global knockout mice don’t display an ASD 

phenotype suggesting possibly a gain-of-function effect of the R451C mutation (Tabuchi et al., 2007). 

NLGN-3 is also expressed in cerebellar BG cells although its absence in these cells in mice does not 

affect morphology, synaptic number, or synaptic function (Qin et al., 2024). However, BG-specific 

NLGN-3 deletion does alter gene expression in other cerebellar cell types, including PCs, granule 

neurons, and oligodendrocytes, as well as in the cortex (Qin et al., 2024).  The contribution of BG-

initiated changes in gene expression in the cerebellum and cortex to ASD associated with NLGN3 

deficiency remains to be clarified. Somewhat puzzlingly, NLGN-3-R451C mutation in mice of another 

genetic background than the one used in the aforementioned studies, display minor behavioral issues 
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but not ASD-like behaviors (Jaramillo et al., 2018) indicating that ASD-like behavioral outcome 

caused by the R451C mutation is dependent on genetic factors..  

Aberrant cerebellar-cortical communication is likely to be an important contributor to ASD 

(D’Mello and Stoodley, 2015a; Stoodley, 2016; Stoodley et al., 2017). In addition to alterations within 

the cerebellum, inhibitory output from the deep cerebellar nuclei to the thalamus, midbrain and 

brainstem is reduced in ASD-NLGN-3 mice leading to impaired social interaction (Cai et al., 2024).  

Of these different pathways, chemogenetic inhibition of the pathway connecting to the zona incerta 

(ZI), a subthalamic region, rescues social impairment in ASD-NLGN3 mice  (Cai et al., 2024).  

Specific deletion of NLGN3 in cerebellar astrocytes, which normally express it highly, results in 

modest transcriptional changes among multiple cell types, but not in synapse number, synaptic 

transmission, or morphology of the astrocytes (Qin et al., 2024). In contrast, deletion of NLGN2 in 

astrocytes, albeit of the cortex, affects morphology and synaptic transmission in addition to gene 

expression changes (Stogsdill et al., 2017). The consequences of NLGN2 in cerebellar astrocytes or BG 

cells has not been studied. 

Mutations in the X-linked NLGN4 gene represent one of the most common monogenic causes 

associated with ASD with more than 50 mutations identified in humans (Veenstra-VanderWeele and 

Cook, 2004; Kumar and Christian, 2009; Lord et al., 2020). NLGN4 is widely expressed in the brain 

localizing primarily to inhibitory glycinergic synapses where it is required for the organization and 

functioning of these synapses (Jamain et al., 2008; Hoon et al., 2011; Zhang et al., 2018). Localization 

to excitatory synapses has also been described (Marro et al., 2019; Cast et al., 2021). Mutations of 

NLGN4 could thus contribute to ASD by affecting synaptic transmission and impairment of E/I 

balance. Mice lacking NLGN4 display impaired social interaction, repetitive behavior, and other ASD 

behaviors (Jamain et al., 2008; El-Kordi et al., 2013). Knock-in mice heterozygous for an ASD-

associated NGNL4 mutation, P89L, also display abnormal social behavior suggesting that the 

mutation reduces function. The P89L mutation affects the cellular localization of NLGN4 and impairs 

dendritic spine formation (Nakanishi et al., 2017). Another ASD-associated genetic alteration in 

NLGN4 is missense mutation at an arginine conserved in all four NLGN members, R704C. In NLGN4 

the R470C mutation elevates AMPA-receptor-mediated synaptic responses. However, when the same 

mutation is created in NLGN3, it enhances AMPA-receptor internalization resulting in reduced 

postsynaptic AMPA-receptor at the synapse (Chanda et al., 2016). Therefore, while both NLGN3 and 

NLGN4 affect the AMPA-receptor they have different effects on it and consequently on AMPA-

receptor-mediated synaptic function. In contrast, another ASD-associated mutation, R87W, blocks 

the transport of NLGN4 to the cell surface thus blocking its actions on synaptic formation and 

function (Zhang et al., 2009).  Similarly, an ASD-linked R101Q mutation impairs maturation of 

NLGN4 resulting in its retention in the ER and Golgi reducing its transport to the membrane (Cast et 

al., 2021). 

Classical neurexins (NRXNs): NRXNs consist of a superfamily of presynaptic cell adhesion 

proteins that are subdivided into two groups - classical NRXNs encoded by three genes (NXRN1-3) 

and a large number of related proteins belonging to the contactin-associated protein (CASPR) 

subfamily. The NXRN 1 – 3 genes produce a  multitude of transcripts through alternative splicing 

and promoter usage and that are expressed in a cell-specific manner (Missler et al., 1998; Reissner et 

al., 2013).  Besides interacting with NLGNs, NRXNs associate with a variety of postsynaptic proteins 

(Craig and Kang, 2007; Südhof, 2008b; Reissner et al., 2013). Through these interactions, NRXNs 

regulate a number of synaptic properties, including assembly of the synapse, the organization of the 

presynaptic release machinery, and in the regulation of E/I balance (Khoja et al., 2023). Mutations in 

all three NRXNs are linked to ASD (Vaags et al., 2012; Khoja et al., 2023; Cooper et al., 2024). 

Interestingly, the three NRXNs display distinct patterns of expression in the developing human 

cortex (Harkin et al., 2017) suggesting that their dysfunction contributes to ASD through distinct 

mechanisms. 

In the cerebellum, NRXNs connect to postsynaptic proteins through interaction with cerebellins 

(CLBNs), a family of four secreted adaptor proteins (Uemura et al., 2010). Association of NRXNs with 

CLBNs, particularly CLBN1, is instrumental for the development of cerebellar parallel-fiber synapses 

(Uemura et al., 2010).  

Genetic variants in all three NRXN genes are associated with ASD (Gauthier et al., 2011; Reissner 

et al., 2013; Wang et al., 2018a). In the context of ASD, most attention has been placed on NRXN1 

(Kasem et al., 2018; Gerik-Celebi et al., 2024; Shan et al., 2024). Mice lacking NRXN1 display 
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electrophysiological abnormalities and exhibit ASD-like behavior (Etherton et al., 2009; Grayton et 

al., 2013; Armstrong et al., 2020) indicating a loss-of-function mechanism in ASD. Similarly, NRXN2 

knockout mice display synaptic abnormalities and ASD-like behavior (Born et al., 2015; Khoja et al., 

2023). Analysis of NXN3 knockout mouse lines reveal that NLGN3 has distinct roles in different brain 

regions and on excitatory versus inhibitory synapses (Aoto et al., 2015). 

CNTNAP2:  CNTNAP2 is the gene that encodes contactin-associated protein 2 (CASPR2), a 

transmembrane protein belonging to the CASPR subfamily of the NXRN super-family. CASPR2 is 

widely expressed in the CNS (Peñagarikano and Geschwind, 2012; Rodenas-Cuadrado et al., 2014).  

Besides functioning as a cell adhesion molecule, CASPR2 is involved in localizing K+ channels at 

Nodes of Ranvier, regulating myelination, and in cell-cell interactions (Poliak et al., 1999; Rodenas-

Cuadrado et al., 2014). CNTNAP2 mutations (Arking et al., 2008; Bakkaloglu et al., 2008; Nascimento 

et al., 2016) and expression-reducing variants of the CNTNAP2 promoter region (Chiocchetti et al., 

2015)  are associated with ASD in humans. CNTNAP2-deficient mice also display synaptic 

dysfunction and ASD-like behaviors (Peñagarikano et al., 2011) supporting a loss-of-function 

mechanism.   

CNTNAP2 is also widely expressed in the cerebellum (Gordon et al., 2016). Individuals with 

ASD-related mutations in the CNTNAP2 gene display reduced gray matter volume in the cerebellum 

(Tan et al., 2010). Similarly, mice lacking CNTNAP2 display reduced cerebellar volume (Crawley, 

2007). CASPR2 is abundant at cerebellar synapses and CNTNAP2 knockout mice display disrupted 

dendrite development of PCs and impaired motor coordination (Argent et al., 2020).  Another study 

described altered morphology of PCs in cerebellar Crus I/II region of mutant mice and impaired 

electrical responses to somatosensory stimulation, indicating abnormal sensory processing by the 

cerebellum (Fernández et al., 2021). CNTPNAP-deficient mice have been reported to develop 

cerebellar heterotopias (as do a subset of ASD patients) although one study has attributed this to the 

genetic background of C57BL/6 mice, which develop spontaneous cortical and cerebellar heterotopias 

(Otazu et al., 2021).  

Much more is known about the role of CNTNAP2 in the cortex. During cortical development, 

CNTNAP2 is highly expressed in early-born excitatory cortical neurons. Loss of CNTNAP2 disrupts 

the excitatory neuron differentiation as well as  overall neural circuit assembly in the developing 

cortex (Anderson et al., 2012; St George-Hyslop et al., 2023). Other functions of CNTNAP2 in the 

cortex include the regulation of neuronal migration, glutamate receptor organization, and 

morphology of dendritic arborization and synaptic spines (Anderson et al., 2012; Varea et al., 2015).  

Cadherins are a large family of about 100 cell adhesion proteins, which in the nervous system 

are involved in the formation of neural circuitry, organization of synapses, and regulation of synaptic 

plasticity (Obst-Pernberg and Redies, 1999; Huntley et al., 2002; Basu et al., 2015; de Agustín-Durán 

et al., 2021). Besides mediating cell-cell contact, cadherins also regulate intracellular signaling (Redies 

et al., 2011, 2012; Basu et al., 2015). The large family of cadherin proteins is subdivided into multiple 

sub-families, including Type I cadherins, which are widely distributed, Type II cadherins, which that 

are expressed in specific brain regions and subcellular compartments, protocadherins, and atypical 

cadherins (Yagi and Takeichi, 2000). In the cerebellum, many cadherins are expressed at the earliest 

stage of development and where their function is required for proper cerebellar development (Redies 

et al., 2011). One function of the cadherins in the developing cerebellum is to regulate migration of 

PCs to parasaggital regions and ensure proper connectivity (Arndt et al., 1998; Luo et al., 2004; Redies 

et al., 2011). Unbiased genetic studies have identified mutations in several cadherins in 

neurodevelopmental disorders, including ASD (Betancur et al., 2009; Hussman et al., 2011; Lin et al., 

2016). Indeed, copy number variations of multiple Type-II cadherins have been linked to ASD (Costa 

et al., 2022). A study focusing on two ASD-associated Type II cadherins, CDH9 and CDH11 within 

the cerebellum, described high expression in non-overlapping populations of PCs during early 

development but a decrease in as cerebellar development proceeded (Wang et al., 2019). In rodents, 

CDH11 expression is largely restricted to dorsal lobules of the vermis and the lateral hemisphere area 

equivalent to the Crus I and Crus II areas in the human cerebellum (Wang et al., 2019). The high 

expression CDH11 expression correlates with the expression of the calcium-binding protein, 

calbindin, and is associated with a delayed maturation of PCs (Wang et al., 2019). Together, these 

results suggest that the two ASD-linked cadherins function to regulate the development of the 

cerebellum and the circuitry within it.  Although elevated expression affects PC development, 

deletion of a portion of the CDH11 locus has been described in idiopathic ASD (Crepel et al., 2014). 
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Similarly, organoids generated from ASD patient-derived iPSCs display reduced CDH11 expression 

(Frei et al., 2021b). Another study using cultured CDH11-deficient hippocampal neurons described 

increased expression of postsynaptic density (PSD)-95 and NLFG1 that accompanied changes in 

dendritic morphology and electrical properties (Frei et al., 2021b). The somewhat counterintuitive 

elevation in PSD-95 and NLGN1 expression was suggested to represent a compensatory effect. In 

sum, both increase and decrease of CDH11 function could contribute to defective maturation and 

function of neurons that contribute to ASD. In addition of CDH9 and CDH11. Mutations in CDH13, 

a cadherin expressed specifically within Golgi cells of the cerebellum, has been linked to ASD 

(Chapman et al., 2011; Costa et al., 2022). Mice lacking CDH13 in Golgi cells exhibit reduced display 

deficits in cognitive performance and social behavior, but not in motor function (Tantra et al., 2018). 

Mice lacking CDH13 display deficits in adaptation to early-life stress (Kiser et al., 2019).  

 Besides Type-1 and Type-II cadherins, some members of the atypical cadherin subfamily have 

been linked to ASD. Among these is FAT1 (FAT atypical cadherin-1), a protein that is expressed 

highest in the postnatal cerebellum, where it is localized to granule neurons and Golgi cells in the 

IGL and inhibitory interneurons in the molecular layer (Neale et al., 2012; Cukier et al., 2014; Frei et 

al., 2021b). The expression of FAT1 is reduced in iPSC-derived neural cells from individuals with ASD 

(Frei et al., 2021a). Another, atypical cadherin Celsr3, which is necessary for proper brain 

development (Goffinet and Tissir, 2017; Boucherie et al., 2018), is expressed highly in PCs. Mice with 

elective deletion of Celsr3 in PCs display some ASD-like abnormalities, including reduced dendritic 

arborization and synaptic plasticity, and motor impairment (Zhou et al., 2021).  

CUB and sushi multiple domains 3 (CSMD3): Mutations in CSDM3, a member of a family of 

three proteins (CSDM1-3), have been linked to ASD (Shimizu et al., 2003; Floris et al., 2008).  CSMD3 

is a large oligomeric transmembrane protein, expressed primarily in the fetal and adult brain 

(Shimizu et al., 2003). In the postnatal mouse hippocampus, CSDM3 localizes to apical dendrites 

(Mizukami et al., 2016). Elevating CSDM3 expression promotes dendritic branching in cultured 

hippocampal neurons, an activity that requires its extracellular domain suggesting that interaction 

with another protein is involved (Mizukami et al., 2016). In fact, CSDM3 has been proposed to act as 

a coreceptor with some other as yet unidentified protein (Mizukami et al., 2016).  Mice lacking 

CSMD3 display core ASD symptoms and motor deficits which has been attributed to cerebellar 

dysfunction (Xi et al., 2023). Specifically, CSMD3-deficient mice display abnormal PC morphology in 

Right Crus I / Crus II lobules along with E/I imbalance in PC synapses within these cerebellar lobules. 

Besides its effects in the cerebellum, CSMD3 deficiency impairs neurogenesis and synaptogenesis in 

the cortex perturbing functional neural networks (Song et al., 2022).  

B. Proteins Involved in Cerebellar Development and Other Cellular Functions:  

Engrailed-2 (En2-): En-2 is a homeobox transcription factor that is expressed at high levels in the 

cerebellum and hindbrain and is necessary for pattern formation and connectivity of the cerebellum 

during development. En-2 knockout mice display reduced cerebellar size, altered foliation of lobes, 

reduced number of PCs, and abnormal mossy fibers (Joyner et al., 1991; Mw et al., 1996; Kuemerle et 

al., 1997; Sudarov and Joyner, 2007; Cheng et al., 2010). The number of astrocytes and microglia are 

increased in the cerebellum of En-2 knockout mice (Lazzarini et al., 2024). More recent studies 

describe roles of En2 in regulating neuronal differentiation, diversity and survival of cerebellar 

neurons (Krishnamurthy et al., 2024). In mice expressing En-2 beyond the time that it is normally 

downregulated results in a delay in the onset of PC differentiation suggesting that En-2 controls the 

timing of PC differentiation (Jankowski et al., 2004). 

Genetic studies conducted by multiple groups have identified En-2 as an ASD susceptibility gene 

(Gharani et al., 2004; Benayed et al., 2005; Yang et al., 2008; Sen et al., 2010). Susceptibility in humans 

is conferred by intronic SNPs that increase transcription of the En-2 gene (Benayed et al., 2009; Choi 

et al., 2014). Additionally, elevation of En-2 gene transcription in the ASD cerebellum results from 

increased activating histone H3K27 trimethylation (James et al., 2013) or by reduced repressive 

binding of MeCP2 (Methyl CpG-binding protein) to methylated regions in the 5’ region of the En-2 

gene promoter (James et al., 2014).  In view of the finding that En-2 negatively regulates PC 

differentiation (Jankowski et al., 2004), the increased En-2 expression in the ASD cerebellum could 

interfere with normal PC maturation and function, thereby resulting in cerebellar dysfunction. 

Surprising in view of the elevated En-2 expression humans with ASD, mice lacking En-2 also display 

ASD-like neurochemical alterations and behavioral phenotypes, including cognitive impairment and 
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deficits in social interaction (Cheh et al., 2006; Brielmaier et al., 2012). Transcriptomic analysis of the 

cerebellum of mice lacking En-2 reveal increased expression of genes regulating immune function 

with reduced levels of pro-inflammatory molecules and chemokines further establishing relationship 

between immune dysfunction and cerebellar deficits in ASD and a role for EN-2 in this imbalance 

(Pangrazzi et al., 2022).  

Tuberous sclerosis complex (TSC) proteins:  Loss-of-function mutations of the TSC1 or TSC2 

gene in humans causes a multiorgan disorder called TSC, which is characterized by non-malignant 

tumors in the brain (and several other organs) , white matter abnormalities, intellectual disability, 

and epilepsy (Boer et al., 2008; Orlova and Crino, 2010). A majority of TSC patients also display ASD 

behavior (McDonald et al., 2017; Dickinson et al., 2019; Samanta, 2020) with TSC2 mutations causing 

more severe symptoms than TSC1 mutations (Kashii et al., 2023).  Mice in which TSC1 is specifically 

deleted in PCs exhibit core ASD features, including social interaction deficits, repetitive behavior and 

vocalizations, and cognitive deficits (Tsai et al., 2012). Similarly, mice lacking TSC2 display 

progressive loss of PCs, cerebellar dysfunction, and ASD behavior (Reith et al., 2013). Interestingly, 

TSC2-deficient mice that are seizure- and lesion-free, do not display cognitive impairment (Goorden 

et al., 2007) supporting the possibility suggested by some, that cognitive deficits in individuals with 

ASD might be caused or potentiated by seizure-induced damage (Capal and Jeste, 2024).  

TSC1 and TSC2 negatively regulate mammalian target of rapamycin (mTOR), which forms two 

distinct types of protein complexes, mTOR complex-1 (mTORC1) and mTORC2 that differ in 

composition, intracellular localization, regulation, and substrates (Wullschleger et al., 2006; Szwed et 

al., 2021; Battaglioni et al., 2022). With regard to differences in composition, TORC1 contains the 

scaffolding protein Raptor, which is essential for its activity, whereas TORC2 contains Rictor, a 

protein required for its activity (Figure 2). Additionally, while mTORC1 is substantially more 

sensitive to rapamycin than mTORC2. A major function of TORC1 is enhancing of protein synthesis, 

with other functions including negatively-regulating autophagy, while the major function of TORC2 

activates kinases that regulate cell survival and metabolism, including lipogenesis and glucose 

transport (Gaubitz et al., 2016; Xie et al., 2018).  

 

Figure 2. The Akt-mTORC signaling pathway. Through phosphorylation of membrane-associated 

phosphoinositides, activation of the lipid kinase PI-3 kinase following the binding of growth and neurotrophic 

factors to their receptors leads the activation of AKT, a cell survival-promoting protein kinase. AKT inhibits the 

TSC1/TSC2 protein complex which inhibits mTOR. mTOR, along with Raptor and Rictor, is part of multiprotein 

complexes, TORC1 and TORC2, respectively. Through phosphorylation,n mTORC1 inhibits 4E-BP, which 

normally binds the translation initiation factor eIF4E inhibiting it. Phosphorylation by 4E-BP2 causes its 
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disassociation of 4E-BP2 from eIF4E promoting ribosome recruitment and protein translation. AKT-mTORC1 

signaling can be inhibited by PTEN, a lipid phosphatase by reversing  PI-3K-mediated phosphorylation of 

phosphoinositides. 

In neurons, mTORC1 regulates dendritic morphology and synaptic density (Tavazoie et al., 2005; 

Bowling and Klann, 2014). Abnormal increase of mTORC1 activity (because of reduced TSC1/TSC2 

inhibition) along with abnormal dendritic morphology has been described in patients with ASD with 

the severity of symptoms correlating with the level of increase (Bowling and Klann, 2014; Winden et 

al., 2018; Rosina et al., 2019). In mice, increased mTORC1 signaling leads to extra-numerary striatal-

cortical excitatory synapses. The surplus synaptic connection in TSC2-deficient mice has been 

attributed to reduced autophagy and synaptic pruning resulting from overactivity of mTORC1 (Tang 

et al., 2014; Pagani et al., 2021). In a TSC2-deficient rat model of ASD, the cerebellar vermis shows 

enlarged white matter, a thickened molecular layer, and demyelination of the central tract of the 

vermis (Kútna et al., 2022). Furthermore, and as observed in mutant mice and ASD patients, ASD-like 

rats display reduced PC numbers and increased numbers of astrocytes and microglia. However, BG 

numbers and morphology is unchanged. Pharmacological inhibition of mTORC1 stimulates 

autophagy, reduces the synaptic hyperactivity, and ameliorates ASD behaviors in mice and restores 

normal neuronal connectivity and activity in iPSC-derived neurons from humans with TSC2 

mutations (Sato et al., 2012a; Tang et al., 2014; Alsaqati et al., 2020; Pagani et al., 2021). Based on such 

results, mTORC1 has been considered as a target for the treatment of ASD and clinical trials are 

underway to test the efficacy to mTORC1 inhibitors (Sato, 2016; Winden et al., 2018).  

 Knocking out TORC1 activity specifically in PCs through deletion of the Raptor gene results in 

social interaction impairment and progressive loss of PCs (Angliker et al., 2015). In contrast, PC-

specific deletion of Rictor, which eliminates mTORC2 activity, results in motor coordination and the 

gait alterations and disruption of climbing fiber synapses (Angliker et al., 2015). These results 

demonstrate that both mTORC1 or mTORC2 play important roles in cerebellar development and that 

deletion of either produces non-overlapping ASD-like phenotypes. Furthermore, these results show 

that either loss or gain of mTOR activity produces ASD-like pathologies pointing to the importance 

of careful regulation of mTOR activity for proper cerebellar development. 

An important downstream target of mTORC1 is eIF4E, a key component of a multiprotein 

complex required for translation of capped mRNA (Thoreen et al., 2012; Zhang et al., 2021). Within 

the complex, binding of eIF4E to the mRNA cap leads to the recruitment of the ribosomal subunits 

for translation to initiate. The formation of the eIF4E complex depends on the phosphorylation of 

eIF4E-BP2, a binding protein that interacts with eIF4E inhibiting it. Phosphorylation of eIF4E-BP2 by 

mTORC1 causes its disassociation from eIF4E resulting in eIF4E-mediated complex formation and 

mRNA translation resulting in increased protein synthesis (Figure 2). Thus, mTORC1 promotes cap-

depended protein synthesis by reducing the inhibitory action of eiF4E. 

Several lines of evidence point to elevated eIF4E function as a key contributor of ASD. Deletion 

of the gene encoding 4E-BP2 or overexpression of eIF4E in mice increases protein synthesis in the 

brain and leads to ASD-like behaviors (Banko et al., 2007; Gkogkas et al., 2013a; Santini et al., 2013). 

4E-BP2-lacking mice also display a disruption of the E/I balance in the hippocampus (Banko et al., 

2005; Gkogkas et al., 2013b). Surprisingly, cell type-specific deletion of 4E-BP2 in GABAergic 

interneurons of mice produces ASD-like behaviors, whereas deletion in forebrain glutaminergic 

excitatory neurons or astrocytes do not (Wiebe et al., 2019). Mice in which 4E-BP2 is specifically 

deleted in PCs display a reduced number of PCs, aberration in neuronal activity, and impaired motor 

and spatial learning (Hooshmandi et al., 2021). However, these mice do not display social interaction 

or repetitive behavior suggesting that in the cerebellum, ASD-like impairment of social and repetitive 

behavior is controlled by a mechanism that is different from the control of motor and spatial memory 

(Hooshmandi et al., 2021). 

Among the mRNAs that display increased translation in the hippocampus of 4EBP2 knockout 

mice is NLGN1-4 (Gkogkas et al., 2013a). Knockdown of NLGN1 but not NLGN2 restores E/I balance, 

restores normal protein levels, and reverses ASD-like behavior in the 4E-BP2 knockout mice (Gkogkas 

et al., 2013a). As observed in 4E-BP2 knockout mice, pharmacological inhibition of NLGN1 or its 

knockdown reverses ASD-like behaviors in Tsc2-deficient mice without a reduction in mTORC1 

activity (Chalkiadaki et al., 2023), confirming that hyperactivated mTORC1-mediated ASD-like 

phenotype results from eIF4E-induced NLGN1 synthesis.  Interestingly, recent evidence suggests 
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that the ASD-associated deregulation of eIf4E function occurs in microglia (Xu et al., 2020).  

Overexpression of eIf4E in microglia, but not neurons or astrocytes, leads to ASD-like behaviors (Xu 

et al., 2020). Interestingly, although microglial eIF4E overexpression elevates translation in both sexes, 

dysfunction of microglia occurs only in male mice (Xu et al., 2020).  

Phosphatase and tensin homolog (PTEN): PTEN is a tumor suppressor that is involved in the 

control of the cell cycle, apoptosis, and cell migration, acting as a lipid phosphates to by negatively 

regulate the PI-3 kinase-Akt and mTOR pathways (Worby and Dixon, 2014).  PTEN is required for 

the normal development of the cerebellum, regulating cerebellar cytoarchitecture and migration of 

neurons and glial cells (Marino et al., 2002). Not unexpectedly, germline PTEN mutations in humans 

results in structural and functional abnormalities in the cerebellum (Gambini et al., 2024). Astroglial 

deletion of PTEN results in disorganization of cytoarchitecture predominantly in the cerebellum and 

hippocampus (Wen et al., 2013). 

Initial findings of reduced PTEN levels in ASD patients with macrocephaly (Frazier et al., 2015) 

led to genetic analyses that revealed ASD-associated germ-line mutations in the PTEN gene (Butler 

et al., 2005; Buxbaum et al., 2007; Herman et al., 2007; Rademacher and Eickholt, 2019; Yehia et al., 

2020). Germ-line PTEN mutations in humans with ASD are associated with extreme macrocephaly 

(Butler et al., 2005; Greer and Wynshaw-Boris, 2006). While only responsible for a relatively small 

proportion of ASD cases, most individuals with loss-of-function PTEN mutations and macrocephaly 

present with ASD (those that do are designated as ASD-PTEN). PTEN-deficiency in the brain results 

in hypertrophy of the soma and abnormal migration, increased dendritic elaboration, dentritic 

overgrowth, and higher spine density, which together result in neuronal hyperexcitability (Kwon et 

al., 2001, 2006; Luikart et al., 2011; Haws et al., 2014; Williams et al., 2015; Getz et al., 2016, 2022; 

Skelton et al., 2020). Mice in which PTEN is selectively deleted in PCs display structural and 

functional PC abnormalities and exhibit ASD-like behavior(Cupolillo et al., 2016). As described 

above, PTEN inhibits Akt activity, which inhibits TSC1/TSC2, which in inhibit mTORC1/mTORC2.  

Not unexpectedly therefore, mTORC1 activity is elevated in ASD-PTEN patients and in PTEN-

deficient mice and chronic administration of rapamycin (which also inhibits mTORC2 upon 

prolonged exposure) ameliorates ASD-like behavior and brain abnormalities in PTEN-deficient mice 

(Kwon et al., 2006; Zhou et al., 2009; Haws et al., 2014; Getz et al., 2016).   

It is noteworthy that although much of the effects of PTEN are mediated through its actions at 

the plasma membrane, where is inhibits PI-3 kinase-Akt and mTOR signaling, PTEN also localizes to 

the nucleus. Selective reduction of nuclear PTEN in mice results in macrocephaly at birth, reduced 

neuronal soma size in the cortex, cerebellum, and hippocampus, and enhanced seizure susceptibility 

(Igarashi et al., 2018). The contribution of nuclear PTEN to ASD remains uninvestigated.  

Brain and Muscle ARNT-Like 1 (Bmal1): ASD is often associated with circadian clock 

perturbations, which result in sleep disturbances (Johnson and Zarrinnegar, 2024; Sidhu et al., 2024). 

Based on a number of studies indicate that 50 – 80% of developing children with ASD have sleep 

disturbances (Geoffray et al., 2016; Pinato et al., 2019; Sidhu et al., 2024). In the VPA-induced ASD 

mouse model, circadian behavior and expression of circadian clock-regulatory genes is altered 

(Ferraro et al., 2021). A key protein in the regulation of the circadian clock is BMALl, transcription 

factor which heteromerizes with the CLOCK transcription factor to activate transcription of the PER 

and CRY genes. Once produced PER and CRY form a complex that inhibits the transcriptional actions 

of BMAL1-CLOCK resulting in oscillatory transcriptional- feedback loops (Takahashi et al., 2008). 

Both BMAL1 null- and -haplosufficient mice develop core behavioral deficits of ASD including social 

impairments, repetitive behaviors, and learning disabilities (Singla et al., 2022; Liu et al., 2023). 

BMAL1-deficient mice also display aberrant cell density and immature morphology of dendritic 

spines. Moreover, the mutant mice display abnormal cell density in the cerebellum along with 

immature morphology, and electrophysiological properties of PCs (Liu et al., 2023). Deletion of 

Bmal1 only in PCs recapitulates the ASD-like phenotype, displayed by BMAL1-null mice (Liu et al., 

2023) underscoring the importance of PC dysfunction in ASD.  

Besides being a critical component of circadian rhythm regulatory machinery, BMAL1 has other 

functions including the regulation of mRNA translation (Guerrero-Morín and Santillán, 2020), a 

process that is under the control of TORC1 activity (as described above). Interestingly, mTORC1 and 

eIF4E activity, deregulation of which is associated with ASD, is increased in the BMAL1-knockout 

cerebellum (Liu et al., 2023). Additionally, the transcriptional profile in the cerebellum is altered with 

changes in the expression of several ASD-associated genes. Pharmacological inhibition of mTORC1 
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signaling reverses the ASD-like behavior in BMAL1-deficient mice, indicating that the impairments 

resulting from BMAL1 deletion are mediated by hyperactivation of mTORC1 (Liu et al., 2023).   

While BMAL1 deficiency leads to an hyperactivation of mTORC1, mTORC1 prevents the 

degradation of BMAL1 through its phosphorylation by S6 kinase, an effector target of mTORC1. 

Consequently, in BMAL1 protein expression is increased in Tsc2-deficient cells and mice, an 

experimental model of ASD (Lipton et al., 2017). Treatment with an mTOCR1 inhibitor reverses the 

increased BMAL1 expression whereas reducing the level of BMAL in mice normalizes the circadian 

phenotype in Tsc2-deficient mice. These findings indicate that the ASD-promoting effect of BMAL1 

deficiency results from mTORC1 hyperactivation (Lipton et al., 2017).  

It is noteworthy that besides regulating the circadian clock and protein translation, BMAL1 

regulates mitochondrial fission and mitophagy (Li et al., 2020), autophagy (McKee et al., 2023), 

neuroinflammation (Liu et al., 2020), synaptic pruning (Iweka et al., 2023), and myelination (Rojo et 

al., 2023), all processes that are dysregulated in ASD. Therefore, BMAL1-deficiency can contribute to 

ASD by TORC1 dependent and independent mechanisms. 

Retinoic acid-related Orphan Receptor alpha (RORa):  (Sayad et al., 2017; Ribeiro and 

Sherrard, 2023).  RORa is best known as a nuclear receptor that is widely-expressed in the brain and 

that is activated through binding by retinoic acid (RA), a powerful signaling molecule produced 

through the oxidation of retinal (vitamin A) (Sayad et al., 2017; Ribeiro and Sherrard, 2023). RA plays 

a variety of critical roles during CNS development, including the regulation of stem cell production, 

neuronal differentiation, and morphogenesis of brain structures (Maden and Holder, 1991, 1992). RA 

also regulates synaptic plasticity, E/I balance, and other important processes in the adult brain 

(Moramarco and McCaffery, 2024).  

Nuclear RA-bound RORa exerts its biological effects by binding to genomic DNA at ROR 

response elements (RORE) located within the promoters of a large number of genes (Maden, 2007). 

More importantly, RORα binds to the promoters of over 400 genes that have been implicated in ASD 

(Hu et al., 2009, 2015; Xu et al., 2012; Ribeiro and Sherrard, 2023). In humans, mutations in the RORa 

gene can cause either ASD or cerebellar ataxia depending on whether the mutation  produces loss-

of-function or a toxic gain-of-function, respectively (Guissart et al., 2018).  

RORα plays a key role at different stages of cerebellar development and through adulthood 

(Ribeiro and Sherrard, 2023). In the cerebellum, RORα is most highly expressed in PCs and is required 

for the development and survival of these neurons (Boukhtouche et al., 2006b, 2006a; Chen et al., 

2013; Takeo et al., 2015).  Mice lacking RORα display defective interactions between PCs and 

climbing fibers, atrophy of the soma and dendrites of PCs followed by their death resulting in 

cerebellar dysfunction (Doulazmi et al., 2001; Jarvis et al., 2002; Chen et al., 2013). In the prenatal 

VPA-exposure rat model of autism, reduced PC numbers and arborization is accompanied by 

reduced level of RA and decreased expression of RORα. Administration of RA to the VPA-exposed 

rats normalizes expression of RORα, PC number and dendritic arborization, and improves motor 

function (Yuan et al., 2023). Although exactly how reduced function of RORα contributes to ASD is 

not known, given the large number of target genes with varied functions, it is possible that 

deregulation cab contributes to several of the diverse symptoms in ASD.  One target gene that could 

be particularly important is RA-induced 1 (RAI1), a protein that is expressed at high levels in the 

cerebellum and in PCs, and that is involved in cognitive and motor function (Bi et al., 2007; Fragoso 

et al., 2015). RA administration stimulates expression of RAI1, while decreased function of RAI1 has 

been described to contribute to multiple neurodevelopmental disorders (Cao et al., 2014; Fragoso et 

al., 2015; Chang et al., 2022).  

 Besides neurons, RORα is expressed in astrocytes where is acts to suppress inflammation and 

promote neuronal survival (Journiac et al., 2009). It also expressed in microglia, a cell type that 

changes morphology during sleep (Nakanishi et al., 2021).  Reduced RORα in microglia function 

leads to reduced BMAL1 expression and disrupts the microglial clock system, which contributes to 

sleep disruption but also deficits in social interaction and cognitive impairment (Nakanishi et al., 

2021). Microglial RORα also suppresses neuroinflammation (Nakanishi et al., 2021), an alteration 

linked to ASD. 

Neuregulins:   NRGs are a family of four major signaling proteins (NRG1-4) characterized by 

an EGF-like domain through which they interact with the Erb4 receptor tyrosine kinase (Lemke, 1996; 

Esper et al., 2006; Ou et al., 2021). NRGs play key roles during neurodevelopment and are involved 

in the functioning of the brain in adulthood (Esper et al., 2006; Ledonne and Mercuri, 2019). The 
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expression patterns of NRG1-3 show differences during development and within the brain. For 

example, in the postnatal rodent brain, NRG1 is expressed highest at P0 whereas NGN2 expression 

increases through development (Longart et al., 2004). The best studied of the NRGs is under complex 

control with multiple transcription initiation sites and splice variants as well as posttranslational 

modifications (Brown et al., 2004; Steinthorsdottir et al., 2004; Talmage and Role, 2004). NRG1 is 

expressed in several brain regions and cell types, including cerebellar PCs (Ding et al., 2023), whereas 

NRG3, the most highly expressed NGN in the brain, is expressed mostly in the cortex, hippocampus, 

and cerebellum (Rahman et al., 2019). Within the cerebellum, NGN3 is expressed in PCs and granule 

neurons (Rahman et al., 2019). NRG2 is much more restricted than NRG1 and NRG3, with expression 

restricted to the cerebellum, hippocampus and olfactory bulb (Busfield et al., 1997; Longart et al., 

2004). NRGs have been associated with schizophrenia (Rico and Marín, 2011), but emerging evidence 

suggest that these NRGs may contribute to ASD development also. Indeed, ASD-associated genetic 

variations have been reported for both NRG1 and NRG2 in humans (Yoo et al., 2015; Chien et al., 

2024). NRG1 levels are significantly higher in serum from ASD patients and associate with behavioral 

impairment (Abbasy et al., 2018; Esnafoglu, 2018). In mice exposed to VPA prenatally, NRG1 level is 

elevated and NRG1/Erb4 signaling increased. This is the result of increased Notch1/Hes signaling 

(Deng et al., 2024). Pharmacological inhibition of Notch1 signaling reduces NRG1 expression and 

signaling, and ameliorates ASD-like behavior (Deng et al., 2024). It is noteworthy that besides 

neurons, NRGs are expressed in astrocytes, and microglia in the brain (Ikawa et al., 2017; Deng et al., 

2024). Indeed, the increased expression of NRG1 expression in the mouse model of VPA-induced as 

well as genetic models of ASD occurs mostly in microglia associated with the neuroinflammatory 

function of microglia (Ikawa et al., 2017; Deng et al., 2024).   

Although NRG2 has no active kinase domain, it interacts with Erb4 and through this interaction 

regulates internalizing of NMDA receptor reducing its activity in interneurons (Vullhorst et al., 2015). 

However in a negative feedback loop mechanism, NMDA receptor activation promotes shedding of 

NRG2 from dendritic membranes (Vullhorst et al., 2015, 2023; Vullhorst and Buonanno, 2019). 

Expression of NRG2 is reduced in ASD individuals (Chien et al., 2024).  

UBE3A:  UBE3A is a protein which functions both as an E3 ubiquitin ligase and a transcriptional 

regulator for steroid hormone receptors that functions to regulates synaptic function and plasticity 

in the brain. It is expressed widely in the brain, with high expression in the cerebellum where it is 

expressed in PCs and Golgi cells (Albrecht et al., 1997; Gustin et al., 2010; Bruinsma et al., 2015). In 

healthy individuals, the region encompassing the UBE3A gene is silenced by imprinting in the 

paternal copy of the chromosome resulting in only the maternal copy of the gene being expressed. 

Mutations or imprinting errors that disrupt expression of the maternal allele results in reduction or 

complete loss of UBE3A gene expression, causing Angelman syndrome (AS), a disorder characterized 

by ASD features (Vatsa and Jana, 2018; Roy et al., 2023). In AS mice, maternal allele imprinting caused 

marked reduction of UBE3A in the cerebellum and hippocampus, whereas loss in other brain regions 

was low to moderate (Albrecht et al., 1997; Fang et al., 1999). Within the cerebellum of AS mice, a 

substantial loss of UBE3A occurs in a subset of GABAergic Golgi interneurons in the granule cell 

layer (Dindot et al., 2008; Bruinsma et al., 2015). Duplication, triplication, or gain-of-function 

mutations in the UBE3A gene are also associated with ASD behavioral features indicating that the 

expression and activity of UBE3A must be tightly regulated during brain development. The proteins 

degraded through the activity E3 ligase activity of UBE3A remain largely unidentified.  

Elevated UBE3A affects dendritic maturation and spine morphology, abnormalities that have 

been attributed to its action in astrocytes (Dindot et al., 2008; Gardner et al., 2024). AS mice also 

display disrupted electrical communication between cerebellar PCs and the cortex resulting in 

abnormal E-I balance (Cheron et al., 2014). UBE3A-haplosufficient mice display only mild 

impairment of cerebellar function with deficits in learning deficits but not in locomotor function 

(Bruinsma et al., 2015). Consistent with loss of expression in GABAergic interneurons, AS mice 

display a reduction in the tonic inhibition of granule neurons (Bruinsma et al., 2015). In cerebellar 

PCs, UBE3A-deficiency results in enhanced autophagy through the activation of AMPK and 

inhibition of mTORC1 (Hao et al., 2023). Deregulated E-I balance and autophagy have both been 

implicated in ASD pathogenesis (Kim et al., 2017; Angrand et al., 2022).  

Oxytocin (OXT):  Best known for its role in uterine contractions during labor and in lactation, 

OXT, a nine-amino-acid neuropeptide regulates social behaviors such as including social attachment, 

social cognition, anxiety, aggression, and immune functioning (Jones et al., 2017; Carter et al., 2020; 
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Froemke and Young, 2021).  These actions of OXT are mediated through binding to its G-protein 

coupled receptor. A meta-analysis examining the linkage of OXT with ASD identified multiple SNPs 

(LoParo and Waldman, 2015). Other studies have identified genetic variations in the OXT receptor 

that are associated with ASD (Harrison et al., 2015; LoParo and Waldman, 2015; Watanabe et al., 2017; 

Al-Ali et al., 2022). In mice, mutation of the genes expressing OXT or its receptor results in altered 

circuit connectivity and deficits in social interaction and memory (Ferguson et al., 2000; Winslow and 

Insel, 2002; Choe et al., 2022). OXT expression is altered by alterations in the functioning of other 

ASD-linked proteins. For example, OXT level is reduced in Cntnap2, SHANK3, and NLGN3-deficient 

mice (Hörnberg et al., 2020; Reichova et al., 2020; Choe et al., 2022). Administration of oxytocin, 

activation of endogenous OXT release via chemogenetic or by pharmacological strategies alleviates 

social behavior deficits in both mutant Cntnap2 and SHANK3 mice (Peñagarikano et al., 2015; Choe 

et al., 2022; Szabó et al., 2024). On the other hand, administration of pharmacological activators of 

NLGN3 signaling in NLGN3-knockout mice restores OXT levels while also alleviating ASD-like 

behavior (Hörnberg et al., 2020). Assuming that the four proteins are part of a common signaling 

pathway, this puts OXT upstream of Cntnap2 and SHANK3 and downstream of NLGN3. 

Although the cerebellum expresses the OXT receptor and it is known that OXT modulates 

circuitry between the cerebellum and the striatum (Zhao et al., 2019), the functions of OXT in the 

cerebellum is not clear. Within the cerebellum, the OXT receptor is expressed in PCs of lobule Crus I, 

dysfunction of which is implicated in ASD. However, blockage of OXT receptor in PCs of lobule Crus 

I in wild-type mice does not induce autistic-like social, stereotypic, cognitive, and anxiety-like 

behaviors. Similarly, activation of the OXTCN in this brain area does not alter the electrophysiological 

properties of Crus I PCs nor alleviate symptoms in ASD mice (Shen et al., 2023). Although this may 

suggest that OXT action in PCs of Crus1 are not involved in ASD, it is possible that it contributes to 

but is not sufficient for ASD development.  A recent study described that cerebellar damage, which 

has been associated with ASD, upregulates OXT receptor expression in BG cells much more so than 

occurs in PCs (Inutsuka et al., 2024).  

Chromodomain Helicase DNA-binding protein-2 and -8 ( CHD2 and CHD8): CHD proteins 

are a family of chromatin remodeling proteins that have been linked to neurodevelopmental 

disorders (Weissberg and Elliott, 2021; Muhammad et al., 2023). Among the CHD proteins, CHD2 

and CHD8 are linked to ASD (Kasah et al., 2018). Although expressed in the cerebellum, both CHD2 

and CHD8 are expressed more highly in the hippocampus and cortex. While function of these 

proteins is unclear, existing information suggests that they promote proliferation of neural progenitor 

cells. Deletion of CHD8 specifically in proliferating cerebellar granule progenitor cells resulting in 

reduced proliferation and differentiation of these cells and ectopic localization of PCs with the mice 

displaying cerebellar hypoplasia, ataxia, and psychiatric symptoms (Kawamura et al., 2021; Chen et 

al., 2022a).  Within granule neuron precursor cells, CHD8 regulates the expressed of many genes, 

including genes linked to ASD (Kawamura et al., 2021). Although CHD8 mutant mice display motor 

coordination defects, other cognitive or behavioral ASD-associated defects are not observed 

(Kawamura et al., 2021).  

Astrotactin 2 (ASTN2): ASTN2 is a transmembrane glycoprotein that displays highest 

expression in the cerebellum, with low levels in the cortex and hippocampus (Wilson et al., 2010; 

Behesti et al., 2018).  Within the cerebellum, ASTN2 is expressed in PCs and granule neurons 

regulating synaptic activity and trafficking of receptors and other synaptic proteins (Wilson et al., 

2010; Behesti et al., 2018). Recent research has identified ASTN2 mutations, including CNVs, that 

cause or increase risk for ASD and other neurodevelopmental disorders (Lionel et al., 2014; Hanzel 

et al., 2024). ASTN2 knock have altered cerebellar circuitry abnormal dendritic morphology in Crus1 

and posterior vermis, disrupted E/I balance and display ASD-like behaviors (Hanzel et al., 2024) 

indicating that the effect of ASD-linked mutations of ASTN2 is due to loss-of-function. Mice with PC-

specific deletion of ASTN2 also display ASD-like behavior underscoring the importance of cerebellar 

dysfunction in ASD  (Hanzel et al., 2024). 

C. Whole Genome Analyses 

Identification of disease modifying genes by GWAS and whole-exome sequencing are not reliant 

on an a priori hypothesis for the development of the disorder. While these unbiases analyses have 

been productive for many genetically-influenced disorders, a fundamental challenge in 

understanding the genetic mechanisms underlying ASD is the heterogeneity of the disorder. An 
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estimated 1,100 genes are implicated in ASD (De Rubeis et al., 2014), of which close to 200 have been 

identified with high-confidence carrying rare de novo and transmitted genetic variants. Further 

complicating the understanding of the genetic basis of ASD is that over 90% of the high-confidence 

genes are expressed during early development and most of these are associated with other 

neurodevelopmental disorders (Deciphering Developmental Disorders Study, 2017; Courchesne et 

al., 2019; Kaplanis et al., 2020; Nóbrega et al., 2024). In children, ASD often presents alongside 

comorbidities including attention-deficit-hyperactivity disorder (ADHD), intellectual deficiency (ID), 

and epilepsy (McPartland and Volkmar, 2012; Genovese and Butler, 2023). In adults, symptoms of 

ASD are frequently observed in individuals with schizophrenia, bipolar disorder, and other disorders 

with neurodevelopmental underpinnings (McPartland and Volkmar, 2012; Genovese and Butler, 

2023). In this review, we focus on peer-revied publications limited to the past 5 years. While finding 

the significance of the genes identified in these large-scare studies to cerebellar function has been 

attempted, information is limited for a majority of the genes described below. 

A study of patients with either ASD or ADHD and that used Genomic Structural Equation 

Modeling (SEM) to GWAS summary statistics combined with transcriptome-wide analysis, identified 

83 unique genes with expression changes associated with ASD but not other closely-linked 

neurodevelopmental disorders, many of which were novel (Schaffer et al., 2024). Interestingly, many 

of these ASD-specific genes overlapped with gene sets implicated in bacterial skin disease and 

erythema. This is consistent with the previously described association between ASD and immune 

system dysfunction, particularly involving the skin (Zerbo et al., 2015; Muratori et al., 2017; Jameson 

et al., 2022; Man et al., 2023).  One limitation of the study is that study only included individuals of 

European ancestry.  

A recent study in which the genetic variation of 91 circulating inflammatory factors was 

analyzed from genome wide association studies (GWAS) database of over 18,000 individuals of 

European ancestry with ASD suggested positive association with ASD of multiple immune system-

associated genes, including those of CD244, CD5, FLT3LG, sulfotransferase (SULT) 1A1, and 

TNFSF10, while levels of IL-7, IL2Rβ, and IL-2 were negatively associated (Long et al., 2024). SULT1A 

is expressed in both neurons and glia in specific regions of the brain with high expression in the 

cerebellum (Salman et al., 2009). 

A meta-analyses of a GWAS database of 18,000 individuals with ASD (but without other 

neurodevelopmental disorders), reported the identification of five loci and many common genetic 

variants that contributing to ASD alone. These genes included CADPS, KCNN2, KMT2E, MACROD2, 

NEGR1, and PTBP2  (Grove et al., 2019). Of these SNPs in the PTBP2, CADPS, KCCN2 and KMT2E 

gene have previously been linked to ASD by GWAS, and as described below, in the case of CADPS, 

by clinical and experimental research.  Interestingly, CADPS and NEGR1 were identified in another 

recent genetic analysis aimed at identifying genes that are co-linked with ASD and another 

neurodevelopmental disorder(s) (Salenius et al., 2024). In this study both CAPDS and NEGR1 were 

also associated with epilepsy.  Furthermore, NEGR1, which encodes a neuronal growth regulator, 

displayed statistically significant genetic association with ASD only in females. 

Several studies have described aberrant splicing and genetic variations of the CADPS2 (calcium-

dependent activator protein for secretion 2) gene (which is closely related to CADPS) causes ASD 

(Sadakata et al., 2013b, 2013a; Bonora et al., 2014).  Additionally, duplication, deletion, and 

translocation within the CADPS2 gene locus have been linked to ASD (Okamoto et al., 2011; Aristidou 

et al., 2017; Pavone et al., 2019). Mice lacking CADPS2 also display ASD-like behavior (Sadakata et 

al., 2013a). CADPS2 is most highly expressed in granule neurons of the developing cerebellum where 

it stimulates release of BDNF and NT3 from parallel fiber terminals.  CADPS2 knockout mice exhibit 

ASD-like symptoms along with impaired release of BDNF and NT3 leading to , delayed cerebellar 

development along with death of granule neurons and stunted PC branching (Sadakata and Furuichi, 

2009). CADPS2 is also critically involved in the normal release of oxytocin, a social interaction 

modulatory protein, from the pituitary (Fujima et al., 2021). Although CADPS2 levels are high in the 

hypothalamus and pituitary, its release from the pituitary of CADPS2 knockout mice (Fujima et al., 

2021).  

KCNN2 (potassium voltage-gated channel subfamily C member 2) is the gene that encodes SK2, 

a member of the small-conductance Ca2+ -activated potassium channel family widely expressed in the 

brain and localizing to synaptic terminals (Rahman et al., 2023). By affecting neuronal excitability and 

signaling, SK2 regulates memory and learning, and in synaptic plasticity (Sun et al., 2015). The level 
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of SK2 levels at synaptic terminals is regulated by UBE3A, which inhibits the recycling of 

endocytosed SK2 back to the synaptic membrane (Sun et al., 2015, 2020b). As described above, 

increased expression of UBE3A increases risk of ASD whereas deficiency causes Angelman syndrome 

(Sun et al., 2020a, 2022). SK2 regulates PC development, and following cerebellar development, SK 

regulates activity-dependent dendritic plasticity of PCs (Ohtsuki et al., 2012a, 2012b; Grasselli et al., 

2016, 2020). Humans with KCNN2 gene mutations display ataxia, impairment in language 

development, and intellectual disabilities (Rahman et al., 2023).  

KMT2E (Lysine methyltransferase 2E) is a N-methyltransferase that negatively regulates gene 

transcription by methylation of histone 3 (Zhang et al., 2017). De novo haplosufficient mutations and 

variants in the KMT2E gene are linked to a variety of neurodevelopmental disorders, including ASD, 

often accompanied by macrocephaly (Pais et al., 1993; O’Donnell-Luria et al., 2019; Li et al., 2023). 

Non-functional variants resulting from truncating mutations or defective splicing  in KMT2E 

produces cerebellar hypoplasia and ASD symptoms (O’Donnell-Luria et al., 2019; Li et al., 2021; 

Abreu et al., 2022). Prenatal alcohol exposure in mice increases expression of KMT2E in the 

developing postnatal cerebellum which disrupts proliferation and neuronal differentiation (Schaffner 

et al., 2020). 

PTBP2 (Polypyrimidine tract-binding protein 2) is a neuronal splicing factor that plays a crucial 

role in brain development by regulating neurogenesis through the control of differentiation and 

maturation of neurons (Licatalosi et al., 2012; Zhu et al., 2023). Alterations in splicing has been 

reported in the ASD brain, although the extent to which PTBP2 dysfunction contributes to it. While 

studies linking PTBP2 dysfunction in the cerebellum to ASD are limited, the protein's critical role in 

neuronal RNA splicing suggests that deregulation of its function could contribute to abnormal 

neurogenesis in the cerebellum. 

Other genes and loci recently linked to ASD by analysis of summary statistics of previously 

reported GWAS data are XRN2, NKX2-4, PLK1S1, CRHR1-IT1, C8orf74 and LOC644172 (Alonso-

Gonzalez et al., 2019). Multiple genetic studies have identified the MACROD2 gene as being linked 

to ASD  (Jones et al., 2014; Autism Spectrum Disorders Working Group of The Psychiatric Genomics 

Consortium, 2017; Bacchelli et al., 2020, p. 1616; Alnak et al., 2021).  MACROD2 is best known for its 

role in suppressing colorectal and other cancers (Jin and Burkard, 2018). While MACROD2 

expression is not altered in the ASD brain, the expression of RPS10P2-AS1, a long-coding RNA that 

is transcribed from a region close to the MACROD2 gene on Chromosome 5, is increased 7-fold in 

postmortem cortex of ASD patients and regulates development of human neural progenitor cells 

(DeWitt et al., 2016b, 2016a; Bilinovich et al., 2019). It has been suggested that the GWAS linkage to 

ASD is likely connected to RPS10P2-AS1 rather than the coding MACROD2 gene (Bilinovich et al., 

2019).  

A large-scale exome sequencing study combining data from about 36,000 individuals, including 

about 12,000 with ASD, identified 102 ASD risk genes most of which represented de novo variants 

(Satterstrom et al., 2020).  Four risk genes (SLC6A1, DEAF1, KCNQ3, SCN1A) that were identified in 

which mutations confer a gain-of-function effect (Satterstrom et al., 2020).  Gain-of-function variants 

in the KCNQ3 gene, which encodes a K+ channel, has previously been reported to cause ASD (Sands 

et al., 2019). Mutations in SCN1A, which encodes the alpha 1 subunit of the sodium channel, causes 

or is associated with several epilepsy disorders.  Of the 102 risk genes, 12 genes were located in 

regions impacted by copy number variation (CNV). Another gene that has been identified in other 

studies, KMT2E, was also identified as a rick gene in this study. Based on genetic, cognitive, and 

behavioral criteria used in the analyses, the authors could separate 53 genes as conferring risk 

predominantly for ASD, whereas the other 49 had broader relevance connecting to both ASD and 

other neurodevelopmental disorders (NDDs). Most of the 102 risk genes were found to affect 

neuronal communication or gene expression regulation (GER). Expression analyses in the normal 

human cortex indicated that the risk genes participated in mid-to-late fetal development and with 

most being expressed in maturing and mature neurons that were both excitatory and inhibitory 

(Satterstrom et al., 2020). Analysis of the GER genes suggested involvement in the regulation of E/I 

balance.  

Another parent-offspring trio whole-exome sequencing (WES) study conducted in a group of 60 

individuals with both ID and ASD, identified variants in previously identified 8 ID/ASD-linked 

(SYNGAP1, SMAD6, PACS1, SHANK3, KMT2A, KCNQ2, ACTB, and POGZ) (Bruno et al., 2021). 

Other studies have identified SYNGAP as an ASD risk gene (Agarwal et al., 2019; Wright et al., 2024a, 
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2024b). SYNGAP1 protein (synaptic Ras GTPase-activating protein-1) is present at high amounts in 

the postsynaptic cells of excitatory synapses (Chen et al., 1998; Kim et al., 1998). Interestingly, 

although most studied in the context of synaptic function, SYNGAP1 also regulated neurogenesis 

(Birtele et al., 2023).  Additionally, 4 novel candidate ASD/ID genes with de novo truncating variants 

(MBP, PCDHA1, PCDH15, PDPR) were identified (Bruno et al., 2021). The pyruvate dehydrogenase 

phosphatase regulatory subunit (PDPR) is variably expressed in the brain, with the highest levels in 

the corpus callosum and in the cerebellum. 

Most whole-genome studies have focused on de novo variants identified from parent offspring 

trios. An integrated model composed of a two-stage analysis of de novo and inherited genetic 

variants, which provides yields greater power to identify risk genes (He et al., 2013), was used to 

study about 43,000 ASD cases, including ~35,000 new cases identified 60 genes including five new 

moderate-risk genes (NAV3, ITSN1, MARK2, SCAF1 and HNRNPUL2). These five genes represent 

rare loss-of-function variants with modest effect size, not strongly 

associated with ID compared with five of the most common highly-penetrant genes (CHD8, SCN2A, 

ADNP, FOXP1 and SHANK3) (Varghese et al., 2017; Zhou et al., 2022). Finding related to SHANK 3 

and CHD8 in ASD with are described above. Activity-dependent neuroprotective protein (ADNP) is 

most highly expressed in the cerebellum and hippocampus and best known for its neuroprotective 

activity (Gozes et al., 1999). In the ASD brain, ADNP dysfunction caused disrupts DNA methylation 

and mitochondrial gene expression in the cerebellum (D’Incal et al., 2024).  

The SCN2A gene encodes the Na(v)1.2 channel protein that is expressed highly and selectively 

in the cerebellum in rodents and non-human primates (Gould and Kim, 2021). SCN2A variations in 

humans causes seizures, ataxia, and cerebellar atrophy (Murray et al., 2023). Clinical exome 

sequencing has identified specific loss of function variations in SNCA, which carries one of the 

highest risk for ASD of any gene in humans (Satterstrom et al., 2020; Fu et al., 2022). In mice, ASD-

associated SCNA variants disrupt granule neuron to PC communication and impairs neuronal 

plasticity in the cerebellum (Wang et al., 2024).  

Given the importance of inherited genetic factors, an approach that was used recently to better 

understand the ASD architecture is the identification of moderate effect size (MES) genes in ASD 

(Caballero et al., 2024). MES genes do not qualify as risk genes by themselves but contribute to ASD 

when paired with specific other MES genes. A first step of the study identified inherited variants in 

two distinct genes overrepresented in offspring with ASD with 

non-ASD offspring potentially inheriting either, but not both variants. Analysis of about 11,000 

families led to the identification of 97 MES genes forming 50 significant gene pairs (Caballero et al., 

2024). One pair of genes identified as ASD-associated was SNAP25 (Synaptosome Associated Protein 

25) and SLPI (Secretory Leukocyte Peptidase Inhibitor). A study using whole genome sequencing of 

32 Chinese ASD trios found de novo mutations, inherited variants, copy number variants (CNVs) and 

genomic structural variants (Wu et al., 2018). This study identified 87 potentially risk genes from 4832 

genes containing variants (Wu et al., 2018).  Among these were microcephaly-related genes and 

genes involved in centrosomal function and chromatin remodeling 

A recent transcriptomic analysis of postmortem cerebellar PCs isolated by laser capture and 

pooled from postmortem ASD tissue identified about 430 differentially expressed genes, which were 

involved in regulating neurodevelopmental processes and connectivity, organization of the ECM, 

calcium response, and immune function (Brandenburg et al., 2022). Despite the compelling results of 

this and other genetic studies utilizing both ASD patients and mice, two recent studies analyzing the 

UK Biobank summary data failed to identify specific subregions of the cerebellum displaying 

significant genetic correlations with ASD at the whole genome-level, suggesting smaller pleiotropic 

cerebellar subregions than were analyzed and/or cancelling out of opposing genetic correlations 

across the genome. 

Conclusion 

Much progress has been made in our understanding of ADS since the time it was referred to as 

“infantile psychosis” and blamed on a cold and emotionally distant “refrigerator mothers” (Kanner 

and Lesser, 1958; Tonge et al., 1994). Despite this, our understanding of the molecular and cellular 

underpinnings of ASD remains limited. The phenotypic and genetic heterogeneity of ASD and its 

frequent co-occurrence in other neurodevelopmental and psychiatric disorders has made it 

challenging to identify specific genes that are causally involved in the development of the disorder. 
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As our review describes, however, compelling evidence from human genetic analyses and 

experimental studies conducted in rodents point to a key role for cerebellar dysfunction in the 

development and progression of ASD. Although most attention has been placed on PCs, 

accumulating evidence suggests that dysfunction of granule neurons, other neuronal types, and glial 

cells, as well as disruption in the normal interactions between PCs and these other cell types, 

contribute to ASD. Cerebellar dysfunction impacts the functioning of other brain regions connected 

to by the cerebellum. Besides synaptic dysfunction, the identification and analyses ASD-linked genes 

had indicated that deregulation of neurogenesis as a common cellular feature of ASD.  Recent 

studies have suggested important roles for alterations in gut microbiota (Fattorusso et al., 2019; 

Chernikova et al., 2021), innate immune system dysfunction (Robinson-Agramonte et al., 2022; 

Hughes et al., 2023) and maternal inflammation (Han et al., 2021; Kwon et al., 2022; Hughes et al., 

2023) in the development of ASD. How these factors interface with dysfunction of the brain, and 

specifically the cerebellum, to cause ASD remains to be resolved. 
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