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A B S T R A C T   

Autism spectrum disorders (ASDs) are a group of heterogenous neurodevelopmental disorders affecting 1 in 59 
children. Syndromic ASDs are commonly associated with chromosomal rearrangements or dosage imbalance 
involving a single gene. Many of these genes are dosage-sensitive and regulate transcription, protein homeostasis, 
and synaptic function in the brain. Despite vastly different molecular perturbations, syndromic ASDs share core 
symptoms including social dysfunction and repetitive behavior. However, each ASD subtype has a unique 
pathogenic mechanism and combination of comorbidities that require individual attention. We have learned a 
great deal about how these dosage-sensitive genes control brain development and behaviors from genetically- 
engineered mice. Here we describe the clinical features of eight monogenic neurodevelopmental disorders 
caused by dosage imbalance of four genes, as well as recent advances in using genetic mouse models to un-
derstand their pathogenic mechanisms and develop intervention strategies. We propose that applying newly 
developed quantitative molecular and neuroscience technologies will advance our understanding of the unique 
neurobiology of each disorder and enable the development of personalized therapy.   

1. Introduction 

Autism spectrum disorders (ASDs) are early-onset neuro-
developmental disorders characterized by two core behavioral features: 
impaired social interaction and stereotyped behaviors. By definition, 
impaired social interaction comprises of problems in maintaining 
reciprocal social or emotional interactions, maintaining relationships, 
and nonverbal communication. As for the stereotyped behaviors, at least 
two of the following symptoms must be present: stereotyped or repeti-
tive speech, use of objects or motor movement, adherence to routines, 
ritualized patterns of behavior, inflexibility in behavior, and highly 
restricted interests (DSM-5, 2013). The strong genetic component of 
ASDs was demonstrated by twin studies that found that the individual 
risk for ASDs dramatically increases with genetic relatedness. Specif-
ically, monozygotic twins show a 70–90 % concordance rate, 
several-fold higher than the concordance rate of dizygotic twins (0–10 
%) (Folstein and Rutter, 1977; Sandin et al., 2014; Steffenburg et al., 
1989). A child with an affected sibling is 25-fold more likely to be 
diagnosed with ASDs than the general population (Jorde et al., 1991). 
Clinically, ASDs are categorized into idiopathic and syndromic ASDs. 

Idiopathic ASD patients show the core behavioral features and represent 
the majority (90~95 %) of ASD cases (de la Torre-Ubieta et al., 2016d). 
Idiopathic ASDs are likely caused by multiple common genetic variants, 
each has a small effect on ASD risk (Gaugler et al., 2014). An example is 
de novo copy number variants (CNVs) that account for 5–8 % of idio-
pathic ASDs (Gilman et al., 2011; Levy et al., 2011; Sanders et al., 2011). 
CNVs are unbalanced genomic rearrangements such as chromosomal 
deletion and duplication spanning anywhere between 100 base pairs 
(bp) to 5 megabase pairs (Mb) (Carvalho and Lupski, 2016; Sebat et al., 
2007, 2004). Therefore, CNVs often affect tens to hundreds of genomic 
loci, each carry an unknown contribution to ASD risk and present a 
critical challenge to experimentally dissect the clinical contribution of 
each locus (de la Torre-Ubieta et al., 2016d). As a result, we have little 
knowledge of its etiology and therapeutic options are limited (Ghosh 
et al., 2013; Lovaas, 1987). 

Clear progress in understanding the etiology of ASDs stems from 
studying the genetically-defined syndromic ASDs that collectively ac-
count for 5% of ASD cases (Tammimies et al., 2015). In addition to the 
core features of ASDs, syndromic ASDs show comorbidities ranging from 
facial dysmorphia, language deficits, obesity, epilepsy, to motor 
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problems (Table 1). Genetically, syndromic ASDs are caused by a small 
number of highly penetrant rare genetic variants. Importantly, CNVs 
and point mutations are the main causes of syndromic ASDs (Sztainberg 
and Zoghbi, 2016). The penetrance of these disease features is variable 
but is often associated with dosage imbalance in single genes (Durand 
et al., 2007; Slager et al., 2003). This offers an excellent opportunity to 
decipher the neurobiological mechanism by which gene dosage imbal-
ance affects brain development and function. A hallmark of the mono-
genic CNV disorders is that deletion and duplication of the same genes 
result in clinically distinct syndromes that share common endpoints 
including autistic features, epilepsy, and cognitive deficits. Here, we 
summarize genetics and clinical features of four pairs of monogenic 
ASDs caused by gene dosage imbalance and discuss recent progress 
using mouse models to uncover their pathogenic mechanisms at mo-
lecular, neuronal, and behavioral levels. Finally, we review recent 
progress and challenges in therapeutic interventions for monogenic 
ASDs that may guide future research efforts. 

2. Smith-Magenis Syndrome versus Potocki-Lupski Syndrome 

2.1. Genetics and clinical features 

The human chromosome 17 is enriched with protein-coding genes 
and has a complex rearrangement architecture, predisposing chromo-
some 17 to non-allelic homologous recombination (NAHR) (Zody et al., 
2006). As a result, chromosome 17 is responsible for an array of human 
CNV disorders including Smith-Magenis Syndrome (SMS, OMIM# 182, 
290) (Smith et al., 1986) and Potocki-Lupski Syndrome (PTLS, 
OMIM#610,883) (Potocki et al., 2000). SMS and PTLS are caused by 
reciprocal microdeletion and microduplication of the same genomic 

region on chromosome 17p11.2. They have a similar prevalence (1 in 
15,000) with no gender differences (Greenberg et al., 1991; Liu et al., 
2011). Intriguingly, SMS and PTLS share several similar clinical mani-
festations but some disease features have the characteristics of “mirror 
traits” that are on the opposite ends of the spectrum (Lupski, 2015). 

SMS patients show prominent neurological and psychiatric problems 
including infantile hypotonia, intellectual disability, sleep disturbance, 
EEG abnormalities and epilepsy, obesity, peripheral neuropathy, and 
self-injurious and aggressive behaviors (Burns et al., 2010; Goldman 
et al., 2006; Greenberg et al., 1991; Gropman et al., 2006; Smith et al., 
1986). Nearly all SMS patients meet the diagnostic criteria of ASD and 
show stereotypies, expressive language delays, poor social awareness, 
and social communication deficits (Table 1) (Gropman et al., 2006; Laje 
et al., 2010; Oliver et al., 2011). Most SMS cases (70 %) are caused by an 
NAHR-induced 3.7 Mb interstitial deletion of 17p11.2 between proximal 
and distal SMS-repeat clusters (Greenberg et al., 1991). The remaining 
SMS patients either carry de novo germline mutations of Retinoic 
Acid-Induced 1 (RAI1) gene (10 %) or have other RAI1-containing de-
letions (20 %) (Bi et al., 2004b; Girirajan et al., 2005, 2006; Slager et al., 
2003). Together, this demonstrates that RAI1 is the dosage-sensitive 
gene responsible for SMS. In addition to germline RAI1 mutations, so-
matic mosaic 17p11.2 deletion (Goh et al., 2014) and RAI1 point mu-
tations inherited from mosaic parents (Acquaviva et al., 2017) have also 
been discovered. Furthermore, CNVs and de novo mutations of RAI1 
have been uncovered in idiopathic ASD patients (Satterstrom et al., 
2020; van der Zwaag et al., 2009). 

The majority (70 %) of PTLS patients carry an NAHR-induced 
recurrent 17p11.2 microduplication reciprocal to the 3.7 Mb common 
SMS microdeletion (Chen et al., 1997; Potocki et al., 2007, 2000). The 
remaining non-recurrent cases (30 %) have breakpoints that map to the 

Table 1 
Shared and disease-specific clinical features of gene dosage-sensitive ASDs.  

Disease Pairs [OMIM] 
Dosage- 
sensitive 
genes 

Clinical Features 

References Specific to deletion or duplication Common to the disease 
pairs 

Common to all 

1 

Smith-Magenis 
Syndrome 
[182290] 

RAI1 
deletion 

Obesity, poor social awareness, self- 
injurious and aggressive behavior, poor 
short-term memory, attention seeker, 
decreased sensitivity to pain, lethargy in 
infancy, minor skeletal and craniofacial 
features 

Learning deficits, failure 
to thrive, anxiety, 
attention deficits, 
memory deficits, 
hyperactive 

Infantile hypotonia, 
developmental delay, speech & 
language delays, Intellectual 
disabilities, motor deficits, 
seizuresa, stereotypies 

(Burns et al., 2010;  
Goldman et al., 2006;  
Gropman et al., 2006) 

Potocki-Lupski 
Syndrome 
[610883] 

RAI1 
duplication 

Underweight, hypoglycemia, 
cardiovascular anomalies,sleep disorder 
breathing and apnea, working memory 
deficits 

(Bissell et al., 2018;  
Kaplan et al., 2019;  
Potocki et al., 2007, 
1993) 

2 

Rett Syndrome 
[312750] 

MECP2 
deletion 

Developmental regression, seizures, ataxia, 
gait apraxia, hyperventilation in 
wakefulness, weight loss, mood swings, 
cardiac abnormalities, scoliosis, breathing 
disturbance Poor motor control, 

anxiety 

(Chahrour and 
Zoghbi, 2007; Han 
et al., 2012; Young 
et al., 2007) 

MECP2 
Duplication 
Syndrome 
[300260] 

MECP2 
duplication 

Progressive spasticity, mild dimorphic 
facial features, recurrent infection 

(Ramocki et al., 2010) 

3 

Phelan- 
McDermid 
Syndrome 
[606232] 

SHANK3 
deletion 

Decreased perspiration, decreased pain 
perception, mouthing & chewing non-food 
items, sleep disturbance Minor dysmorphic facial 

features 

(Ingiosi et al., 2019;  
Moessner et al., 2007; 
Phelan et al., 1993) 

22q13 
Duplication 
Syndrome 
[615538] 

SHANK3 
duplication 

Attention deficits hyperactivity disorder, 
destructive behavior, hyperkinesis, 
auditory overstimulation, hyperphagia, 
bipolar disorder 

(Han et al., 2013) 

4 

Angelman 
Syndrome 
[105830] 

UBE3A 
deletion 

Sleep disturbance, cerebral palsy, excessive 
happy behavior, jerky movement, 
hypopigmented skin 

Ataxia, microcephaly 

(Cassidy et al., 2000;  
Hogart et al., 2010;  
Williams, 2005) 

Dup15q 
Syndrome 
[608636] 

UBE3A 
duplication 

Infantile spasm, abnormal facial features, 
anxiety, emotional lability, tantrums, 
hyperactivity 

(Hogart et al., 2010;  
LaSalle et al., 2015;  
Thomas et al., 1999;  
Urraca et al., 2013)  

a Except PTLS. 
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17p centromere or the pericentromeric regions. Although PTLS patients 
with RAI1-only duplication have not been identified, the smallest 
genomic overlapping region among PTLS patients has been narrowed 
down to a 125 kilobase (kb) interval containing only RAI1 (Zhang et al., 
2010). Mounting genetic and clinical evidence support the idea that 
brain function is exquisitely sensitive to RAI1 dosage. Similar to SMS, 
PTLS patients are characterized with infantile hypotonia, failure to 
thrive, intellectual disability, language impairment, and autistic features 
(Table 1) (Nakamine et al., 2008; Potocki et al., 2007). Although both 
disorders are associated with sleep disturbance, most SMS patients show 
an inversion of melatonin cycle (Boone et al., 2011), while PTLS patients 
have a milder sleep disturbance (Kaplan et al., 2019). Features like 
cardiac defects and sleep-disordered breathing are common to PTLS but 
not SMS (Kaplan et al., 2019; Sanchez-Valle et al., 2011; Yusupov et al., 
2011). A stark contrast of SMS and PTLS patients is their body weight. 
When compared to the general population, PTLS patients have signifi-
cantly lower body weight and length and show lowered total cholesterol 
and low-density lipoprotein (LDL) levels (Potocki et al., 2007; Soler--
Alfonso et al., 2011). By contrast, the majority of SMS patients show 
hypercholesterolemia, increased LDL, hyperphagia, and obesity by 
adolescence (Smith et al., 2002), highlighting an important role for 
CNVs in body weight homeostasis. Some PTLS patients have milder 
facial dysmorphia and behavioral problems including atypicality, 
withdrawal, anxiety, and inattention (Treadwell-Deering et al., 2010). 
Due to the mild phenotypes, some PTLS cases go undiagnosed until the 
patient transmitted the allele to their offspring (Magoulas et al., 2014; 
Yusupov et al., 2011). 

2.2. Expression and molecular function of Rai1 

The mouse Rai1 gene was initially cloned based on its induction with 
retinoic acid during neuronal differentiation of a mouse carcinoma cell 

line (Imai et al., 1995). Mouse Rai1 protein is widely expressed by many 
tissues but is particularly enriched in the brain (Fragoso et al., 2015; 
Imai et al., 1995; Seranski et al., 2001). During development, Rai1 
expression is detected in the branchial arch that develops into cranio-
facial structures at embryonic day 9.5 (E9.5) (Bi et al., 2005; Huang 
et al., 2016b). In E18.5 cortex, Rai1 is upregulated in the postmitotic 
neurons, suggesting a role in neuronal differentiation (Huang et al., 
2016b). Rai1 mRNA level increases during prenatal development, peaks 
around 1 week after birth, and persists into adulthood (Huang et al., 
2016b). In the adult cortex, 75 % of excitatory neurons, 60 % of 
inhibitory neurons, and a small number of glial cells express Rai1 
(Huang et al., 2016b). While the developmental function of Rai1 has 
been demonstrated with germline deletion, the function of Rai1 in the 
adult brain remains unclear. In summary, Rai1 is expressed in many cell 
types in the brain, with an onset that parallels neuronal differentiation. 

Human RAI1 protein contains 1906 residues and is localized in the 
nucleus, with several regions showing homology to the transcriptional 
co-activator stromelysin-1 platelet-derived growth factor-responsive 
element-binding protein/transcription factor 20 (SPBP/TCF20) (Bi 
et al., 2004a; Rekdal et al., 2000). Human RAI1 and mouse Rai1 share 
highly similar protein structures (82 % overall sequence identity), both 
contain nuclear localization signals, a nucleosome binding domain 
(NBD), and an extended atypical plant homeodomain (ePHD) found in 
many eukaryotic chromatin regulators (Fig. 1A) (Bi et al., 2005, 2004a; 
Darvekar et al., 2013; Huang et al., 2016b; Slager et al., 2003). In vitro 
studies revealed that overexpressed RAI1 protein associates with nuclear 
structures with high affinity (Darvekar et al., 2012). Human RAI1 and 
mouse Rai1 NBDs are highly identical (88 % identity) and can interact 
with purified HeLa nucleosomes in vitro (Darvekar et al., 2013; Huang 
et al., 2016b). These features suggest that Rai1 may regulate gene 
expression. Chromatin immunoprecipitation (ChIP)-sequencing and 
RNA-sequencing experiments show that in the mouse brain, Rai1 

Fig. 1. Molecular and neuronal function of RAI1. (A) Functional domains and their locations on the human RAI1 protein. PolyQ: polyglutamine tract, PolyS: 
polyserine tract, NLS: nuclear localization signal, NBD: nucleosome binding domain, ePHD: extended atypical plant homeodomain. (B) A schematic illustrating that 
Rai1 interacts with Tcf20 and binds to the enhancers and transcriptional start sites to promote gene expression. Tcf20: transcription factor 20, Bdnf: brain-derived 
neurotrophic factor, Epha7: ephrin type-A receptor 7, Sema3a: semaphorin 3a, Sema3c: semaphorin 3c, Sema3e: semaphorin 3e, Htr1a: 5-hydroxytryptamine re-
ceptor 1a, Htr2a: 5-hydroxytryptamine receptor 2a, Htr2c: 5-hydroxytryptamine receptor 2c, Grin3a: glutamate ionotropic receptor NMDA type subunit 3a, Gabra2: 
gamma-aminobutyric acid type A receptor subunit alpha 2, Gabrg1: gamma-aminobutyric acid type A receptor subunit gamma 1, Cdh6: cadherin-6, Cdh8: cadherin- 
8, Cdh24: cadherin-24, Pcdh10: protocadherin-10, Pcdh19: protocadherin-19. (C) Rai1 dosage-imbalance alters mPFC spine (indicated in orange) density and in-
creases seizure susceptibility in mouse models of SMS. 
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functions as a transcription activator that promotes the expression of 
genes involved in neural circuit assembly, neuronal communication, and 
neuronal projections (Fig. 1B) (Huang et al., 2016b). Interestingly, while 
Rai1 regulates the same category of genes (neuronal wiring and trans-
mission) in many brain regions including cortex, striatum, and hypo-
thalamus, misregulated genes in different brain regions show minimal 
overlaps (Huang et al., 2016b). This suggests that the ability of Rai1 to 
regulate gene expression is cell type-dependent. Bulk tissue 
RNA-sequencing found that deleting Rai1 only moderately affects gene 
expression (Huang et al., 2016b). In the future, single-cell tran-
scriptomic profiling with increased sensitivity will better elucidate 
Rai1′s mode of action. 

2.3. Neuronal and behavioral functions of Rai1 

Human chromosome 17 maps entirely to the distal half of mouse 
chromosome 11 and is the largest human autosome with orthology to a 
single mouse chromosome (DeBry and Seldin, 1996). This feature 
prompted the generation of the first SMS (Df(11)17/+) and PTLS (Dp 
(11)17/+) mouse models by deleting and duplicating a 32–34 centi-
morgan (cM) region of mouse chromosome 11 syntenic to human 
17p.11.2 (Walz et al., 2003). Df(11)17/+ mice are hypoactive and 
exhibit craniofacial abnormalities, motor dysfunction, seizures, obesity, 
decreased social dominance-like behavior, abnormal circadian period, 
and male-specific reduced fertility (Lacaria et al., 2012a; Ricard et al., 
2010; Walz et al., 2003, 2004). Dp(11)17/+ mice do not have seizures, 
craniofacial abnormalities, or reduced fertility (Walz et al., 2003). 
However, they are hyperactive and underweight, and show increased 
anxiety, increased social dominance behavior, impaired sociability and 
social novelty preference, abnormal motor function, and impaired 
learning and memory (Table 2) (Molina et al., 2008; Ricard et al., 2010; 
Walz et al., 2004). Dp(11)17/+ and Df(11)17/+ mice show opposing 
phenotypes in a fluid consumption and licking assay that measures oral 
sensorimotor functions (Heck et al., 2012). Specifically, Dp(11)17/+
mice show an increased number of visits, inter-visit time, licks per burst 
and licks per visit, whereas Df(11)17/+ mice exhibit diametrically 
opposing phenotypes (Heck et al., 2012). These findings underline the 
importance of reciprocal CNVs in regulating fluid consumption, body 
weight homeostasis, and social dominance in opposing directions. 

Mice carrying Rai1 null allele (Bi et al., 2005) and Rai1 transgenic 
allele (Rai1Tg) (Girirajan et al., 2008) were generated to evaluate the 
behavioral and physiological outcomes of Rai1 under- and 
over-expression. Rai1+/– mice are viable and fertile, exhibit several 
SMS-like phenotypes including mild obesity and specific craniofacial 
and skeletal malformations (Bi et al., 2005, 2007; Yan et al., 2007). 
Rai1+/– mice also show increased food intake, decreased social domi-
nance behavior, increased repetitive vertical behavior (rearing), and 
decreased dendritic spine density (Fig. 1C) (Burns et al., 2010; Huang 
et al., 2018; Rao et al., 2017). The vast majority of homozygous Rai1–/– 

animals die early in embryogenesis, with many of them fail to develop 
beyond E7.5 and most being resorbed by E11.5. Of the rare Rai1–/– 

animals born, >90 % die before weaning (Bi et al., 2005). The small 
number of Rai1–/– mice that survived embryonic and early postnatal 
lethality show neurobehavioral phenotypes including severe obesity, 
defective motor skills, impaired learning and memory, and overt sei-
zures and EEG abnormalities (Table 2) (Bi et al., 2007). Interestingly, 
brain hyperexcitability worsens as Rai1 level decreases. Rai1+/– mice 
show frequent epileptiform discharges, with only 2% of them exhibit 
overt seizure at over 4 months of age (Bi et al., 2005). By contrast, a third 
of Rai1–/– mice have an overt seizure as early as 3 months of age. How 
Rai1 controls brain excitability remains unclear but dose-dependent 
downstream pathways are likely involved. 

Rai1Tg mice with 1.5-fold Rai1 overexpression phenocopy several 
neurobehavioral and physiological features of Dp(11)17/+ mice (Gir-
irajan and Elsea, 2009; Girirajan et al., 2008). This includes growth 
delay, hyperactivity, increased anxiety, motor dysfunction, and 

increased social dominance behaviors. Homozygosity of the Rai1Tg allele 
(4 extra copies of Rai1) induces dose-dependent exacerbation of growth 
defect, hyperactivity, and motor impairment (Girirajan et al., 2008). 
Together, these data demonstrate that Rai1 level needs to be tightly 
regulated to maintain proper neurological and physiological functions. 
Loss and gain of Rai1 are responsible for impaired locomotor activity, 
social dominance, and body weight homeostasis observed in Df(11) 
17/+ and Dp(11)17/+ mice (Table 2). 

The early lethality in >90 % of the Rai1–/– mice prompted the gen-
eration of a loxP-flanked Rai1 allele (Rai1flox) that allows conditional 
deletion of Rai1 in restricted cell types (Huang et al., 2016b). Combining 
Rai1flox and a pan-neural and glial NestinCre driver (Luo et al., 2020; 
Tronche et al., 1999), Huang and colleagues found that brain-specific 
heterozygous (NestinCre;Rai1flox/+) and homozygous (NestinCre;Rai1CKO) 
Rai1 deletion fully recapitulate neurological and physiological pheno-
types seen in Rai1+/– and Rai1–/– mice, respectively (Huang et al., 
2016b, 2018). Specifically, NestinCre;Rai1flox/+ mice show increased 
rearing, decreased social dominance, and increased body weight, while 
NestinCre;Rai1CKO mice have motor skill impairments, severe obesity, and 
learning and memory problems. Unlike most Rai1–/– mice that die 
embryonically, NestinCre;Rai1CKO mice escape embryonic lethality but 
show premature postnatal death. Altogether, this demonstrates that 
SMS-like neurological and physiological features originate from the 
central nervous system. 

Rai1 is widely distributed in all tissues. Therefore, it is possible that 
(1) each SMS-like phenotype is caused by Rai1 loss in a distinct group of 
cells; (2) each cell type partially contributes to many phenotypes; or (3) 
most SMS-like phenotypes are caused by Rai1 loss in one critical group 
of cells. A cell type screen found that Rai1 deletion from cortical and 
subcortical excitatory neurons fully recapitulate motor dysfunction, 
social interaction deficits, obesity, and learning impairment seen in 
NestinCre;Rai1CKO mice. By contrast, mice with Rai1 deleted only from 
gamma-aminobutyric acid-expressing (GABAergic) neurons show social 
and learning impairments (Huang et al., 2016b, 2018). Two groups of 
excitatory neurons in the hypothalamus, the paraventricular nucleus of 
hypothalamus (PVH) and the ventromedial nucleus of hypothalamus 
(VMH), are potentially involved in body weight defects caused by Rai1 
loss. Specifically, deleting one or both copies of Rai1 from the Sim1-
Cre-lineage (including PVH neurons) induce a dose-dependent effect in 
obesity (Balthasar et al., 2005; Huang et al., 2016b). This is due to hy-
perphagia but not abnormal energy expenditure. By contrast, deleting 
one or both Rai1 alleles from SF1Cre-lineage neurons (including VMH 
neurons) result in a similarly mild bodyweight increase (Dhillon et al., 
2006; Huang et al., 2016b). Therefore, Sim1Cre- and SF1Cre-expressing 
cells show different sensitivity to Rai1 dosage. In the context of PTLS, 
Rai1 overexpression in the CamKII-lineage (including forebrain excit-
atory and some inhibitory neurons) induces PTLS-like phenotypes (Cao 
et al., 2014). 

2.4. Summary 

SMS and PTLS are prime examples of syndromic ASDs caused by 
reciprocal genomic rearrangements with monogenic roots. The findings 
in animal models suggest that deleting or duplicating the mouse 
genomic regions syntenic to SMS and PTLS critical region, or loss or gain 
of Rai1 alone, induce opposite phenotypes in locomotor activity, social 
dominance and body weight, but have a similar effect on motor 
dysfunction and learning impairment. Rai1 dosage imbalance is also 
responsible for disease-specific features such as seizures (specific to Rai1 
underexpression) and increased anxiety (specific to Rai1 over-
expression). Deleting both copies of Rai1 causes an earlier onset EEG 
abnormalities and more severe seizures than deleting one allele, while 
ectopic expression of 2 or 4 extra copies of Rai1 cause dose-dependent 
worsening of hyperactivity and motor impairment. Interestingly, body 
weight homeostasis is sensitive to Rai1 protein abundance: pan-neural 
homozygous Rai1 deletion causes a significant weight gain and 4 extra 
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Table 2 
Mouse behavioral features associated with dosage imbalance of syndromic ASD genes.  

Diseases [OMIM] Mouse models 

Behavioral phenotypes 

References Social interaction Body weight Motor 
performance 

Learning/ 
Memory 

Seizure 
susceptibility 

Anxiety Stereotypic 
behavior 

Circadian rhythm Locomotor 
behavior 

Smith-Magenis 
Syndrome 
[182290] 

Df (11)17/+ ND ↑ 
↓ (Rotarod, 
wire hang 
test) 

Normal (Fear 
conditioning) 

↑ 
↓ (Open 
field, light- 
dark test) 

ND ↓ (Free-running 
period) 

↓ 

(Bi et al., 2007;  
Lacaria et al., 2013;  
Ricard et al., 2010;  
Walz et al., 2003, 
2004) 

Rai1–/– 

Normal 
(Sociability & 
social 
discrimination) 

↑ (In brain- 
specific 
knockoutsa) 

↓ (Pole test, 
wire hang 
test) 

↓ (Fear 
conditioning, 
spatial working 
memory, Y-maze 
test) 

↑ 

Normal 
(Open field, 
elevated 
plus maze) 

ND ND Normal 
(Bi et al., 2007;  
Huang et al., 2016b, 
2018) 

Rai1 +/– 
↓ (Social 
dominance) ↑ 

↓ (Wire hang 
test) 

Normal (Fear 
conditioning) ↑ 

Normal 
(Open field, 
elevated 
plus maze) 

↑ (Rearing) 

↓ (Free-running 
period, increased 
behavioral 
hypersensitivity to 
light) 

Normal 

(Bi et al., 2007;  
Huang et al., 2016b, 
2018; Lacaria et al., 
2013) 

Potocki-Lupski 
Syndrome 
[610883] 

Dp (11)17/+

↑ (Social 
dominance) ↓ 
(Sociability & 
social novelty) 

↓ ↓ (Rotarod) 
↓ (Fear 
conditioning) Normal 

↑ (Open 
field, 
elevated 
plus maze) 

↑ (Rearing, 
repeated nose 
pokes) 

Normal ↑ 

(Bi et al., 2007;  
Lacaria et al., 2012b;  
Molina et al., 2008;  
Ricard et al., 2010;  
Walz et al., 2003, 
2006; Walz et al., 
2004) 

Rai1Tg ↑ (Social 
dominance) ↓ 

↓ (Wire hang 
test, grip 
strength) 

↓ (Fear 
conditioning) Normal 

↑ (Open 
field) ↓ (Rearing) 

Asynchronized 
circadian rhythm ↑ 

(Girirajan and Elsea, 
2009; Girirajan et al., 
2008; Mullegama 
et al., 2017) 

Rett Syndrome 
[312750] 

Male Mecp2- 
null 
(Mecp22lox/y, 
Mecp2308/y, 
Mecp2–/y) 

↓ (Partition test, 
novel partner) 

↑ 

↓ (Wire hang 
test, rotarod 
test, nest 
Build) 

↓ (Fear 
conditioning) 

↑ 

↓ (Open 
field, 
elevated 
plus maze) 

↑ (Hindlimb 
clasping, 
forelimb 
stereotypies) 

Impaired circadian 
rhythm 

↓ 

(Chao et al., 2010;  
Chen et al., 2001;  
Gemelli et al., 2006;  
Guy et al., 2001; Li 
et al., 2015; Moretti 
et al., 2005; Pelka 
et al., 2006) 

Female Mecp2 
mosaic 

↓ (Three- 
chamber test) ↑ 

↓ (Grid 
walking) 

↓ (Fear 
conditioning, 
passive 
avoidance 
learning) 

↑ 
↓ (Elevated 
plus maze) 

↑ (Hindlimb 
clasping) ND ↓ 

(Colic et al., 2013;  
Guy et al., 2001;  
Samaco et al., 2013;  
Vogel Ciernia et al., 
2017) 

MECP2Duplication 
Syndrome 
[300260] 

Mecp2Tg 
↓ (Familiar 
partner, novel 
partner/ object) 

↓ (At birth) ↓ (Ataxia) 
↑ (Motor & 
contextual 
learning) 

↑ 

↑ (Open 
field, light- 
dark test, 
elevated 
plus maze) 

↑ (Forepaw 
clasping) 

ND ↓ 
(Collins et al., 2004;  
Samaco et al., 2012) 

Phelan-McDermid 
Syndrome 
[606232] 

Shank3(e4-9) 

Shank3(e4-22 

(exon-specific 
deletions) 

↓ (Social 
preference) 

↑ (at 8 to 12 
months) 

↓ (Pole test, 
rotarod) 

↓ (Motor 
learning) ↓ 
(Morris water 
maze) Normal 
(Fear 
conditioning) 

ND 
↑ (Open 
field) 

↑ (Self- 
grooming & 
repetitive 
sniffing) 

Impaired circadian 
rhythmb ↓ 

(Ingiosi et al., 2019;  
Wang et al., 2016, 
2011) 

Normal ND ND Normal (Fear 
conditioning) 

↓ 
Normal 
(Open field, 

↑ (Self- 
grooming) 

ND Normal (Yoo et al., 2019b) 

(continued on next page) 

S. Javed et al.                                                                                                                                                                                                                                   



NeuroscienceandBiobehavioralReviews118(2020)538–567

543

Table 2 (continued ) 

Diseases [OMIM] Mouse models 

Behavioral phenotypes 

References Social interaction Body weight Motor 
performance 

Learning/ 
Memory 

Seizure 
susceptibility 

Anxiety Stereotypic 
behavior 

Circadian rhythm Locomotor 
behavior 

Shank3Q321R 

(point 
mutation) 

elevated 
plus maze) ↑ 
(Light-dark 
test) 

Shank3b–/– 

(isoform- 
specific 
knockout) 

↓ (Social 
interaction) 

Normal Normal 
(Rotarod) 

↓ (Morris water 
maze, 
acquisition 
memory and 
learning) 

↓ ↑ (Elevated 
zero maze, 
open field, 
light-dark 
test) 

↑ (self- 
grooming) 

ND ↓ (Dhamne et al., 2017;  
Peca et al., 2011; Yoo 
et al., 2019a) 

Shank3a–/– 

(isoform- 
specific 
knockout) 

↓ (Social novelty) ND Normal 
(Rotarod) 

ND ND Normal 
(Elevated 
zero maze) 

Normal ND ND (Jin et al., 2018; Peca 
et al., 2011) 

22q13 Duplication 
Syndrome 
[615538] 

Shank3Tg ↓ (Social 
interaction) ↓ 
(Three- chamber 
test) 

↑ ND ND ↑ 
(Spontaneous 
seizures) 

ND Not present Impaired circadian 
rhythm 

↑ (Han et al., 2013; Jin 
et al., 2018) 

Angelman 
Syndrome 
[105830] 

Ube3am–/p+

(maternal- 
specific 
deletion) 

Normal 
(Sociability) ↓ 
(Three- chamber 
test at 12 months) 

↑ ↓ (Rotarod) ↓ (Spatial 
learning, Morris 
water maze, fear 
conditioning) 

↑ ↑ (Elevated 
plus maze) 

↑ (Hindlimb 
clasping) 

Impaired circadian 
rhythm 

↓ (Allensworth et al., 
2011; Dutta and 
Crawley, 2019;  
Huang et al., 2013;  
Krishnan et al., 2017;  
Mandel-Brehm et al., 
2015; Shi et al., 2015) 

Dup15q Syndrome 
[608636] 

Ube3a1XTg 

Ube3a2XTg 
↓ (Three- 
chamber test) 

ND Normal ↓ (Contextual 
fear 
conditioning) 

↑ ↑ (Open 
field, light- 
dark test, 
elevated 
plus maze) 

↑ (Self- 
grooming) 

ND Normal (Copping et al., 2017;  
Smith et al., 2011) 

↑: Increased; ↓: Decreased; ND: Not Determined. 
a Rai1–/– mice are not obese but deleting both copies of Rai1 from the brain causes severe obesity. This is potentially due to developmental defects caused by whole-body Rai1 homozygous knockout. 
b Mice lacking Shank3 exon 21 show sleep disturbance. 
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Rai1 alleles induce a dramatic weight loss. By contrast, loss or gain of 
one copy of Rai1 induces intermediate phenotypes. Neural circuits 
involved in fear learning are sensitive to homozygous but not hetero-
zygous Rai1 loss. These findings, together with the drastically different 
Rai1 target genes across tissues, suggest a complex interplay between 
gene dosage and neuronal subtypes in the manifestation of disease 
features. While Rai1 is ubiquitously expressed, cell type-specific Rai1 
dosage imbalance, especially in cortical and subcortical excitatory 
neurons, is the main source for disease features in SMS and PTLS mouse 
models (Table 3). In the future, using cell type- or brain region-specific 
approaches to dissect molecular and neuronal functions of Rai1 will 
provide mechanistic insights into how Rai1 dosage-imbalance drives 
both opposing and overlapping disease traits. 

3. Rett Syndrome versus MECP2 Duplication Syndrome 

3.1. Genetics and clinical features 

X-linked gene mutations are an important cause for neurogenetic 
disorders. A feature of X-linked disorders is the variable clinical symp-
toms in female patients due to random inactivation of the X chromo-
some. One such example is Rett Syndrome (RTT, OMIM #312,750), one 
of the most common causes of monogenic intellectual disability in fe-
males (1 in 10,000 girls) (Chahrour and Zoghbi, 2007). More than 95 % 
of patients diagnosed with typical RTT have loss-of-function missense, 
nonsense, and frameshift mutations in the Methyl-CpG Binding Protein 2 
(MECP2) gene (Amir et al., 1999). Most MECP2 mutations arise from 
sporadic mutations in the paternal germline (Trappe et al., 2001). RTT is 
particularly devastating because patients appear to develop normally for 
the first 6–18 months of life and achieve appropriate milestones with the 
exception of deceleration of head growth around 2–4 months of age 
(Dolce et al., 2013; Lombardi et al., 2015). As age progresses, neuro-
logical functions deteriorate quickly. Patients begin to lose purposeful 
hand use and develop stereotypical hand wringing movements. Previ-
ously acquired abilities such as walking, word use, and affinity for social 
interaction are also lost. Development of respiratory abnormalities like 
apnea and hyperventilation are followed by mental deterioration and 
loss of motor coordination. From age 3–10, seizures with different 
severity appear, and 50–90 % of RTT patients develop epilepsy with 
refractory seizures (Table 1) (Dolce et al., 2013). Scoliosis, anxiety, and 
autonomic dysfunction also emerge around this time. In the late stage of 
RTT pathogenesis, motor function deteriorates. Some patients show 
Parkinsonian-like features rendering them incapable of walking (Roze 
et al., 2007). These clinical symptoms are associated with smaller 
neuronal and dendritic size without signs of neurodegeneration (Arm-
strong, 2005). In rare cases, hemizygous mutations of MECP2 in males 
are inherited from the mother. Depending on the severity of mutations, 
the symptoms range from moderate intellectual disability, neuropsy-
chiatric symptoms, obesity, epilepsy, early progressive encephalopathy, 
to lethality in the first year of life (Kankirawatana et al., 2006; Villard 
et al., 2000). Beyond RTT, MECP2 mutations are also found in patients 
with idiopathic ASDs (Carney et al., 2003; Wen et al., 2017). 

Intriguingly, loss and gain of MECP2 result in clinically similar 
neurological symptoms, confirming that the brain is sensitive to MECP2 
dosage. MECP2 Duplication Syndrome (MDS, OMIM # 300,260) is a se-
vere progressive neurodevelopmental disorder associated with prema-
ture death (Van Esch et al., 2005). The duplication of Xq28 in MDS has 
been narrowed down to a region containing only MECP2 and interleukin-1 
receptor-associated kinase 1 (IRAK1, involved in innate immunity) 
(Ramocki et al., 2010). MDS accounts for 1–2 % of X-linked intellectual 
disability cases (Shimada et al., 2013). Young males carrying MECP2 
duplication show core autistic features similar to idiopathic ASDs (Peters 
et al., 2013) and a range of RTT-like features including decelerated head 
growth, failure to thrive, hypotonia, hand stereotypies, seizures, and 
speech problems (Table 1) (Friez et al., 2006; Lugtenberg et al., 2006). 
Although less common, female patients carrying Xq28 duplication have 

been identified (Bijlsma et al., 2012; Grasshoff et al., 2011; Novara et al., 
2014). They usually show milder symptoms including moderate cognitive 
impairment and social and communication problems. Further increase in 
MECP2 dosage (triplication) results in symptoms similar to the more se-
vere cases of MECP2 duplication including macrocephaly, hypotonia, 
developmental delay, seizures, and regression of neurological functions 
in late childhood (Tang et al., 2012). 

3.2. Expression and molecular function of Mecp2 

During embryogenesis, mouse Mecp2 protein level is low and pro-
gressively increases during the postnatal neuronal maturation (Balmer 
et al., 2003; Kishi and Macklis, 2004; Shahbazian et al., 2002). In mice, 
Mecp2 is widely expressed in all tissues but its expression in neurons is 
10-fold higher than in other cell types (Jung et al., 2003; Skene et al., 
2010). The expression of Mecp2 in post-mitotic neurons suggests a role in 
neuronal maturation rather than early cell fate decision. The widespread 
expression pattern and high abundance also support a global requirement 
for Mecp2 in multiple cell types (Skene et al., 2010). At the cellular level, 
Mecp2 protein is concentrated in the heterochromatic foci of the nucleus 
and has been implicated in organizing chromatin structures such as 
chromatin compaction (Baker et al., 2013; Linhoff et al., 2015). 

Mecp2 was initially identified as a chromatin protein that binds to 
methylated cytosines in the CpG island via the methyl-CpG-binding 
domain (MBD) (Fig. 2A) (Lewis et al., 1992; Nan et al., 1993). Mecp2 
also has a high affinity towards methylated CA nucleotides (mCA) and 
methylated CAC trinucleotides (Chen et al., 2015; Kinde et al., 2015; 
Lagger et al., 2017) but not unmethylated CG dinucleotides (Gabel et al., 
2015). Interestingly, mCA sites are enriched within the gene bodies of 
long genes (>100 kb) expressed in post-mitotic neurons and are corre-
lated with transcriptional repression (Gabel et al., 2015; Guo et al., 
2014; Sugino et al., 2014). On the genome-wide scale, ChIP-sequencing 
confirmed that Mecp2 is widely distributed in the genome but enriched 
within the gene bodies of long genes with high mCA content (Fig. 2B) 
(Boxer et al., 2020; Lagger et al., 2017). Consistent with this finding, 
both bulk RNA-sequencing and single nucleus-sequencing found that 
Mecp2 dysfunction is associated with upregulation of highly methylated 
long genes (Renthal et al., 2018). In addition to gene bodies, Mecp2 also 
binds to transcriptional start sites of highly methylated long genes to 
limit gene expression by reducing the rate of RNA polymerase II initia-
tion (Boxer et al., 2020). By contrast, Mecp2 binding is enriched in 
downregulated genes in Mecp2Tg mice (Chahrour et al., 2008). The in-
verse misregulation of genes in Mecp2 deletion and duplication models 
are consistent with a primary pathogenic effect caused by Mecp2′s 
repressor function. Notably, for subsets of neuronal genes, Mecp2 can 
function as a transcriptional activator via its interaction with 
cAMP-responsive element-binding protein 1 (CREB1) (Chahrour et al., 
2008) or by recruiting histone deacetylase 3 (HDAC3) to deacetylate the 
transcription factor forkhead box O3 (FOXO3) and promotes gene 
expression (Nott et al., 2016). Therefore, Mecp2 has a complex mode of 
action at the molecular level. 

Mecp2 represses gene expression through recruiting corepressors 
and chromatin remodeling complexes such as Sin3a-histone deacetylase 
1/2 (HDAC1/2) complex (Jones et al., 1998; Nan et al., 1997, 1998) and 
nuclear receptor co-repressor (NCoR)-silencing mediator for retinoic 
acid and thyroid hormone receptor (SMRT) complex (Fig. 2B) (Lyst 
et al., 2013). Mecp2 recruits Sin3a and HDACs through its C-terminal 
transcriptional repression domain (TRD) (Nan et al., 1998). Mecp2 
deletion increases histone acetylation in highly methylated long genes, 
consistent with loss of HDAC activity (Boxer et al., 2020). Mecp2′s 
ability to repress the expression of long genes relies on its MBD and 
interaction with the NCoR complex (Boxer et al., 2020). Consistent with 
the important functions of MBD and TRD, a missense mutation in either 
domain is sufficient to cause RTT (Yusufzai and Wolffe, 2000). More-
over, mice overexpressing human MeCP2 proteins with either a mutated 
TRD or MBD domain are healthy and do not show signs of MDS 
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Table 3 
Summary of affected cell types/brain regions and molecular/cellular aberrations in four pairs of monogenic mouse models of syndromic ASDs.  

Diseases [OMIM] Genetic 
disruption 

Cell type-and/or brain region-specific 
physiological and neurobehavioral 
phenotypes 

Molecular 
aberrations 

Cellular aberrations References 

Smith-Magenis 
Syndrome 
[182290] 

Rai1 
deletion 

Glutamatergic neurons (Subcortical): obesity, 
learning deficits, impaired social interaction, 
and motor deficits 

↓ Bdnf 

↓ Spine density 
(prefrontal cortex 
neurons) 

(Burns et al., 2010; Huang et al., 2016b; 
Huang et al., 2018) 

↓ Htr2c 
↓ Pcdh20 
↓ Sema3a 

GABAergic neurons: Learning deficits and 
impaired social interaction 

↓ Pomc 
↑ Leptin 
↑ Ghrelin 

Sim1+: Obesity ↑ Corticosterone 
SF1+: Obesity ↑ Mc4r 

Potocki-Lupski 
Syndrome 
[610883] 

Rai1 
duplication 

CamkII-lineage forebrain neurons: 
Underweight, hyperactive, and impaired 
learning and memory 

Not determined Not determined (Cao et al., 2014) 

Rett Syndrome 
[312750] 

Mecp2 
deletion 

Mechanosensory neurons: Anxiety and social 
& cognitive deficits ↑ Histone 

acetylation of 
methylated long 
genes 

↓ Evoked EPSP 

(Armstrong et al., 1995; Asaka et al., 
2006; Boxer et al., 2020; Calfa et al., 
2015; Chang et al., 2006; Chao et al., 
2010; Chao et al., 2007; Chen et al., 
2001; Dani et al., 2005; Fukuda et al., 
2005; Fyffe et al., 2008; Gemelli et al., 
2006; Huang et al., 2016a; Kishi and 
Macklis, 2004; Lioy et al., 2011; Meng 
et al., 2016; Miyake et al., 2011; Moretti 
et al., 2006) 

↓ mEPSP frequency 
Normal mIPSPs 
(somatosensory cortex) 

CamkII lineage forebrain neurons: Hindlimb 
clasping, impaired motor coordination, 
increased anxiety, and abnormal social 
interaction 

↓ mIPSP amplitude 
(CA3 pyramidal 
neurons) 

HoxA4+ neurons (brain stem & spinal cord): 
Abnormal breathing 

↑ PcdhB1 ↓ Glutamatergic 
synapses 

↑ Pcdh7 ↓ Paired pulse ratio 
Sim1+ neurons:Aggression, increased feeding, 
and altered stress response 

↓ Bdnf 

Impaired Hippocampal 
LTP and LTD 

↓ Dendritic branch, 
spine density, and 
neuronal size 

Glutamatergic neurons: Obesity, tremor, 
impaired acoustic startled response, and 
altered anxiety like behavior 
GABAergic neurons: Repetitive behavior, 
respiratory dysfunction, progressive motor 
dysfunction, hypoactivity, social deficits, 
impaired sensorimotor response, and 
impaired learning and memory 
Astrocytes: Respiratory dysfunction, anxiety, 
and latered locomotion 

MECP2 
Duplication 
Syndrome 
[300260] 

Mecp2 
duplication 

Not determined 

↑ Crh 

↑ Evoked EPSP 

(Chao et al., 2007; Collins et al., 2004;  
Jiang et al., 2013; Na et al., 2012;  
Samaco et al., 2012) 

↑ mEPSP frequency 
↑ Glutamatergic 
synapses 

↑ Oprm1 

↑ Paired pulse ratio 
↑ Hippocampal LTP 
↑ Spine density (young 
mice) 
↑ Apical dendritic arbor 
overgrowth (pyramidal 
neurons) 

Phelan-McDermid 
Syndrome 
[606232] 

Shank3 
deletion 

ACC-specific Shank3 knockout: ↓ Social 
interaction 

↓ SAPAP3 
↓ PSD thickness & 
length 

(Chen et al., 2020; Mei et al., 2016; Peca 
et al., 2011; Peixoto et al., 2016; Wang 
et al., 2017a; Wang et al., 2011; Yi et al., 
2016; Yoo et al., 2019a) 

↓ Homer-1 ↓ Spine volume 

↓ PSD93 ↓ Dendritic spine 
density 

D2 dopamine receptor-expressing medium 
spiny neurons: ↑ Self-grooming 

↓ GluA1 & GluA2 
(AMPA receptor 
subunits) 

↑ Spine elongation 
↓ Dendritic complexity 
↑ Striatal mEPSP (early 
development) 
↓ mEPSP (adulthood) 
↓ Evoked EPSP 
amplitude 

Inhibitory neurons(somatosensory cortex): 
Stimulus hyperreactivity Glutamatergic 
neurons (mPFC): ↑ Direct social interaction, 
excessive self-grooming 

↓ Striatal basal 
excitatory synaptic 
transmission  
↑ Striatal 
excitability  
↓ Hippocampal LTP  

22q13 
Duplication 
Syndrome 
[615538] 

Shank3 
duplication 

Not determined ↑ F-actin 
cytoskeleton 

↑ Number of excitatory 
synapses 

(Durand et al., 2012; Han et al., 2013M) ↑ Spine density 
↑ mEPSP frequency 
↓ Number of inhibitory 
synapses 

Angelman 
Syndrome 
[105830] 

Ube3a 
deletion 

GABAergic neurons: EEG abnormalities and 
enhanced seizure susceptibility 

↑ p53 level ↓ LTP (hippocampal CA 
synapses, visual cortex) 

(Cao et al., 2013; Egawa et al., 2012;  
Greer et al., 2010; Jiang et al., 1998;  

(continued on next page) 
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(Heckman et al., 2014). Therefore, both MBD and TRD are required for 
toxicity in the context of MDS. 

3.3. Neuronal and behavioral functions of Mecp2 

Shortly after the discovery of the genetic link to RTT, mice lacking 
Mecp2 were generated (Chen et al., 2001; Guy et al., 2001). Mecp2 

hemizygous male mice appear normal in early life but become hypo-
active and show uncoordinated gait between 3–8 weeks of age. This is 
associated with reduced brain weight and neuronal size. They soon 
become obese and show irregular breathing and hindlimb clasping, and 
50 % of them die around 10 weeks of age. Mecp2-null male mice are 
more frequently used for pre-clinical research because their phenotypes 
are more severe and early-onset. Female mice with mosaic Mecp2 loss 

Table 3 (continued ) 

Diseases [OMIM] Genetic 
disruption 

Cell type-and/or brain region-specific 
physiological and neurobehavioral 
phenotypes 

Molecular 
aberrations 

Cellular aberrations References 

Judson et al., 2016; Weeber et al., 2003;  
Yashiro et al., 2009) 

↓ Cortical synapse 
maturation 
↓ Absent LTD 
(neocortex) 
↓ mEPSP frequency 

↓ Bdnf signaling 

↓ Dendritic spike 
density (visual cortex) 
↓ Number of AMPA 
receptors (hippocampal 
neurons) 

↑ Arc ↑ sEPSP frequency & 
amplitude 

↓ CaMKII activity 

↓ sIPSP frequency & 
amplitude 
↑ sEPSP/sIPSP ratio 
(layer 5 pyramidal 
neurons) 
↓ Tonic inhibition of 
cerebellar granule cells 

Dup15q 
Syndrome 
[608636] 

Ube3a 
duplication 

Glutamatergic neurons (VTA): 
↓ Arc, ↓ Cbln1 

↓ sEPSP frequency & 
amplitude (layer 2/3 
pyramidal neurons) 

(Krishnan et al., 2017; Smith et al., 
2011) 

↓ Sociability ↑ Paired-pulse ratio 

↑: Increased; ↓: Decreased. 

Fig. 2. Molecular and neuronal function of MECP2. (A) Functional domains and their locations on the human MECP2 protein. NTD: N-terminal domain, MBD: 
methyl-CpG-binding domain, ID: intervening domain, TRD: transcriptional repression domain, CTD: C-terminal deletion. (B) A schematic illustrating that Mecp2 
binds to mCA/mCG to repress gene expression and binds to promoters to activate gene expression. GabrB3: gamma-aminobutyric acid receptor subunit beta-3, Fxyd1: 
FXYD domain containing ion transport regulator 1, PcdhB1: protocadherin beta 1, Pcdh7: protocadherin-7, Cntn4: contactin 4, Crh: corticotropin-releasing hormone, 
Igfbp3: insulin-like growth factor binding protein 3, Sgk1: serum/glucocorticoid regulated kinase 1, Fkbp5: FK506 binding protein 5, NCoR: nuclear receptor co- 
repressor, HDAC1/2: histone deacetylases 1/2, CREB1: cAMP- responsive element-binding protein 1, HDAC3: histone deacetylase 3. (C) Mecp2 dosage-imbalance 
in mice causes opposing cellular and neuronal activity level deficits. 
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appear normal for the first 4 months of life and eventually develop 
obesity, hypoactivity, and ataxia. They show a slower regression and 
their phenotypes are more variable due to random X chromosome 
inactivation (Table 2). 

Brain-specific Mecp2 deletion in mice recapitulates many RTT-like 
features (Chen et al., 2001), highlighting a critical role for Mecp2 ac-
tivity in brain function. Conditional deletions of Mecp2 from forebrain 
neurons (Gemelli et al., 2006), brainstem and spinal cord (Huang et al., 
2016a), hypothalamic neurons (Fyffe et al., 2008), glutamatergic neu-
rons (Meng et al., 2016), GABAergic neurons (Chao et al., 2010; 
Ito-Ishida et al., 2015; Ure et al., 2016), and astrocytes (Lioy et al., 2011) 
induce a portion of neurobehavioral features seen in Mecp2-null mice 
(Table 3). The behavioral deficits of each conditional mutant correspond 
to the function of the targeted cell types, supporting an emerging theme 
that Mecp2 performs related neural functions across brain regions. This 
is distinct from conditional Rai1 mutant mice showing that not all brain 
regions require Rai1 for proper neurobehavioral functions (Huang et al., 
2016b). Remarkably, mice with GABAergic neuron-specific Mecp2 
deletion recapitulate most features of Mecp2-null mice (Chao et al., 
2010), consistent with a critical role for GABAergic signaling. 

ASD patients and mouse models are characterized with atypical 
sensory responses including hypersensitivity and reactivity to sensory 
input (Gogolla et al., 2014; Orefice et al., 2016). Selectively deleting 
Mecp2 from mechanosensory neurons causes social and cognitive 
behavior deficits as well as anxiety-like features (Orefice et al., 2016). By 
contrast, Mecp2 loss in primary somatosensory neurons results in modest 
social behavior deficits without inducing anxiety-like behaviors. This 
suggests that somatosensory circuits contribute to social dysfunction 
and anxiety in ASDs. 

Mecp2 transgenic mice (Mecp2Tg) that mimic MDS have progressive 
neurobehavioral abnormalities, hypoactivity, forepaw clasping, sei-
zures, and enhanced fear learning and memory (Collins et al., 2004). 
Selective Mecp2 overexpression in post-mitotic neurons induces growth 
retardation, ataxia, tremor, excessive grooming, and heightened anxiety 
(Luikenhuis et al., 2004; Na et al., 2012). Similar to patients with RTT 
and MDS, loss and gain of Mecp2 in mice result in many overlapping 
neurobehavioral and physiological phenotypes including reduced life-
span, ataxia, anxiety, and increased seizure susceptibility. By contrast, 
body weight and fear learning and memory are regulated in opposite 
directions by Mecp2 dosage imbalance (Pelka et al., 2006), whereas 
irregular breathing and tremor are unique to Mecp2 loss (Table 2). 

Alterations in synaptic transmission and plasticity are observed in 
mice with Mecp2 deletion and duplication. The magnitude of action 
potential-evoked excitatory postsynaptic currents (eEPSCs) is decreased 
in Mecp2-null and increased in Mecp2Tg neurons when compared to wild- 
type neurons (Chao et al., 2007). Mecp2-null neurons also show 
decreased miniature EPSC (mEPSC) frequency, whereas Mecp2Tg neu-
rons show increased mEPSC frequency (Fig. 2C). Inhibitory neuro-
transmission is also differentially affected in brain regions; miniature 
inhibitory postsynaptic currents (mIPSCs) recorded from Mecp2-null 
somatosensory cortex are largely normal (Dani et al., 2005), but hip-
pocampal CA3 pyramidal neurons show a more moderate mIPSC defect 
(Calfa et al., 2015). Loss and gain of Mecp2 also decrease and increase 
the number of glutamatergic synapses, respectively (Fig. 2C) (Chao 
et al., 2007). The changes in synapse number normalize over time, 
suggesting the engagement of a homeostatic mechanism. Mecp2 loss is 
also associated with reduced paired-pulse ratio, a form of short-term 
plasticity reflective of neurotransmitter release probability (Asaka 
et al., 2006; Moretti et al., 2006). Rapid short-term synaptic depression 
is also affected upon Mecp2 deletion (Nelson et al., 2006). On the con-
trary, Mecp2 duplication causes increased paired-pulse responses 
(Collins et al., 2004; Na et al., 2012), supporting the idea that Mecp2 
dosage imbalance bidirectionally controls short term plasticity. 
Long-term plasticity is also closely correlated with Mecp2 levels. 
Mecp2-null mice show impaired hippocampal long-term potentiation 
(LTP) and long-term depression (LTD) (Asaka et al., 2006; Moretti et al., 

2006), whereas Mecp2Tg mice show enhanced hippocampal LTP (Collins 
et al., 2004). Therefore, loss and gain of Mecp2 regulate synaptic plas-
ticity in opposing directions, consistent with opposing fear learning 
phenotypes (Collins et al., 2004; Pelka et al., 2006). Defective neuronal 
plasticity is commonly associated with dendritic morphology defects. 
RTT patients and Mecp2-deficient mice show decreased dendritic 
branch, spine density, and neuronal size (Armstrong et al., 1995; Chen 
et al., 2001; Fukuda et al., 2005; Kishi and Macklis, 2004). By contrast, 
in mouse models of MDS, spine density is higher in young mice (Jiang 
et al., 2013) but decreases as age progresses, coinciding with the onset of 
behavioral deficits. Mecp2 overexpression also induces apical dendritic 
arbor overgrowth of layer 5 pyramidal neurons (Jiang et al., 2013). 
Altogether, a proper Mecp2 level is crucial for structural dendritic 
development and synaptic function. 

On the circuit level, gain or loss of Mecp2 similarly increases syn-
chronous neuronal firing in CA1 (Lu et al., 2016b). Therefore, MECP2 
disorders may share similar circuit-level dysfunction. This is surprising 
because Mecp2-null neurons show a decreased calcium event rate and 
amplitude, while Mecp2Tg-neurons show an opposite phenotype. While 
most studies disrupt Mecp2 function in early development, increasing 
evidence indicates that delayed Mecp2 loss recapitulates the gene mis-
expression, neurobehavioral defects (Cheval et al., 2012; McGraw et al., 
2011), and reduced dendritic complexity (Du et al., 2016) observed in 
germline knockouts. For example, Mecp2 activity is critically required 
after 15 weeks of age. Loss of Mecp2 at this stage (and onward) causes 
rapid deterioration of neurological function and lethality within days 
(Cheval et al., 2012; Du et al., 2016). This suggests that Mecp2 function 
is required for continuous function and stabilization of the mature 
neural network. These findings have important clinical implications 
because this implies that treatment for RTT should be maintained 
throughout life. 

3.4. Summary 

Mecp2 is an important chromatin protein that regulates many steps 
of neural development throughout life from neurogenesis to synaptic 
connections and behaviors. The primary function of Mecp2 is likely to 
repress gene expression in a NCoR- and DNA methylation-dependent 
manner. Unlike classical transcription factors that have sequence- 
specificity, Mecp2 binds globally in the genome through recognizing 
mCG and mCA dinucleotides. Neuronal genes longer than 100 kb with 
high mCA content are preferentially upregulated upon Mecp2 loss. 
Mecp2 also localizes to transcriptional start sites and represses gene 
expression by reducing RNA polymerase II initiation. Intriguingly, 
Mecp2′s repressor function is neuronal subtype-dependent (Sugino 
et al., 2014) and Mecp2 mutation-specific (Johnson et al., 2017). 
Detailed analysis of gene expression kinetics in Mecp2-deleted or 
Mecp2-duplicated cells will provide a better understanding of how 
Mecp2 dosage imbalance drives gene expression in opposite directions. 
Patients with MECP2 deletion and duplication share autistic features, 
seizures, motor impairments, stereotyped behaviors, and intellectual 
disability. Paradoxically, halving or doubling Mecp2 levels causes in-
verse patterns of gene expression, dendritic morphology, synapse 
strength and number, and short- and long-term plasticity in mice. Gain 
and loss of Mecp2 result in neuronal hyper-synchrony, which if gener-
alizable to other brain regions, could be a promising avenue for therapy. 

4. Phelan-McDermid Syndrome versus 22q13 Duplication 
Syndrome 

4.1. Genetics and clinical features 

In the mammalian brain, the post-synaptic density (PSD) is a 
specialized protein complex at synaptic junctions that regulates synaptic 
transmission and plasticity (Ziff, 1997). PSD complex is composed of 
receptors, scaffolding proteins, signaling molecules, and cytoskeletal 
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proteins. Its molecular composition shows brain region-specificity 
(Cheng et al., 2006). Notably, genes encoding synaptic proteins are 
commonly deleted or duplicated in ASDs (De Rubeis et al., 2014; Zoghbi 
and Bear, 2012). For instance, Phelan-McDermid Syndrome (PMS, 
OMIM # 606,232) and 22q13 Duplication Syndrome (also known as 
SHANK3 Duplication Syndrome, OMIM # 615,538) are caused by ter-
minal or interstitial deletion (Herman et al., 1988; Watt et al., 1985) and 
duplication (Durand et al., 2007) of 22q13.3, respectively. The 
dosage-sensitive gene within 22q13 region responsible for neurological 
impairments in PMS was identified as SH3 and multiple ankyrin repeat 
domains 3 (SHANK3 gene, also known as ProSAP) (Luciani et al., 2003; 
Wilson et al., 2003). SHANK3, which belongs to the SHANK family, 
encodes SHANK3, a protein tethered at the PSD of nearly all mammalian 
excitatory synapses (Naisbitt et al., 1999). SHANK1 (Sato et al., 2012) 
and SHANK2 (Berkel et al., 2010), which encode the SHANK1 and 
SHANK2 proteins, respectively, are also implicated in ASDs, supporting 
a general conclusion that SHANK family proteins are crucial for social 
function. 

PMS can be caused by various genetic lesions. While de novo deletion 
of paternal 22q13 accounts for most PMS cases, 20 % of patients carry a 
balanced rearrangement (Wilson et al., 2003). The sizes of deletion re-
gions in PMS are highly variable (ranging from 0.1 to 10 Mb) because 
they don’t have common breakpoints (Sarasua et al., 2011; Wilson et al., 
2003). Missense, frameshift, and splice-site mutations in SHANK3 cause 
a monogenic form of ASD that does not fit the PMS profile and accounts 
for >0.5 % of all ASD cases (Durand et al., 2007; Leblond et al., 2014; 
Moessner et al., 2007). The mutation frequency of SHANK3 increases to 
2 % in children with intellectual disability (Cooper et al., 2011). Most 
SHANK3 point mutations are de novo mutations but can also be inherited 
from parents (Boccuto et al., 2013). Intragenic deletions of SHANK3 
exons 1–9 or exons 1–17 have also been reported (Bonaglia et al., 2011). 
Therefore, different types of mutations and deletions containing 
SHANK3 may explain the wide spectrum of symptomology. Common 
symptoms include infantile hypotonia, intellectual impairment, global 
developmental delay, absent to severely delayed speech, minor dys-
morphic features, and high prevalence of autistic features (Table 1) 
(Kolevzon et al., 2014; Soorya et al., 2013). Some PMS individuals also 
have seizures, cardiac and renal abnormalities, atypical bipolar disor-
der, increased tolerance to pain, and hearing and visual impairments 
(Phelan and McDermid, 2012; Phelan et al., 1993; Verhoeven et al., 
2012). In summary, consistent with its genetic heterogeneity, the clin-
ical presentations of PMS are also highly variable. 

Duplication of 22q13.3 is less common than PMS and is predomi-
nantly inherited from parents with balanced rearrangements (Durand 
et al., 2007; Jafri et al., 2011; Moessner et al., 2007) and occasionally 
through de novo events (Okamoto et al., 2007). The duplications often 
involve large genomic regions (>0.8 Mb) containing more than 20 
genes. However, identification of small 22q13.3 duplications containing 
only SHANK3 and ACR (encoding Acrosin, a proteinase only expressed 
in sperm) establishes an important link for SHANK3 duplication and 
neurological symptoms (Han et al., 2013). The clinical presentations are 
also variable, including attention deficit hyperactivity disorder (ADHD), 
destructive behavior, Asperger syndrome, hyperkinesis, auditory over-
stimulation, hyperphagia, seizure, learning problems, and bipolar dis-
order (Durand et al., 2007; Han et al., 2013). Collectively, these findings 
demonstrate that the proper dosage of SHANK3 is important for brain 
function (Table 1). 

4.2. Expression and molecular function of Shank3 

The mouse Shank3 gene contains 22 exons and its expression is under 
complex transcriptional regulation by intragenic promoters and alter-
natively spliced exons (Maunakea et al., 2010; Wang et al., 2014). 
Shank3 expression is also regulated by tissue-specific DNA methylation 
(Ching et al., 2005). These mechanisms result in an array of mRNA and 
protein products expressed in a tissue-specific manner. In the mouse 

brain, Shank3 is widely expressed in the cortex, hippocampus, thalamus, 
and striatum (Peca et al., 2011). Shank3 protein isoforms have distinct 
expression patterns. For example, Shank3a and Shank3e are highly 
expressed in the striatum and are present in other forebrain structures, 
Shank3b is widely expressed in the brain in low levels, and Shank3c and 
Shank3d are enriched in the cerebellum (Wang et al., 2014). At the 
cellular level, Shank3a, Shank3c, and Shank3e are localized in the 
cytoplasm, and Shank3b is enriched in the nucleus (Wang et al., 2014). 
This suggests a tissue-, isoform-, and subcellular-specific function. 
Developmentally, Shank3 level is low during the neonatal stage, but 
increases in the striatum at the second week of life (Bockers et al., 2001, 
2004), coinciding with activity-dependent synaptic maturation. Inter-
estingly, the precise level of Shank3 is regulated by the ubiq-
uitin–proteasome system downstream of synaptic activity (Ehlers, 2003; 
Kerrisk Campbell and Sheng, 2018). Reducing synaptic activity causes 
decreased Shank3 ubiquitination and increased Shank3 protein level, 
whereas increasing synaptic activity promotes ubiquitination and 
degradation of Shank3. This could affect PSD structure and morphology 
and potentially serve as a therapeutic entry point for modulating Shank3 
abundance. 

Shank3 isoforms are composed of unique combinations of different 
protein domains. Shank3a is the longest isoform, containing five domains 
including (from N to C terminal): an ankyrin repeat (ANK) domain, an src 
homology 3 (SH3) domain, a PSD-95/discs large/ZO-1 (PDZ) domain, a 
proline-rich region containing homer- and cortactin-binding sites (PRO), 
and a sterile alpha motif (SAM) domain (Fig. 3A) (Monteiro and Feng, 
2017). Interestingly, each of these domains is responsible for binding 
specific sets of proteins to regulate synaptic structure and function 
(Fig. 3B). The ANK domain interacts with PSD protein Sharpin and cyto-
skeletal protein α-fodrin (Bockers et al., 2001; Lim et al., 2001). The SH3 
domain binds to calcium channel Cav1.3 and glutamate receptor GluR-
delta2 (Uemura et al., 2004; Zhang et al., 2005). Shank3-Cav1 interaction 
regulates calcium currents in a dose-dependent manner (Pym et al., 2017). 
The SH3 domain also interacts with glutamate receptor-interacting pro-
tein 1 (GRIP1) in order to assist trafficking of the α-amino-3--
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (Lu and 
Ziff, 2005; Wyszynski et al., 2002). The PDZ domain is important for 
Shank3′s interaction with synaptic membrane protein SAPAP1, PSD pro-
teins ProSAP-interacting protein 1 (ProSAPiP1) and ProSAP-interacting 
protein 2 (ProSAPiP2), and GluR1 subunits of AMPA receptor (Liebau 
et al., 2009; Naisbitt et al., 1999; Uchino et al., 2006; Wendholt et al., 
2006). Shank3-ProSAPiP1 interaction is important for dendritic spine 
maturation (Reim et al., 2016). The PRO domain binds to PSD proteins 
Homer1, GTPase Dynamin-2, actin-binding protein Abp1, and Contractin 
(Hayashi et al., 2009; Naisbitt et al., 1999; Okamoto et al., 2001; Qual-
mann et al., 2004; Tu et al., 1999). Such extensive protein-interacting 
network allows Shank3 to functionally couple different synaptic pro-
teins. For example, Shank3-Homer interaction connects the metabotropic 
receptor (mGluR) with N-methyl-D-aspartate receptor (Tu et al., 1999, 
1998). The C-terminal SAM domain mediate self-multimerization and 
Shank3 synaptic targeting (Baron et al., 2006; Boeckers et al., 2005). 

Different combinations of Shank3 protein domains are included in 
various Shank3 isoforms. For example, Shank3b lacks the PRO domain, 
Shank3c and Shank3d lack the N-terminal ANK and SH3 domain, and 
Shank3e and Shank3f lack the ANK, SH3, and PDZ domains (Wang et al., 
2014). Importantly, ASD-causing SHANK3 mutations affect selective 
isoforms and protein domains. Mutations in exon 4 affect the ANK 
domain included in the Shank3a and Shank3b isoforms (Boccuto et al., 
2013), whereas mutations in exon 21 affect the PRO domain included by 
all but the Shank3b isoform (Boccuto et al., 2013; Durand et al., 2007; 
Leblond et al., 2014). Therefore, determining the molecular perturba-
tions caused by distinct SHANK3 mutations requires detailed knowledge 
about how each functional domain mediates protein interactions. 

Loss of Shank3 leads to significant changes in PSD protein compo-
sition such as reduced levels of SAPAP3, Homer-1 and PSD93 (Mei et al., 
2016; Peca et al., 2011). The levels of PSD receptors including AMPA 
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receptor subunits GluA1 and GluA2 (Wang et al., 2011) and NMDA re-
ceptor subunits GluN2A and GluN2B (Peca et al., 2011) are also reduced. 
The gain of Shank3 (Shank3Tg), on the other hand, causes an abnormal 
increase of F-actin cytoskeleton in the excitatory synapses mediated by 
actin-related protein 2/actin-related protein 3 (Arp2/3) complex. This 
leads to decreased localization of actin cytoskeletal proteins Mena and 
Profilin in the inhibitory synapses and a subsequent reduction of 
inhibitory synapses in the Shank3Tg mice (Han et al., 2013). At the 
transcriptional level, loss and gain of Shank3 affect the expression of 
different groups of striatal genes (Lee et al., 2019). This is in contrast to 
Mecp2 dosage imbalance, which induces similar sets of target genes to be 
misregulated in opposite directions (Chahrour et al., 2008). Altogether, 
gain and loss of Shank3 alter molecular composition in PSD in opposite 
directions in a brain region- and exon-specific manner (Jiang and Ehlers, 
2013; Schmeisser et al., 2012). 

4.3. Neuronal and behavioral functions of Shank3 

Shank3 is important for dendritic spine size, shape, and synaptic 
functions. Electron microscopy experiments found decreased PSD 
thickness and length and decreased spine volume in Shank3-deficient 
mice (Peca et al., 2011). Shank3 deletion also causes spine elongation 
and reduced dendritic spine density (Wang et al., 2011), consistent with 
a role for Shank3 in dendritic spine development and maturation. 
Dendritic complexity is also reduced upon Shank3 deletion (Chen et al., 
2020). In parallel to structural changes, synaptic transmission is also 
affected. Loss of Shank3 increases striatal mEPSC in early development 
(Peixoto et al., 2016) and reduces mEPSC in adulthood (Peca et al., 
2011), consistent with a precocious maturation. The amplitude of 
evoked EPSC is also reduced in mouse and human neurons hap-
loinsufficient for Shank3 (Yi et al., 2016). Homozygous Shank3 deletion 
aggravates the synaptic dysfunction seen in Shank3 heterozygous mu-
tants (Yi et al., 2016), suggesting that synaptic function is sensitive to 
Shank3 abundance. While Shank3 deletion is generally associated with 

reduced striatal basal excitatory synaptic transmission, striatal excit-
ability is increased, potentially due to increased incoming cortical ac-
tivity (Peixoto et al., 2016). Shank3 is also involved in synaptic 
plasticity, as exemplified by reduced LTP at hippocampal Schaffer col-
laterals and CA1 synapses in Shank3-deficient mice (Bozdagi et al., 
2010). By contrast, Shank3 overexpression increases the amount of 
F-actin, results in accelerated spine morphological maturation, and in-
creases the number of excitatory synapses (Durand et al., 2012; Han 
et al., 2013). Spine density and mEPSC frequency are also increased 
upon Shank3 overexpression. The number of inhibitory synapses is 
decreased by a gain of Shank3, resulting in a neural circuit that favors 
excitation (Han et al., 2013). 

Shank3 mutant mice display a dramatic reduction of social interac-
tion in multiple measurements including the three-chamber social 
arena, reciprocal interaction in an open arena, social sniffing, and ul-
trasonic vocalizations (Table 2) (Bozdagi et al., 2010; Peca et al., 2011; 
Wang et al., 2011). Intriguingly, selective deletion of Shank3 in the 
anterior cingulate cortex (ACC) reduces AMPA-mediated mEPSC fre-
quency and amplitude and AMPAR-NMDAR ratio (Chen et al., 2020). 
Behaviorally, ACC-specific Shank3 knockout is sufficient to cause 
decreased social interaction. Another characteristic of ASD is repetitive 
motor behavior (DSM-5, 2013). Shank3 mutant mice show increased 
repetitive behaviors like excessive self-grooming (Wang et al., 2011). 
This is associated with reduced glutamatergic transmission onto the D2 
dopamine receptor-expressing medium spiny neurons (MSNs) of the 
striatum but not D1 MSNs in Shank3 mutant mice (Wang et al., 2017a). 
Intriguingly, chemogenetic-mediated enhancement of D2 MSN activity 
reduces repetitive grooming in Shank3 mutant mice, supporting the 
notion that Shank3 regulates the activity balance of striatal pathways. 
Other behavioral deficits in long-term and remote memory, behavioral 
inflexibility, and motor function are also observed in Shank3 mutant 
mice (Wang et al., 2011). The bodyweight of Shank3-deficient mice is 
also slightly increased at 8–12 months of age (Wang et al., 2011), 
consistent with mild overgrowth of PMS patients (Phelan, 2008). Similar 

Fig. 3. Molecular and neuronal function of SHANK3. (A) Functional domains and their locations on the human SHANK3 protein. ANK: ankyrin repeat domain, SH3: 
src homology 3 domain, PDZ: PSD-95/discs large/ZO-1 domain, PRO: proline-rich region, SAM: sterile alpha motif domain. (B) Examples of Shank3-interacting PSD 
proteins at synapses. AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, NMDAR: N-methyl-D-aspartate receptor, mGluR: metabotropic 
glutamate receptor, Sharpin: SHANK associated RH domain interactor, GRIP1: Glutamate receptor-interacting protein 1, ProSAPiP 1/2: PSD proteins ProSAP- 
interacting protein 1/2, PSD95: postsynaptic density protein 95, SAPAP: synapse-associated protein 90/postsynaptic density-95–associated protein, Abp1:auxin 
binding protein 1, Homer 1: homer protein homolog 1. (C) Dosage-imbalance of Shank3 in mice results in a shift in the balance between excitation and inhibition by 
changing the structure and function of dendritic spines. 
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to Mecp2-deficient mice, Shank3 mutant mice exhibit altered tactile 
discrimination and hypersensitivity to gentle touch (Orefice et al., 
2016). In addition, stimulus hyperreactivity in Shank3-null mice is 
caused by decreased spontaneous and evoked-activity of inhibitory 
neurons in the somatosensory cortex, which drives the hyperexcitability 
of excitatory neurons (Chen et al., 2020). Together, these data demon-
strate that Shank3 regulates a wide range of synaptic and neurophysi-
ological functions of many neuronal subtypes. 

The spectrum of behavioral deficits is closely linked to Shank3 
isoform-specific disruptions. For example, ASD-linked (InsG3680) and 
schizophrenia-linked (R1117X) Shank3 mutations encode distinct 
Shank3 mRNA and protein products (Zhou et al., 2016). Young mice 
carrying InsG3680 but not R1117X mutation exhibit reduced striatal 
field population spikes and increased compensatory mEPSC amplitude. 
In adults, Shank3 mutant mice carrying either mutation also show 
defective striatal synaptic transmission. However, only R1117X muta-
tion but not InsG3680 is associated with profound cortical synaptic 
defects. Both mutant models exhibit similar motor learning and coor-
dination deficits, anxiety-like behaviors, reduced response to pre-pulse 
inhibition, and social interaction deficits. Interestingly, InsG3680 
mutant but not R1117X mutant mice show skin lesions associated with 
excessive grooming and compulsive behaviors. Another autism-linked 
Shank3 S685I mutation diminishes Shank3-Abl (a subunit of WAVE 
regulatory complex) interaction and causes defective actin nucleation 
(Wang et al., 2019b). Loss of Shank3-Abl interaction reduces spine 
density and mEPSC frequency, increases sniffing and allogrooming 
behavior, and decreases ultrasonic vocalization. This supports the 
notion that different Shank3 mutations drive neurological deficits 
through diverse mechanisms at distinct developmental stages. 

Shank3Tg mice overexpressing Shank3 by 1.5-fold show increased 
locomotor activity and hyperactivity, which is aggravated by acute in-
jection of amphetamine (Han et al., 2013). This is consistent with a 
mania-bipolar disorder-like feature (Shaltiel et al., 2008). Unlike 
Shank3-deficient mice, Shank3Tg mice do not exhibit repetitive behavior, 
but display decreased social interaction, reduced ultrasonic vocaliza-
tion, elevated acoustic startle response with reduced prepulse inhibition, 
abnormal circadian rhythms, hyperphagia, and spontaneous seizures 
(Table 2). Hyperexcitability discharges, increased excitatory synapses, 
and decreased inhibitory synapses in the Shank3Tg brains indicate an 
unbalanced excitation and inhibition (Fig. 3C). Interestingly, while 
normal basal transmissions remain intact in the Schaffer collateral-CA1 
synapses of Shank3Tg mice, the frequency of GABAA receptor-mediated 
mIPSC is reduced. Taken together, Shank3 duplication in mice induces 
hyperkinetic phenotypes that resemble mania and show neuronal 
hyperexcitability. 

4.4. Summary 

Shank3 is an important scaffolding protein localized in the distal area 
of PSD that interacts directly or indirectly with multiple PSD proteins 
including glutamate receptors, adaptor and scaffolding proteins, and 
cytoskeletal and signaling molecules. Shank3 dosage imbalance is 
detrimental to the structure and function of dendritic spines, causing a 
shift in the balance between excitation and inhibition. Loss of Shank3 
reduces synaptic proteins and impairs glutamatergic transmission in 
excitatory synapses, whereas gain of Shank3 disrupts inhibitory synap-
ses and neurotransmission, driving hyperexcitability. Shank3-deficient 
mice are hyposocial, show repetitive grooming behavior, memory def-
icits, and motor dysfunction. Shank3Tg mice are also hyposocial and 
show hyperactivity, mania-like features, and seizures. Therefore, Shank3 
dosage imbalance causes social dysfunction and several disease-specific 
features. Symptoms associated with SHANK3 mutations are highly 
variable because each affected protein domain has specific sets of 
interacting partners. Adding to the complexity, each SHANK3 isoform 
contains different protein-interacting domains and is localized to 
distinct subcellular compartments and brain regions. Therefore, 

SHANK3 mutations could result in both distinct and shared defects at the 
molecular, synaptic, circuit, and behavioral levels (see Table 2 for ex-
amples of how different Shank3 mutations affect mouse behavior). It 
remains to be determined if different SHANK3 point mutations affect 
similar or distinct downstream synaptic pathways across the brain. 
Together, PMS and 22q13 duplication syndrome highlight the func-
tional maturation of synapses in many brain regions including social 
circuits that are sensitive to SHANK3 dosage. Understanding pathogenic 
pathways associated with each SHANK3 mutation in disease-relevant 
brain regions is an important first step towards developing targeted 
therapies. 

5. Angelman Syndrome versus Dup15q Syndrome 

5.1. Genetics and clinical features 

Genomic imprinting is an epigenetic mechanism that regulates 
monoallelic expression of about 100–200 genes required for proper 
development (Monk et al., 2019). During gametogenesis, methyl groups 
are covalently added onto the GC rich DNA regions called imprinting 
regions in a parental-origin-specific fashion (Monk et al., 2019). Defects 
in imprinting are responsible for several human disorders. An example is 
Angelman Syndrome (AS, OMOM #105,830), a severe neuro-
developmental disorder affecting approximately 1 in 15,000 in-
dividuals. The genomic locus of AS is localized on the long arm of 
chromosome 15 between bands q11 and q13 (15q11-q13) containing 
~40 genes (Magenis et al., 1987). Remarkably, AS only occurs when 
maternal chromosome 15 is deleted (Knoll et al., 1989), whereas de-
leting paternal 15q11-q13 causes Prader-Willi Syndrome (PWS, OMIM # 
176,270) (Butler and Palmer, 1983), an entirely different disorder 
characterized by hyperphagia and obesity. Interestingly, some AS pa-
tients carry two copies of paternal chromosome 15 (Malcolm et al., 
1991), and some PWS patients carry two maternal chromosomes 15 
(Nicholls et al., 1989), suggesting that these loci are subjected to 
genomic imprinting. 

It was later found that paternal imprinting of a dosage-sensitive gene 
within 15q11-q13, Ubiquitin protein ligase E3A (UBE3A), is responsible 
for AS (Albrecht et al., 1997; Kishino et al., 1997; Matsuura et al., 1997; 
Rougeulle et al., 1997). Unlike most imprinted genes, the promoter of 
UBE3A is completely unmethylated in both parental chromosomes. 
However, UBE3A expression from the paternal allele is suppressed by a 
non-coding antisense transcript SNHG14 (also known as UBE3A-ATS) 
(Meng et al., 2012; Rougeulle et al., 1997; Runte et al., 2001) local-
ized within an imprinting center called small nuclear 
ribonucleoprotein-associated protein N (SNRPN) region (Buiting et al., 
1995; Sutcliffe et al., 1994). In humans and mice, UBE3A is only 
imprinted in neurons (Albrecht et al., 1997; Vu and Hoffman, 1997). 
Therefore, in the neurons of normal individuals, SNHG14 transcript 
expression is initiated by the paternal promoter of SNRPN and extends 
into the UBE3A genomic region. This potentially causes RNA polymerase 
II proteins that transcribe SNHG14 and UBE3A in opposite directions to 
collide and interfere with paternal UBE3A expression (Meng et al., 
2013). As a result, normal individuals only express UBE3A from the 
maternal chromosome. In non-neuronal tissues, SNHG14 mRNA does 
not extend to UBE3A (Runte et al., 2004), allowing UBE3A to be 
expressed from both parental chromosomes. AS patients do not express 
maternal UBE3A due to maternal 15q11-q13 deletions containing 
UBE3A (75 %) or point mutations in UBE3A (20 %) (Kishino et al., 1997; 
Lossie et al., 2001; Matsuura et al., 1997). Less common causes of AS 
include paternal uniparental disomy (2 %) and imprinting defect (3 %). 
AS patients with large deletions show more severe symptoms compared 
to other genotypes, suggesting that other genes within 15q11–q13 
modify disease severity. 

AS was first observed in three patients described as “Puppet Chil-
dren” that exhibited microcephaly, seizures, diminished cognitive skills, 
and motor anomalies such as ataxia, hypotonia, and hyperreflexia 
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(Buiting et al., 2016; Hart, 2008). Psychomotor delay typically develops 
at 6 months of age, and seizures become evident at 1–3 years of age and 
persist into adulthood (Larson et al., 2015). 80 % of AS patients show 
notched δ and rhythmic θ activity, as well as epileptiform EEG dis-
charges (Thibert et al., 2013), highlighting a critical role for UBE3A in 
brain excitability. Microcephaly is often present after 3 years of age and 
accompanies delayed myelination without gross brain structural ab-
normalities (Harting et al., 2009; Jay et al., 1991). AS was later 
described as “Happy Puppet” syndrome because of their distinct char-
acteristics including happy grimacing, frequent smiling, and bouts of 
excessive laughter initiated by social interaction (Bower and Jeavons, 
1967). AS children are also exploratory and inquisitive. Other common 
features of AS include feeding difficulties, abnormal sleep-wake cycles, 
and little or no expressive speech (Table 1). As age progresses, AS pa-
tients show a gradually diminished physical activity, muscle rigidity, 
and tremulous movements. 

During oogenesis, isodicentric triplication (80 %) and interstitial 
duplication (20 %) of maternal 15q11-q13 containing UBE3A result in 
Dup15q Syndrome (OMIM # 608,636) (Cook et al., 1997; Repetto et al., 
1998), a common cytogenetic anomaly in ASD individuals (1 in 5000 
live births) (Kirov et al., 2014). Symptoms associated with maternal 
isodicentric triplication are usually more severe than those associated 
with interstitial duplication (Dennis et al., 2006), consistent with 
dosage-sensitivity of the 15q11-q13 region. For example, ASDs are more 
common in individuals with triplication (Hogart et al., 2010). Dup15q 
individuals share many characteristics with AS including hypotonia and 
motor delays, intellectual disability, developmental delay, language 
impairment, and ASDs (Table 1) (Hogart et al., 2010). Similar to AS, 
seizures are hard to control and common (>60 %) in Dup15q patients, 
which often begin as infantile spasms and are associated with a learning 
disability (Conant et al., 2014; Urraca et al., 2013). At teenage and 
young adult age, some Dup15q individuals develop sudden unexpected 
death in epilepsy (SUDEP) (Devinsky, 2011; Wegiel et al., 2012). 
Although patients have gait problems (Bundey et al., 1994), they can 
walk independently after two or three years (Al Ageeli et al., 2014; 

Dennis et al., 2006). This is in contrast to some AS patients that even-
tually become wheelchair-bound. Interestingly, paternally-derived 
duplication can be transmitted from unaffected mothers because they 
retain a relatively normal neurological function (Browne et al., 1997; 
Roberts et al., 2002). The discovery of a small maternally-inherited 129 
kb duplication containing only UBE3A in a Dup15q patient suggests an 
important role for UBE3A in Dup15q pathogenesis (Noor et al., 2015). 

5.2. Expression and molecular function of Ube3a 

The human UBE3A gene comprises 16 exons that span 120 kb. 
UBE3A encodes an 875 amino acids (a.a.) E3 ubiquitin ligase called 
E6AP, characterized by a C-terminal homologous to E6-associated pro-
tein carboxyl-terminus (HECT) domain (Fig. 4A) (Huibregtse et al., 
1993; Lemak et al., 2011). Many AS-related mutations are localized 
within this HECT domain and around the catalytic active site within the 
HECT domain (Cooper et al., 2004; Nawaz et al., 1999). E6AP belongs to 
the ubiquitin-proteasome system that transfers ubiquitin to mark pro-
teins for subsequent proteasomal degradation (Hershko and Ciechan-
over, 1992). E6AP is named after its interaction with the E6 protein 
encoded by human papillomavirus 16, and this interaction mediates the 
degradation of the p53 tumor suppressor protein (Huibregtse et al., 
1991; Scheffner et al., 1993). Interestingly, AS patients and Ube3a-de-
ficient mice show increased p53 level in the absence of E6 viral protein 
(Jiang et al., 1998). In addition to p53, E6AP ubiquitinates a wide array 
of substrates including guanine nucleotide exchange factors ECT2 and 
ephexin-5, circadian rhythm-related transcription factor brain and 
muscle ARNT-like 1 (BMAL1), cyclin-dependent kinase inhibitor p27, 
calcium-activated potassium channels SK2 and voltage-dependent big 
potassium (BK) channels, GABA transporter GAT1, and E6AP itself 
(Egawa et al., 2012; Gossan et al., 2014; Margolis et al., 2010; Mishra 
et al., 2009; Nuber et al., 1998; Reiter et al., 2006; Shi et al., 2015; Sun 
et al., 2019, 2015). 

E6AP regulates various aspects of neural development and function 
through ligase-substrate interaction. For example, E6AP-mediated 

Fig. 4. Molecular and neuronal function of E6AP, encoded by UBE3A. (A) Functional domains and their locations on E6AP protein. NTE: N terminal extension, AZUL: 
amino-terminal zinc binding domain, HECT: homologous to the E6AP carboxyl terminus. (B) Examples of E6AP transcriptional and ubiquitination targets that are 
involved in hormonal and neuronal signalings. ECT2: epithelial cell transforming 2, CDKp27: cyclin-dependent kinase inhibitor 27, BMAL1: brain and muscle ARNT- 
like 1, SKs: Calcium-activated potassium channels, BKs: big potassium channels, GAT1: GABA transporter 1, SHR: steroid hormone receptor. (C) Dosage-imbalance of 
Ube3a in mice causes several opposing cellular and neural activity-level deficits. 
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ephexin-5 degradation relieves a developmental brake and promotes 
ephrin B receptor-mediated excitatory synapse development (Margolis 
et al., 2010). E6AP also regulates neuronal excitability by directly 
ubiquitinating SK and BK channels (Sun et al., 2019, 2015). The 
importance of E6AP’s ligase activity in pathogenesis is further demon-
strated by an ASD-associated mutation that disrupts a phosphorylation 
site at residue 485 (Yi et al., 2015). Normally, the E3 ligase activity of 
E6AP is suppressed by protein kinase A (PKA)-mediated phosphoryla-
tion. This point mutation disinhibits E6AP activity and promotes sub-
strate turnover and excessive dendritic spine development. Apart from 
its E3 ligase activity, E6AP can also function as a transcriptional coac-
tivator for the nuclear hormone receptor superfamily (Fig. 4B) (Ram-
amoorthy and Nawaz, 2008). 

During postnatal development, neurons downregulate paternal E6AP 
as they mature, and turn on maternal E6AP expression (Judson et al., 
2014; Sato and Stryker, 2010). In AS mice, neurons likely develop 
normally until paternal E6AP expression diminishes around P7. This 
suggests that AS symptoms arise from neuronal dysfunction during the 
early postnatal period. Brain regions that express maternal E6AP and are 
potentially responsible for AS pathogenesis include cortex, hippocam-
pus, hypothalamus, olfactory bulb, striatum, thalamus, and midbrain 
(Yashiro et al., 2009). Both excitatory and inhibitory neurons express 
E6AP from the maternal allele (Gustin et al., 2010), whereas glial cells 
including astrocytes and oligodendrocytes biallelically express E6AP 
(Judson et al., 2014). 

Strikingly, as neurons mature, E6AP shifts from cytoplasm and syn-
aptic compartments to the nucleus (Dindot et al., 2008; Judson et al., 
2014), consistent with its involvement in transcriptional regulation 
(Ramamoorthy and Nawaz, 2008). The cytoplasmic and nuclear E6AP 
proteins are two different isoforms generated by alternative splicing. In 
the mouse brain, the cytoplasmic long isoform and nuclear short isoform 
are only differentiated by a 21 residues N-terminal extension (Avagliano 
Trezza et al., 2019; Miao et al., 2013). The nuclear E6AP isoform is four 
times more abundant than cytoplasmic isoform, suggesting an important 
nuclear function. E6AP is targeted to the nucleus by proteasome 26S 
subunit, non-ATPase 4 (PSMD4) through the amino-terminal Zn-finger 
of Ube3a ligase (AZUL) domain of E6AP (Avagliano Trezza et al., 2019). 
Mice lacking the nuclear but not cytoplasmic isoform exhibit AS-like 
synaptic and behavioral phenotypes, whereas mice lacking the cyto-
plasmic isoform appear normal. This is consistent with a crucial role of 
the E6AP nuclear isoform in brain function. 

5.3. Neuronal and behavioral functions of Ube3a 

Mice carrying a 1.6 Mb deletion including Ube3a show impaired 
learning and surprisingly, increased neonatal ultrasonic vocalization 
(Jiang et al., 2010). A more targeted deletion of maternal Ube3a in mice 
drives AS-like features including hypoactivity, reduced exploratory 
range, motor dysfunction, defects in contextual and reversal learning, 
anxiety-like behavior, disturbances in circadian clock and light/dark 
entrainment, audiogenic seizure, and abnormal hippocampal EEGs 
(Table 2) (Allensworth et al., 2011; Godavarthi et al., 2012; Heck et al., 
2008; Huang et al., 2013; Jiang et al., 1998; Miura et al., 2002; Shi et al., 
2015). AS-like mice also show reduced capacity for marble burying, nest 
building, and increased immobility in a forced swim test (Silva-Santos 
et al., 2015; Sonzogni et al., 2018). Notably, the learning impairment 
phenotypes are mild and variable (Born et al., 2017), whereas acceler-
ating rotating rod (rotarod) is the most reproducible and robust motor 
test (Silva-Santos et al., 2015). These behavioral deficits are not 
observed in mice with postnatal Ube3a deletion (Sonzogni et al., 2019), 
confirming that Ube3a expression is critical for early brain development. 
The most consistent AS-like behavioral features, including rotarod test, 
marble burying, nest building, open field, and forced swim test, have 
been verified in six independent Ube3a mutant lines (Sonzogni et al., 
2018). This standardized test battery should be useful for pre-clinical 
drug trials for AS. 

Mice carrying a maternally-inherited genomic duplication syntenic 
to 15q11-q13 region show a significantly slower acoustic startle 
response while retaining normal social function and grooming behavior 
(Nakatani et al., 2009). Soon after, mice carrying single Ube3a transgene 
(Ube3a1XTg) and double (Ube3a2XTg) transgenes were generated to model 
Dup15q patients with interstitial duplication and isodicentric triplica-
tion, respectively (Smith et al., 2011). Ube3a1XTg mice display limited 
alterations in social behavior impairment and ultrasonic vocalizations. 
By contrast, Ube3a2XTg mice show a more severe social defect, vocali-
zation defect, and increased repetitive behavior, consistent with the 
dosage-sensitivity of Ube3a (Table 2). Interestingly, Ube3a over-
expression and the subsequent downregulation of cerebellin 1 precursor 
(Cbln1) in the midbrain ventral tegmental area (VTA) is associated with 
decreased sociability in mice (Krishnan et al., 2017). Restoring Cbln1 in 
VTA glutamatergic neurons is sufficient to rescue defective social 
interaction. 

Loss of Ube3a affects the balance between excitatory and inhibitory 
synaptic transmissions in many brain regions. In the visual cortex, pan- 
neural loss of maternal Ube3a causes a 50 % reduction in mIPSC fre-
quency onto layer 2/3 pyramidal neurons and a 28 % decrease in mEPSC 
frequency (Wallace et al., 2012). Therefore, reduction of inhibitory 
input outweighs the loss of excitation, consistent with cortical hyper-
excitability and seizures in AS mice. A follow-up study of selective 
deletion of Ube3a from either GABAergic or glutamatergic neurons 
found that deleting maternal Ube3a in GABAergic inhibitory neurons is 
responsible for EEG abnormalities and enhanced seizure susceptibility 
(Judson et al., 2016). Paradoxically, GABAergic Ube3a loss does not 
recapitulate inhibitory transmission defects seen in whole-brain 
knockouts but is associated with presynaptic accumulations of 
clathrin-coated vesicles. By contrast, loss of Ube3a from the gluta-
matergic neurons impairs inhibitory transmission onto layer 2/3 pyra-
midal neurons without eliciting seizures. Therefore, the mechanism 
underlying circuit hyperexcitability in AS remains to be elucidated. In 
layer 5 of the prefrontal cortex (PFC), maternal Ube3a deletion results in 
a decreased spontaneous inhibitory transmission and increased sponta-
neous excitatory transmission (Fig. 4C) (Rotaru et al., 2018). This is 
potentially due to a decreased sodium channel level that decreases the 
excitability of fast-spiking interneurons. Maternal deletion of Ube3a also 
decreases tonic inhibition of cerebellar granule cells through degrada-
tion of GAT1 (Egawa et al., 2012). The hippocampal CA1 pyramidal cells 
are also more hyperexcitable upon Ube3a loss (Kaphzan et al., 2011), 
potentially due to altered passive and active membrane properties, 
increased Na+/K+-ATPase levels, and increased axon initial segment 
length. Although Ube3a loss is generally associated with increased 
neuronal excitability, in layer 2/3 of visual cortex, loss of maternal 
Ube3a reduces mEPSC frequency and dendritic spine density (Yashiro 
et al., 2009). In addition to basal synaptic transmission, 
maternally-expressed E6AP also participates in experience-driven spine 
maintenance (Kim et al., 2016), cortical plasticity (Yashiro et al., 2009), 
and LTP (Jiang et al., 1998), consistent with cognitive defects in AS. 
Despite a general observation of increased excitability in AS mice, 
decreased spine density and morphology are observed in the cerebellum, 
hippocampus, and cortex (Dindot et al., 2008; Kim et al., 2016; Miao 
et al., 2013). This likely represents a compensatory homeostatic 
mechanism. 

Ube3a2XTg mice display decreased spontaneous and mEPSC ampli-
tude and frequency in layer 2/3 pyramidal neurons of barrel cortex 
without defects in spontaneous or miniature inhibitory transmissions 
(Fig. 4C) (Smith et al., 2011), consistent with both pre- and postsynaptic 
excitatory neurotransmission defects. Interestingly, Ube3a2XTg mice 
show normal excitatory synapse number and spine structures (Smith 
et al., 2011) but are associated with an increased paired-pulse ratio. This 
indicates that Ube3a overexpression decreases the release probability of 
glutamate synapses, resulting in reduced mEPSC frequency. Altogether, 
the glutamatergic synaptic defects observed in AS and Ube3a2XTg mice 
cannot be simply predicted by inverting the defects. Ube3a dosage 
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imbalance decreases mEPSC frequency but has different effects on spine 
density, suggesting distinct neuronal mechanisms. 

5.4. Summary 

UBE3A dosage imbalance is an important contributor for AS and 
Dp15q syndrome. The protein product E6AP regulates multiple path-
ways important for dendritic spine development and the balance of 
excitatory and inhibitory synaptic transmission. While brain hyperex-
citability is associated with maternal loss of Ube3a in cortical GABAergic 
neurons, the cell types responsible for each AS- and Dup15q-like 
neurological phenotypes are not known. In addition, the mechanism 
by which E6AP regulates gene expression and proteasomal activity is not 
completely understood. The neuronal and behavioral deficits caused by 
Ube3a loss could be explained by the function of downstream substrates 
in specific cell types. For example, E6AP interacts with GAT1, SK2, 
ephexin5, and sodium channels to regulate neuronal excitability and 
synaptic transmission or structure. The main challenge is the identifi-
cation of bona fide substrates of E6AP because ligase-substrate interac-
tion is intrinsically weak. Incorporating new technologies such as global 
protein stability profiling (Emanuele et al., 2011; Yen and Elledge, 
2008) or orthogonal ubiquitin transfer (Wang et al., 2017b) will help 
uncover new substrates of E6AP and expand therapeutic options. 
Quantitative proteomic methods will also help elucidate molecular level 
pathogenesis underlying gain and loss of Ube3a. 

6. Dosage-sensitive syndromic ASDs: converging and diverging 
features 

The overlapping and distinct neurological and physiological features 
arising from deleting or duplicating the same genes suggest that neural 
pathways mediating cognition and social behavior are sensitive to the 
proper level of RAI1, MECP2, SHANK3, and UBE3A. Consistent with this 
observation, the mPFC neurons of Rai1+/– mice show decreased spine 
density (Huang et al., 2018). The same brain region shows increased 
neuronal excitability upon Shank3 deletion (Yoo et al., 2019a) and is 
differently innervated by the ventral hippocampus in RTT mice (Phillips 
et al., 2019). The ACC region also plays a prominent role in social 
interaction deficits in Shank3 mutant mice (Guo et al., 2019). In the 
subcortical brain regions, Ube3a overexpression in VTA glutamatergic 
neurons synergizes with seizures to drive social interaction deficits 
(Krishnan et al., 2017). Studying the neural circuit mechanism under-
lying social cognition should provide valuable insights into the potential 
brain regions and cell types mediating social dysfunction in ASDs. 

At the molecular level, mounting evidence in mouse models found 
that these dosage-sensitive proteins regulate the expression of growth 
and trophic factors, ion channels, neurotransmitter receptors, and cell 
adhesion molecules. These molecules in turn control circuit assembly, 
synaptic transmission, neuronal excitability, and neuronal morphology 
during development (Fig. 5). In some cases, dosage-sensitive proteins 
regulate a similar set of molecules (see Tables 2 and Table 3 for sum-
mary). For example, deleting Ube3a, Mecp2, or Rai1 in mice leads to 
reduced brain-derived trophic factor (Bdnf) signaling (Burns et al., 
2010; Cao et al., 2013; Chang et al., 2006). While the involvement of 

Fig. 5. Molecular pathways regulated by 
dosage-sensitive syndromic ASD genes. In the 
nucleus, transcriptional activators (i.e. Rai1 and 
Mecp2, by binding to promoters and enhancers) 
and repressors (i.e. Mecp2, by binding to mCA 
and mCG) associate with interacting partners 
and regulate the expression of neurotrophic 
factors, growth factors, ion channels, neuro-
transmitter receptors, and cell adhesion mole-
cules. E6AP can either regulate protein 
homeostasis through its E3 ligase activity or 
regulate gene expression by interacting with 
steroid hormone receptors (SHR). Shank3 is 
localized in the post-synaptic densities and 
directly regulates synaptic structure and func-
tion through multiple interacting proteins. In 
ASDs, these pathways alter neuronal 
morphology, excitability, synaptic trans-
mission, and circuit assembly, causing network 
and behavioral deficits.   
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Bdnf in ASD core symptoms remains unclear, abnormal Bdnf signaling 
may be responsible for some cognitive and physiological deficits 
observed in mouse models and human patients of syndromic ASDs (Han, 
2016; Skogstrand et al., 2019). 

While using mouse to study ASD, one should be aware of the po-
tential limitations of the models. Monogenic ASD models exhibit 
excellent construct validity. However, their face validity and predictive 
validity need to be critically evaluated. For instance, core features of 
ASDs (social dysfunction and repetitive behaviors) displayed by genetic 
mouse models are quite distinct from human ASD patients. Another 
limitation of mouse models (including but not limited to ASD) is that 
disease-like features are sensitive to genetic background, limiting the 
generalizability of disease-relevant traits (Molenhuis et al., 2018; Sittig 
et al., 2016). Validating behavioral readouts in multiple strains or using 
F1 hybrids should minimize the confounding effect (Molenhuis et al., 
2018). Finally, it is important to recognize that mouse models while 
useful, only recapitulate selective aspects of a disorder instead of the full 
spectrum of the symptomatology. For instance, unlike SMS patients, 
Rai1+/– mice do not show decreased sensitivity to pain (Greenberg et al., 
1996; Huang et al., 2016b). 

Despite sharing several ASD core features, the eight neuro-
developmental disorders discussed here exhibit disease-specific features 
resulting from the unique biological properties of each dosage-sensitive 
protein. This is exemplified by inversed melatonin secretion cycle in 
SMS (Boone et al., 2011), late childhood regression and irregular 
breathing in RTT (Chahrour and Zoghbi, 2007), and the overly happy 
and excitable demeanor in AS (Bower and Jeavons, 1967). This suggests 
that ASDs are likely many different forms of neurodevelopmental dis-
orders that fall under the general diagnosis term due to the lack of 
characteristic brain pathology and reliable biomarkers. As a result, 
diagnosis and classification of ASDs rely on behavioral observations, 
which is subjective and prone to diagnostic bias (Loomes et al., 2017; 
Randall et al., 2018). Advances in neurogenetics will help uncover novel 
genetic causes of ASDs to standardize disease categorization and tailor 
personalized therapies. 

7. Recent progress in treating dosage-sensitive ASDs in mouse 
models 

A key question in ASD is whether the symptoms are caused by early 
and irreversible defects during brain development or by disruption of 
potentially reversible defects in adult neural function. On the one hand, 
ASDs are early-onset and are often diagnosed around toddler age 
(DSM-5, 2013). ASD-risk genes are expressed during early brain devel-
opment and may arise from disruption of time-sensitive developmental 
milestones including neuronal proliferation, migration, differentiation, 
and activity-dependent circuit refinement (Marin, 2016; Satterstrom 
et al., 2020). On the other hand, some ASD-risk genes have a continuous 
function throughout life. For example, adult deletion of Mecp2 induces 
many RTT-like features (McGraw et al., 2011). CNV-related ASDs pre-
sent a unique challenge because precise normalization of gene dosage to 
endogenous level requires careful calibration. Here, we present recent 
progress that uncovers remarkable plasticity of the brain, which allows 
functional rescues of selective features in animal models of monogenic 
syndromic ASDs. The strategies include directly targeting the endoge-
nous mRNA and protein abundance and repairing downstream molec-
ular changes. Another option is bypassing molecular deficits caused by 
dosage imbalance and directly treating the neural circuit level deficits. 
Whatever the therapeutic strategy might be, ASDs may require life-long 
therapy. Therefore, drug safety is an important consideration currently 
evaluated by several clinical trials. A major challenge in conducting 
clinical trials in affected children is the limited number of patients 
rendering the trails statistically underpowered (Berry-Kravis et al., 
2018). Developing precision medicine that directly and specifically 
targets disease-causing mutations should be beneficial. 

7.1. Genetic rescues 

Reactivation and deletion of ASD-causing genes in animal models 
provide important proof-of-principle evidence for the reversibility of 
each disease feature and pinpoint the most effective therapeutic win-
dows. These experiments often require genetically-engineered mice in 
which temporal window and cell type-specificity are achieved through 
Cre-LoxP-mediated recombination. Correcting disease symptoms using 
clinically applicable methods like adeno-associated virus (AAVs)-medi-
ated gene therapy also shows great promise but not without limitations 
such as transduction efficiency and control of expression levels. 

7.1.1. Genetic reactivation and silencing 

7.1.1.1. Temporal window- and Cell type-specific rescues. A landmark 
study using gene re-expression strategy found that global genetic 
normalization of Mecp2 in symptomatic RTT mice reverses overall 
health, motor deficits, and breathing phenotypes (Guy et al., 2007). 
Interestingly, the treatment is only beneficial when Mecp2 level is 
gradually restored because abrupt Mecp2 activation induces neurolog-
ical symptoms and lethality (Guy et al., 2007). This highlights the 
importance of tailoring the course of treatment according to protein 
function. Similarly, in an MDS mouse model, genetic normalization re-
stores the abnormal transcriptome, hypoactivity, anxiety-like behavior, 
motor abnormalities, and social deficits in symptomatic mice (Sztain-
berg et al., 2015). This suggests that the temporal window for treatment 
may extend well beyond the early developmental stage. 

Studies in other ASD models support the notion that the near- 
complete rescues seen in symptomatic Mecp2 deletion and duplication 
models are likely an exception rather than a general rule. For example, 
genetic normalization of Rai1 at adult stage does not improve the social 
dysfunction or repetitive rearing phenotypes in Rai1 haploinsufficient 
mice (Huang et al., 2018). Similarly, delayed normalization of Rai1 
dosage in a mouse model of PTLS found that Rai1 level during early 
development is critical for ameliorating PTLS-like phenotypes (Cao 
et al., 2014). Adult restoration of Ube3a to endogenous level does not 
have any measurable impact on behavioral outputs (Silva-Santos et al., 
2015). Adult reintroduction of Shank3 only selectively rescues the re-
petitive grooming and social deficits but does not improve anxiety and 
motor coordination phenotypes (Mei et al., 2016). However, the anxiety 
and motor phenotype of Shank3 mutant mice can be rescued by rein-
troducing Shank3 at weaning age (P21), highlighting the value of an 
early intervention. Indeed, correcting Rai1 level at weaning age also 
ameliorates abnormal social interaction and partially repairs the tran-
scriptomic defects (Huang et al., 2018). Ube3a reactivation at weaning 
age rescues the motor deficits and epilepsy but not anxiety and repetitive 
behaviors (Gu et al., 2019; Silva-Santos et al., 2015). In comparison to 
behavioral defects, cellular and synaptic phenotypes are more easily 
corrected by delayed genetic reactivation. For instance, synaptic prop-
erties including LTP deficits as well as dendritic spine phenotypes are 
rescued by post-symptomatic normalization of Mecp2 (Guy et al., 2007; 
Sztainberg et al., 2015), Shank3 (Mei et al., 2016), and Ube3a (Rotaru 
et al., 2018; Silva-Santos et al., 2015). While not always associated with 
behavioral rescues, these findings nevertheless demonstrate the 
remarkable plasticity of the brain circuit. The window of plasticity for 
behavioral improvement in ASDs closes earlier than the window for 
synaptic rescues, arguing for earlier diagnosis and intervention. The 
duration and age of treatment will substantially affect the extent to 
which neural functions are restored. 

While temporal studies demonstrate disease reversibility, brain re-
gion- and cell type-specific genetic rescues evaluate the therapeutic 
potential of targeting selective populations in the brain. This is best 
demonstrated by a series of studies in RTT models. Reactivating Mecp2 
in cortical and subcortical glutamatergic neurons rescues hypoactivity 
of the cortical pyramidal neurons (Meng et al., 2016). In Mecp2-null 
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male mice, restoring Mecp2 in glutamatergic neurons prevents the 
development of obesity, anxiety, tremor, acoustic startle response, and 
premature death but not seizures, ataxia, and repetitive behaviors. 
Mecp2 heterozygous female mice benefit more than Mecp2-null males. 
For example, ataxia is normalized in females but not males (Meng et al., 
2016). Restoring Mecp2 expression in GABAergic neurons of male mice 
normalizes body weight, extends lifespan, and improves motor function, 
repetitive behavior, apraxia, and social phenotypes (Ure et al., 2016). 
This is consistent with a major role in GABAergic signaling in RTT 
pathogenesis (Chao et al., 2010). Compared to male mice, Mecp2 het-
erozygous female mice show a smaller improvement, suggesting that 
somatic mosaic Mecp2 expression causes neural defects that cannot be 
repaired by the presence of wild-type GABAergic neurons (Ure et al., 
2016). Brain-region specific Mecp2 restoration found that selective 
respiratory phenotypes and lifespan of Mecp2-null mice can be improved 
by using a HoxA4Cre line that targets hindbrain neurons caudal to the 
fourth ventricle (Huang et al., 2016a, 2012). In addition to neurons, 
wild-type astrocytes alone are sufficient to increase lifespan and prevent 
locomotor defects, anxiety, and respiratory abnormalities in an other-
wise Mecp2-null brain (Lioy et al., 2011). The astrocyte-specific rescue 
also restores neuronal soma size and dendritic complexity phenotype 
associated with Mecp2 loss (Lioy et al., 2011), consistent with a role for 
Mecp2 in glial-neuronal signaling (Ballas et al., 2009). By contrast, ge-
netic restoration of Mecp2 in microglia does not prevent neurological 
decline and early lethality in Mecp2-null mice (Wang et al., 2015). In 
addition to understanding the neurobiology of ASD-causing genes, these 
findings directly inform clinical practice including arguing against 
transplanting wild-type bone marrow as a treatment for RTT (Wang 
et al., 2015). 

7.1.1.2. AAV- and CRISPR-mediated gene therapy. AAV has recently 
become a popular therapeutic platform for gene delivery. AAV variants 
including AAV9 can target neurons and astrocytes in the brain (Foust 
et al., 2009). Gene replacement therapy using AAV9 that restores Mecp2 
level in 10–25 % of the brain cells improves the general health, motor 
coordination, seizures, and survival of male and female RTT mouse 
models (Garg et al., 2013). Memory and synaptic deficits associated with 
maternal Ube3a loss are also rescued by AAV-mediated Ube3a expres-
sion (Daily et al., 2011). A limiting factor for AAV-mediated gene 
replacement lies in its DNA packaging capacity. The commonly used 
self-complementary AAVs can accommodate up to 2.4 kb of DNA (Hastie 
and Samulski, 2015). By contrast, most genes involved in ASDs tend to 
be exceptionally long (mean ~217.3 kb, compared to the mean of 
cortical neurons ~59.3 kb) (King et al., 2013). Therefore, AAV-mediated 
gene replacement has only been achieved with smaller genes such as 
Mecp2 (cDNA <500 bp), Ube3a (cDNA ~2.5 kb), and Fmr1 (causal gene 
for Fragile X syndrome, cDNA < 600 bp) (Gholizadeh et al., 2014; Zeier 
et al., 2009). Identifying functional domains could hold the key to 
resolving this issue. For example, a recent study demonstrates that 
AAV-mediated expression of truncated Mecp2 containing only the MBD 
and NCoR-SMRT interaction domain reduces symptom severity and in-
creases lifespan in Mecp2-null mice (Tillotson et al., 2017). 

Because ASD genes are expressed by most cells in the brain, another 
limiting factor of AAV therapy is achieving brain-wide targeting with 
local injections. The recent discovery that intravenous injection of a 
modified AAV in mice could cross blood-brain barriers to efficiently 
transduce glial cells and neurons in multiple brain regions demonstrates 
the feasibility of treating ASDs using viral vectors (Deverman et al., 
2016). A promising future direction is combining brain-wide AAV 
transduction with the newly emerging gene-editing approaches such as 
clustered regularly interspaced short palindromic repeats (CRISPR) 
technology (Heidenreich and Zhang, 2016). The CRISPR technology can 
repair point mutations and promote or silence gene expression through 
non-homologous end-joining (NHEJ) or homology-directed repair 
(HDR). These properties make CRISPR uniquely suited to correct 

dosage-imbalance in genetic disorders. For example, CRISPR-mediated 
activation (CRISPRa) has been used to target Sim1 promoters and en-
hancers and rescue the obesity phenotype associated with Sim1 hap-
loinsufficiency in mice (Matharu et al., 2019). In human neurons 
induced from patients with fragile X syndrome (FXS), fragile X mental 
retardation 1 (FMR1) expression has been restored by CRISPR-mediated 
DNA methylation editing that switches the silenced FMR1 promoter into 
an active chromatin state (Liu et al., 2018). In addition, CRISPR-Gold (a 
non-viral Cas9 protein delivery vehicle)-mediated targeting of mGluR5 
rescues the exaggerated repetitive behaviors in a mouse model of FXS 
(Lee et al., 2018). CRISPRa has also been used in a 
mutation-independent approach to promote the expression of a 
functionally-compensatory disease-modifier protein to treat muscular 
dystrophy (Kemaladewi et al., 2019). One of the advantages of the 
CRISPR technology is that it can overcome the DNA packaging limit 
inherent to AAV gene replacement strategy. However, off-target effects 
remain a major concern and investigating the mitigating strategies is 
warranted. Altogether, AAV- and CRISPR-mediated gene therapy are 
promising strategies to treat ASDs associated with dosage-imbalance. 

7.1.2. Harnessing the functional allele 
While temporal window- and cell type-specific genetic reactivation 

and silencing establish the reversibility of each disorder, to have an 
immediate clinical impact, pharmacological therapies need to be 
developed. Targeting the over- and under-expressed allele is a direct 
way to treat CNV-related ASDs. For disorders associated with X chro-
mosomal inactivation and imprinting such as RTT and AS, allele unsi-
lencing is another strategy to regain endogenous expression. Therapies 
designed to harness the remaining functional allele using antisense 
therapy and protein stability modifiers also achieved different levels of 
success. 

7.1.2.1. Epigenetic level therapy: unsilencing the intact allele. In AS, the 
maternal UBE3A allele is active in the majority of neurons, whereas the 
paternal allele is intact but epigenetically silenced (except in certain 
populations such as suprachiasmatic nucleus) (Albrecht et al., 1997; 
Jones et al., 2016; Rougeulle et al., 1997; Vu and Hoffman, 1997). 
Similarly, ~50 % of cells in female RTT patients carry a wild-type but 
silenced copy of MECP2 on the inactive X chromosome. This raises the 
possibility that UBE3A and MECP2 expression can be increased by 
activating the epigenetically-silenced wild-type allele. To search for 
compounds that could activate the silent paternal copy of Ube3a, a 
high-throughput drug screen was designed using mouse cortical neurons 
carrying paternally inherited Ube3a-YFP allele (Huang et al., 2011). The 
screen found that irinotecan and topotecan (clinically used topoisom-
erase type I inhibitors) inhibit the expression of Ube3a antisense tran-
script, resulting in a concomitant upregulation of paternal Ube3a-YFP in 
a dose- and time-dependent manner (Huang et al., 2011). Infusing 
topotecan into the mouse brain can unsilence paternal Ube3a expression. 
However, topotecan induces downregulation of other paternally 
expressed genes and is quickly metabolized and removed from the brain 
within 5 hours (except subsets of spinal cord neurons). The value of 
prescribing cancer drugs to AS patients is also unclear. However, this 
study beautifully demonstrates that unsilencing paternal Ube3a is a 
viable strategy to treat AS. 

While X chromosome inactivation has been extensively studied, the 
mechanism of X chromosome reactivation is less understood (Pasque 
and Plath, 2015). Therefore, reactivating Mecp2 depends on 
high-throughput screens using ~60,000 small hairpin RNAs (Sripathy 
et al., 2017) or ~367,000 small molecules (Lessing et al., 2016). 
Intriguingly, intracerebroventricular injection of pharmacological in-
hibitors in phosphatidylinositol-3-kinase (PI3K) and bone morphoge-
netic protein (BMP) pathways reactivate the silenced Mecp2 allele in 
adult mice (Przanowski et al., 2018). A major distinction between AS 
and RTT is that in AS, all neurons carry a silenced UBE3A allele whereas 
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female RTT patients have 50 % of wild-type cells and the other 50 % are 
mutant cells carrying an inactive MECP2 allele. Therefore, reactivating X 
chromosome in female RTT patients could normalize MECP2 dosage in 
mutant cells but have the unwanted side effect of MECP2 duplication in 
wild-type cells. Targeting the mutant but not wild-type cells is an un-
solved issue in the field. 

7.1.2.2. mRNA level therapy: Antisense oligonucleotides (ASOs). Thera-
peutic ASOs complementary to sense strand of mRNA have been recently 
used to treat genetically-defined disorders such as spinal muscular at-
rophy (Mercuri et al., 2018) and Duchenne muscular dystrophy (Cirak 
et al., 2011). ASOs regulate target mRNA level by altering splicing or 
recruiting RNase H to cleave the ASO:RNA duplex, resulting in subse-
quent RNA degradation by exonucleases (Scoles et al., 2019). ASOs are 
well-tolerated during intracerebroventricular delivery and have a broad 
tissue distribution and long duration of action. In addition, because the 
concentration and duration of ASOs can be precisely regulated, it is a 
promising tool to target ASDs associated with gene dosage imbalance. In 
disorders associated with underexpression of ASD genes such as AS, 
ASOs have been used to target the antisense transcript SNHG14 that 
normally silences the functional paternal Ube3a allele (Meng et al., 
2015). This method is advantageous over topotecan-mediated Ube3a 
unsilencing (Huang et al., 2011) because ASOs directly target SNHG14 
while leaving the expression of other paternally expressed genes intact. 
Remarkably, a single injection of ASOs in 2–4 months old AS-like mice 
unmutes the paternal Ube3a for at least 4 months, restores hippocampal 
LTP, and abolishes fear learning defects (Meng et al., 2015). However, 
motor deficits, repetitive behaviors, and anxiety phenotypes are not 
rescued, consistent with previous findings that adult Ube3a restoration 
has limited impact on selective behavioral phenotypes (Silva-Santos 
et al., 2015). In ASDs associated with gene duplication such as MDS, 
continuous intracerebral delivery of ASOs in 2-month-old Mecp2-du-
plication mice for 6–7 weeks normalizes motor learning defect. After 
10–11 weeks of ASO treatment, hypoactivity, abnormal anxiety-like, 
and social behaviors are reversed (Sztainberg et al., 2015). Abnormal 
hippocampal transcriptome and epileptiform EEG patterns are also 
improved. Consistent with the continuous requirement for Mecp2 in the 
adult brain (McGraw et al., 2011), disease features re-emerge 10 weeks 
after the cessation of ASO treatment. Together, ASOs show great 
promise in pre-clinical mouse models of CNV-related ASDs. Future 
studies should focus on careful screening of the ASO sequence to avoid 
off-target effects, as well as identifying critical therapeutic windows and 
optimizing the delivery route, frequency, and dose. 

7.1.2.3. Protein level therapy: modulate protein stability by kinase mod-
ifiers. A straightforward strategy to treat ASDs associated with dosage- 
sensitive genes is to target the root of the disorders: protein abun-
dance. The precise protein levels of many ASD genes are tightly regu-
lated by post-translational modifications such as phosphorylation 
(Lombardi et al., 2017; Wang et al., 2019a). Kinase and phosphatase are 
excellent points of intervention because they are readily targeted by 
small molecule inhibitors (Noble et al., 2004). Fine-tuning protein levels 
using pharmacology is also advantageous and a potentially safer option 
in comparison to gene replacement therapy because if protein level is 
not carefully regulated, we could fix one disease by causing another. The 
Zoghbi group at Baylor College of Medicine has pioneered a 
kinome-wide, small interfering RNA (siRNA)-mediated modifier screen 
platform to modulate protein stability and treat neurodegenerative 
disorders (Lasagna-Reeves et al., 2016; Park et al., 2013) as well as ASDs 
associated with Mecp2 and Shank3 dosage imbalance (Lombardi et al., 
2017; Wang et al., 2019a). To monitor MECP2 protein level, they 
engineered a human cell line stably expressing Discosoma sp. red fluo-
rescent protein (DsRed)-internal ribosomal entry site (IRES)–human 
MECP2–enhanced green fluorescent protein (EGFP). This clever design 
ensures that two fluorophores are encoded in equimolar amounts. 

Therefore, MECP2-EGFP versus DsRed ratio will provide a direct 
readout for the relative abundance of MECP2 while controlling for 
fluctuations in transcription. Using this reporter cell line, siRNAs tar-
geting human kinases and phosphatases were transfected, and the al-
terations in the EGFP-DsRed ratio were measured using 
fluorescence-activated cell sorting. With carefully controlled second-
ary screen and follow up studies, this method identifies in vivo stabilizers 
of MeCP2 including homeodomain-interacting protein kinase 2 (HIPK2) 
and protein phosphatase 2A (PP2A) (Lombardi et al., 2017). Intrigu-
ingly, pharmacological inhibition of PP2A reduces brain Mecp2 level 
and rescues motor abnormalities in a mouse model of MDS (Lombardi 
et al., 2017). Using a similar method, they identified a destabilizer of 
SHANK3 protein called extracellular signal-regulated kinases 2 (ERK2) 
that promotes SHANK3 ubiquitination and degradation (Wang et al., 
2019a). 

A kinase downstream of Shank3, cdc2-like kinase 2 (CLK2), was also 
identified as a therapeutic target for PMS (Bidinosti et al., 2016). Spe-
cifically, Shank3 deletion increases CLK2 level. Inhibiting CLK2 rescues 
synaptic deficits in neurons derived from Shank3-deficient mice and 
PMS patients and restores normal sociability in Shank3-deficient mice. 
In a separate study, reducing the inhibitory phosphorylation on CamKII 
downstream of E6AP also ameliorates hippocampal learning and plas-
ticity defects, seizure propensity and motor function in a mouse model of 
AS (van Woerden et al., 2007). Altogether, kinases that regulate protein 
abundance or downstream of dosage-sensitive genes are excellent 
therapeutic targets and provide readily-druggable targets. 

7.2. Mechanism-based therapies 

While directly restoring the expression level of dosage-sensitive 
genes is a straightforward strategy, the proper expression level is a 
concern because if it is not carefully calibrated, too much or too little 
protein could drive pathogenesis. Alternatively, correcting the abnormal 
neuronal signaling pathways or circuit level phenotypes caused by 
dosage imbalance could avoid the potential toxicity associated with 
improper protein levels. Moreover, neuronal signaling pathways and ion 
channels are readily targeted by existing drugs which can be readily 
repurposed. Of note, because ASDs are different neurodevelopmental 
disorders that share selective clinical manifestations, a one-drug-fits-all 
strategy may not exist. Instead, mechanism-based therapies should be 
specifically developed for each ASD subtype. 

7.2.1. Targeting downstream neuronal signaling pathways 
ASD-risk genes are overrepresented by chromatin proteins, tran-

scription factors, and synaptic molecules (De Rubeis et al., 2014). While 
these molecules have a wide range of downstream targets, misregulation 
of neurotrophic and growth factors signaling pathways are commonly 
observed in ASDs (Skogstrand et al., 2019). Chromatin factors like Mecp2 
and Rai1 regulate genes involved in neuronal signaling and circuit as-
sembly, including Bdnf (Burns et al., 2010; Chen et al., 2003; Huang et al., 
2016b). Furthermore, ASD patients show abnormal circulating BDNF 
protein level (Skogstrand et al., 2019). Bdnf signaling plays an important 
role in neural circuit development and function, such as LTP (Park and 
Poo, 2013). Overexpressing Bdnf in Mecp2 mutant mice extends their 
lifespan, improves locomotor function, and rescues the lower sponta-
neous activity of cortical neurons (Chang et al., 2006). Administering 
fingolimod, a blood–brain barrier-penetrant sphingosine-1 phosphate 
analog, increases Bdnf level, improves motor deficits, and extends the 
lifespan of Mecp2-null male mice (Deogracias et al., 2012). A clinical trial 
aimed at assessing the safety and efficacy of fingolimod therapy in RTT 
patients has been conducted (clinical trial number: NCT02061137, results 
pending). Another group of modulators of Bdnf expression and release are 
AMPA receptor modulators (known as ampakines) (Jourdi et al., 2009). 
Ampakine treatment restores irregular breathing frequency and minute 
volume in Mecp2-null mice (Ogier et al., 2007). In a mouse model of AS, 
ampakine also corrects the defective actin polymerization, LTP, and 
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learning associated with Ube3a loss (Baudry et al., 2012). 
Insulin-like growth factor-1 (IGF-1) is another attractive candidate 

for therapy because it crosses the blood-brain barrier (Pristera et al., 
2019) and is a Mecp2 direct target (Itoh et al., 2007). IGF-1 regulates the 
maturation of excitatory synapses through PIK3-AKT-PSD95 pathway, 
which is misregulated in Mecp2-deficient mice (Castro et al., 2014; 
Tropea et al., 2009). Treatment with full-length IGF-1 (Castro et al., 
2014) or an active tripeptide fragment (Tropea et al., 2009) extends the 
lifespan and alleviates the breathing irregularities in Mecp2-mutant 
mice. Similarly, in Shank3-deficient mice, daily IGF-1 injections for 2 
weeks improve LTP defect, AMPA signaling, and motor deficits (Bozdagi 
et al., 2013). Importantly, induced pluripotent stem cells generated from 
PMS patients also respond to IGF-1 treatment (Shcheglovitov et al., 
2013). Although recombinant human IGF-1 protein is well-tolerated by 
RTT patients (Khwaja et al., 2014), it has a limited therapeutic effect on 
neurobehavioral symptoms or clinical apnea in RTT girls (O’Leary et al., 
2018). However, a breakdown product of IGF-1 (Trofinetide, NNZ-2566) 
recently shows excellent safety and tolerability in RTT patients in a 
phase 2 clinical trial (Glaze et al., 2019). Intriguingly, IGF-1 analog 
significantly improves clinical symptoms based on the Rett Syndrome 
Behavior Questionnaire and prompted an ongoing phase 3 clinical trial 
(NCT02715115). In addition to treating RTT, a clinical trial using IGF-1 
to treat PMS was recently granted by the US Food and Drug Adminis-
tration (FDA). Importantly, it should be noted that Bdnf and IGF-1 
treatment in Mecp2 and Shank3 mutant mice only improve comorbid-
ities but not the core features of ASD. Nevertheless, these studies rein-
force the importance of studying the neurobiological function of ASD 
genes in animal models. Because gene replacement therapy could cause 
a deleterious effect if the proper dosage is not tightly regulated, tar-
geting neuronal signaling is potentially safer because only one of many 
downstream pathways is modulated. While most studies currently focus 
on syndromes associated with gene deletion, the success could inspire 
future research study to target pathways regulated in opposite directions 
in duplication syndromes. 

7.2.2. Correcting neuronal activity level abnormalities 
The abnormal neuronal activity caused by imbalanced excitatory and 

inhibitory synaptic transmission is a common feature of ASD and has 
been long hypothesized to underlie comorbidities including epilepsy and 
cognitive dysfunction (Rubenstein and Merzenich, 2003). Evidence 
supporting primary deficits in loss of inhibition (Chao et al., 2010), 
overexcitation (Han et al., 2013), and overcompensation caused by 
defective homeostasis mechanism (Antoine et al., 2019) have been 
observed. Importantly, how gene dosage imbalance affects neuronal 
excitability depends on cell types and brain regions. For example, loss of 
Mecp2 causes increased activity in the nucleus of the solitary tract (Kron 
et al., 2012) and decreased activity in layer V pyramidal cells within the 
somatosensory cortex (Dani et al., 2005). Therefore, to correct 
circuit-level abnormalities, targeting specific brain region is potentially 
more effective than simply increasing or decreasing neurotransmission 
in the whole brain. A consistent finding in mouse models of RTT is 
impaired fear learning (Chao et al., 2010; Moretti et al., 2006). In freely 
moving RTT-like mice, deep brain stimulation in hippocampal dentate 
gyrus improves contextual and spatial learning deficits (Hao et al., 
2015). Forniceal deep brain stimulation rescues hippocampal memory 
through normalizing expression of ~25 % of the genes involved in 
synaptic function, cell survival, and neurogenesis in Mecp2 -null mice 
(Pohodich et al., 2018). Optogenetic activation of PFC also partially or 
fully reverses social interaction deficits in mouse models of SMS and 
PMS (Chen et al., 2020; Huang et al., 2018). Together, circuit-level 
intervention such as deep brain stimulation has the potential to rescue 
activity- and molecular-level deficits and should be explored to treat 
other ASD models associated with learning impairment. Additional 
brain regions responsible for other symptoms such as motor coordina-
tion are also potential sites for deep brain stimulation. 

At the molecular level, neuronal activity is regulated by ion channels, 

synaptic proteins, and neurotransmitter receptors. These neuronal 
membrane proteins are common downstream targets of ASD genes 
(Huang et al., 2016b; Sugino et al., 2014). Neurotransmission receptors 
are an attractive candidate of intervention because they are druggable 
targets. RTT patients and Mecp2-deficient mice show defects in biogenic 
amine levels (Zoghbi et al., 1985) and abnormal NMDA signaling 
(Mierau et al., 2016). Interestingly, ketamine (an NMDA antagonist) 
administration improves RTT-like behavioral phenotypes and extends 
the lifespan of Mecp2-null mice (Kron et al., 2012; Patrizi et al., 2016). 
The safety of ketamine is being evaluated by clinical trial 
(NCT03633058). 

The involvement of ion channel dysfunction is perhaps best 
demonstrated by AS. Many protein substrates of E6AP are ion channels, 
including a synaptic small-conductance potassium channel SK2 (Sun 
et al., 2015). Loss of Ube3a in mice induces an increased postsynaptic 
SK2 level and impairs hippocampal LTP. Treatment with apamin, an SK 
channel blocker found in bee venom, improves learning and memory 
performance in an AS mouse model. Another E6AP substrate is the 
calcium- and BK channels (Sun et al., 2019). UBE3A-null human neurons 
show increased BK channel current. Paxilline (a BK channel blocker) 
administration normalizes neuronal hyperexcitability in both human 
and mouse neurons. It also corrects the EEG abnormalities and amelio-
rates seizure susceptibility in Ube3a-deficient mice. 

Decreased GABAergic neurotransmission is a hallmark of several 
monogenic ASDs. E6AP directly controls the degradation of GABA 
transporter 1 (GAT1) (Egawa et al., 2012). Decreased E6AP induces 
GAT1 overexpression and the subsequent decrease in extrasynaptic 
GABA concentration. Treating Ube3a-deficient mice with a GABAA-r-
eceptor agonist rescues cerebellar Purkinje cell firing in vitro and im-
proves motor performance in vivo. Enhancing inhibition using 
clonazepam also rescues abnormal network firing in cultured cortical 
neurons lacking Shank3 (Lu et al., 2016a). Neuronal and behavioral 
hyperexcitability detected in Shank3Tg mice can also be rescued using 
valproate that increases GABAergic neurotransmission and inhibits so-
dium and calcium channels (Han et al., 2013). Altogether, neuronal 
membrane proteins such as neurotransmitter receptors and ion channels 
remain an important class of targets for ASD therapy. In fact, around 90 
% of the new drugs treating central nervous system disorders approved 
by FDA target neuronal membrane proteins (Ghosh et al., 2013). In the 
future, quantitative proteomic technologies including proximity label-
ing (Han et al., 2018) and reverse-phase proteomic array (Creighton and 
Huang, 2015) could be harnessed to precisely capture defects in neural 
signaling and membrane protein caused by gene dosage imbalance and 
uncover converging targets that could improve activity level defects in 
syndromic and potentially idiopathic ASDs. 

8. Conclusions and future prospects 

Dosage-sensitive genes regulate many aspects of human behavior 
and physiology including social interaction, physical activity level, en-
ergy balance, synaptic plasticity, learning and memory, and brain 
excitability. They participate in many biological processes including 
transcriptional regulation, synaptic structure and function, as well as 
protein homeostasis (De Rubeis et al., 2014; Glessner et al., 2009). This 
is consistent with findings in yeast that regulatory and structural pro-
teins are highly dosage-sensitive (Papp et al., 2003). Because the mo-
lecular interaction of regulatory and structural proteins often demands 
precise stoichiometry (Toro et al., 2010), fluctuations in the abundance 
of a single component could disorganize the entire protein complex. This 
is exemplified by point mutations in SHANK3 that disrupt interaction 
with many protein partners. Studying the function of monogenic ASD 
genes in animal models has provided many new insights into the 
neurobiology of gene dosage-sensitivity. First of all, regardless of the 
molecular perturbation, disruption of synaptic homeostasis is a recur-
ring theme in ASD pathogenesis (Zoghbi and Bear, 2012). We also 
learned that neurons residing in nearby brain regions may show distinct 
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gene dosage-sensitivity, as demonstrated by heterozygous and homo-
zygous loss of Rai1 in PVH and VMH neurons (Huang et al., 2016b). 
Studying Mecp2 led to the discovery of the mechanism underlying 
repression of neuronal long genes marked by mCA (Boxer et al., 2020). 
Point mutations in one gene, Shank3, differentially impact protein iso-
forms containing different protein domains. Each Shank3 mutation is 
associated with a spectrum of neurobehavioral phenotypes, highlighting 
the complexity of excitatory synapses throughout the brain (Monteiro 
and Feng, 2017). In AS, studies in animal models also elucidated the 
imprinting mechanism regulating parent-of-origin-specific Ube3a allele 
expression (Albrecht et al., 1997). While most studies have focused on 
loss-of-function phenotypes in mice, gain-of-function studies have 
fueled the discovery of corresponding human duplication syndromes in 
some cases (Collins et al., 2004; Han et al., 2013). 

Interestingly, gain and loss of the same gene do not always result in 
quantitative, diametric neuronal and behavioral traits. This is because 
imbalanced protein levels do not always linearly translate into opposing 
changes in gene expression, protein interaction, synaptic function, or 
neuronal activity (Crespi, 2013). They could also trigger different 
downstream compensatory pathways. Despite the fact that most ASD 
genes are expressed throughout the brain, mouse studies have shown 
that the activity of each gene product is required in different temporal 
windows and brain regions. For example, while Rai1 is critical for 
Vglut2+ excitatory neurons but may be dispensable for astrocytes 
(Huang et al., 2016b), loss of Mecp2 in most cell types affects their 
normal functions (Lyst and Bird, 2015). Future studies focusing on a 
critical brain region or a cell type mediating opposing phenotypes could 
decipher the molecular and neural mechanisms underlying diametri-
cally altered disease features. A similar logic can also be applied to study 
how dosage imbalance causes the same phenotype. 

A key to dissecting the mechanism underlying dosage-sensitive ASDs 
is the quantitative and high-throughput molecular and neuroscience 
technologies. At the neuronal activity level, we lack understanding of 
how gene dosage imbalance impacts neuronal activity across the brain 
during certain brain or behavioral states (such as during social inter-
action). To tackle this question, whole-brain clearing and imaging 
methods (i.e. iDISCO+) can be combined with immunostaining of 
immediate-early proteins (i.e. Fos) to identify differentially activated 
brain regions in mutant mice displaying opposing behaviors (Greenberg 
and Ziff, 1984; Renier et al., 2016). At the neuronal connectivity level, 
we still lack understanding of how dosage-sensitive genes affect brain 
connectivity across brain regions. Cell type-specific viral tracing tools 
can be combined with whole-brain clearing and imaging to systemati-
cally quantify connections and determine alterations in an input-output 
relationship (Luo et al., 2018; Miyamichi et al., 2013; Weissbourd et al., 
2014). Large volume neuronal activity recording with high spatiotem-
poral resolution such as using Neuropixel probes (Jun et al., 2017) or 
cortex-wide calcium imaging (Allen et al., 2017) could uncover abnor-
malities in neuronal activities in awake genetic mutant mice in an un-
precedented scale and precision. Because the functions of many 
dosage-sensitive genes are cell type- and brain region-specific, site-s-
pecific and non-invasive neuromodulation holds great promise to target 
ASD features associated with specific brain regions (Wang et al., 2018). 
Quantitative proteomic methods like reverse-phase proteomic array can 
be used to map abnormal protein signaling network caused by CNVs 
(Creighton and Huang, 2015). Proximity labeling coupled with quanti-
tative mass-spectrometry will facilitate identification of novel protein 
interactors of ASD gene products and uncover faulty interactions (Han 
et al., 2018). Furthermore, CRISPR and ASOs could treat ASDs by 
normalizing the abundance of mRNA or protein (Heidenreich and 
Zhang, 2016). Finally, the regulatory mechanism for the expression of 
dosage-sensitive genes remains an understudied subject and should 
provide therapeutic insights. In conclusion, studying the neurobiology 
of monogenic ASDs in animal models will help identify molecular and 
neural pathways critical for brain functions that may one day lead to 
developing a targeted and effective therapy for each subclass of ASDs. 
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