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1  |  INTRODUCTION

Tourette syndrome (TS) is a highly inheritable, non-Men-
delian neuropsychiatric disorder, which is characterized by 
the presence and continued existence of movement and vocal 
tics and caused by abnormal development in the early brain 
(Browne et al., 2015; Mataix-Cols et al., 2015; Pauls et al., 
2014). Clinically, tic usually onsets at 4–6 years of age, exhib-
iting a waxing and waning course, and typically improving in 
adolescence (Browne et al., 2015). Remarkably, TS patients 

are commonly associated with co-occurring comorbidities 
and overlapping behavioral and emotional conditions, in-
cluding obsessive–compulsive disorder, attention deficit/hy-
peractivity disorder (ADHD), other possible autism spectrum 
disorder (ASD) symptoms, and co-existing mental illnesses 
(depression, anxiety, antagonistic defiant disease, conduct 
disorder, and/or personality disorder) (Freeman et al., 2000; 
Robertson,  2006, 2015; Robertson et  al.,  2015; Clarke 
et al., 2012; Tsetsos et al., 2016), highlighting the overlap-
ping circuitry alterations and the existence of connectional 
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Abstract
Ash1l potentially contributes to neurodevelopmental diseases. Although specific 
Ash1l mutations are rare, they have led to informative studies in animal models that 
may bring therapeutic advances. Ash1l is highly expressed in the brain and correlates 
with the neuropathology of Tourette syndrome (TS), autism spectrum disorder, and 
intellectual disability during development, implicating shared epigenetic factors and 
overlapping neuropathological mechanisms. Functional convergence of Ash1l gener-
ated several significant signaling pathways: chromatin remodeling and transcriptional 
regulation, protein synthesis and cellular metabolism, and synapse development and 
function. Here, we systematically review the literature on Ash1l, including its dis-
covery, expression, function, regulation, implication in the nervous system, signaling 
pathway, mutations, and putative involvement in TS and other neurodevelopmental 
traits. Such findings highlight Ash1l pleiotropy and the necessity of transcending a 
single gene to complicated mechanisms of network convergence underlying these dis-
eases. With the progress in functional genomic analysis (highlighted in this review), 
and although the importance and necessity of Ash1l becomes increasingly apparent in 
the medical field, further research is required to discover the precise function and mo-
lecular regulatory mechanisms related to Ash1l. Thus, a new perspective is proposed 
for basic scientific research and clinical interventions for cross-disorder diseases.
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co-substrates in brain networks that are potentially linked in 
TS and other neuropsychiatric disorders (Cauda et al., 2015; 
Church et  al.,  2009; Cravedi et  al.,  2017; Cross-Disorder 
Group of the Psychiatric Genomics Consortium, et al., 2013; 
Harrison & Weinberger,  2005; Hirschtritt et  al.,  2015; 
Huisman-van Dijk et al., 2016; Cross-Disorder Group of the 
Psychiatric Genomics Consortium et al., 2013; Lee et al., 
2019; Mathews & Grados,  2011; Robertson et  al.,  2017; 
Robertson et  al.,  2015; van den Heuvel & Sporns,  2019; 
Vissers et  al.,  2012). Neurobiologically, convergent results 
strongly support brain connectivity abnormalities and dys-
function of cortico-striato-thalamo-cortical (CSTC) networks 
and dopaminergic systems in individuals with TS (Church 
et al., 2009), which play a critical role in movement control 
and output and are consistent with imaging evidence.

Genetic factors contribute to the pathogenesis and phe-
notypic heterogeneity in TS patients. Evidence based on fa-
milial aggregation studies has demonstrated that the relative 
risk of TS in siblings of TS individuals is 10- to 100-fold 
greater compared to that in the general population (Browne 
et  al.,  2015; Mataix-Cols et  al.,  2015; Pauls et al., 2014), 
making TS one of the most heritable neuropsychiatric condi-
tions (Pauls et al., 2014). In addition, twin studies have shown 
that monozygotic twins are five times more likely to have TS 
than dizygotic twins (Price et al., 1985). Although these lines 
of evidence suggest that TS is primarily of genetic origin, the 
genetic susceptibility factors have remained largely elusive.

TS is a complex, multifactorial, and highly polygenic dis-
ease that involves the coexistence of multiple common risk 
variants combined with rare, inherited, or de novo mutations 
(Robertson et  al., 2017). In fact, candidate gene studies, ge-
nome-wide association studies, and copy number variation 
studies have consistently screened and identified reoccurring 
mutual mutations overlapping across TS and other neuropsychi-
atric disorders. The identified genes (ASH1L, RIMS1, NRXN1, 
NLGN4X, SHANK3, LRRTMs, DISC1, SLC6A3, GRIN2b, 
SLITRK1, HDC, and CNTNAP2) (De Rubeis et al., 2014; Kim 
et al., 2009; Kosmicki et al., 2017; Peñagarikano et al., 2011; 
Pittenger,  2017; Abelson et al., 2005) encode proteins that 
converge onto certain conserved pathways, transcriptional 
control, and chromatin remodeling (ASH1L) (Taniguchi & 
Moore,  2014), synapse development and function (NRXN1, 
RIMS1, NLGN4X, LRRTMs, and SHANK3) (Ebrahimi-
Fakhari & Sahin, 2015; Kelleher & Bear, 2008; Südhof, 2008), 
molecules involved in neuronal development (DISC1 and 
CNTNAP2), or neurotransmitter receptors (SLC6A3, GRIN2b, 
and HDC), and thus, supporting the evidence of common bi-
ologic pathways underlying TS and other neuropsychiatric 
disorders (Karagiannidis et al., 2016; Georgitsi et al., 2016). 
However, results from genetic studies and reoccurrence trials 
in populations have been mixed so far, and no well-defined TS-
associated risk gene with conclusive effect has been identified 
(Georgitsi et al., 2016; Paschou, 2013). Although there are no 

individual candidate genes in genetic studies that meet the sta-
tistical criteria for identified TS risk factors, these potentially 
susceptible genes may provide neurobiological clues to the de-
velopment of this disease.

We first reported that mutations in Ash1l confer suscep-
tibility to TS, underlying the significance of this gene in the 
molecular mechanism underlying TS (Liu et al., 2020). In ad-
dition to TS, Ash1l has been assumed to play a pathogenic role 
in other, more common neuropsychiatric illnesses. As a mem-
ber of the Trithorax (TRX) group family, Ash1l encodes his-
tone H3-methyltransferases that counteract Polycomb group 
repression by specifically catalyzing H3K36me2 (Gregory 
et al., 2007; Schuettengruber et al., 2011), regulating transcrip-
tion and chromatin remodeling. Evidence showed that Ash1l is 
active in the early brain development, and occupies the tran-
scribed region of active genes, including Hox genes and other 
genes important for chromatin modification (An et al., 2011; 
Huang, Yu, et al., 2017; Miyazaki et  al.,  2013; Schmähling 
et al., 2018; Tanaka et al., 2007; Yuan et al., 2011). The pleio-
tropic loci are located within genes and are increasingly ex-
pressed throughout its lifetime (from the mid-prenatal period) 
in the brain and plays a prominent role in the process of neural 
development. Hence, mutations and deregulation of human 
Ash1l are linked to various developmental diseases (Rogawski 
et al., 2016; Wagner & Carpenter, 2012).

In this review, we briefly describe recent work in Ash1l, 
including its discovery, expression, function, regulation, 
implication in nervous system, signaling pathways, and 
mutations in Ash1l potentially involved in TS and other 
neuropsychiatric traits (summarized in Table 1). Such find-
ings highlight the pleiotropy of Ash1l and the necessity of 
transcending a single gene to complicated mechanisms of 
network convergence underlying these diseases. With the 
progress in functional genomic analysis—as highlighted in 
this review—although the importance and necessity of Ash1l 
becomes increasingly apparent in the medical field, more 
work needs to be done to discover the precise function and 
molecular regulatory mechanism related to Ash1l. Thus, a 
new perspective is proposed for basic scientific research and 
clinical interventions for cross-disorder diseases.

2 |  MUTATIONS IN Ash1l  CONFER 
SUSCEPTIBILITY TO TOURETTE 
SYNDROME

The heterozygous mutations in Ash1l, previously identified 
by whole exome sequencing (WES), are strongly enriched 
for variants likely to increase nervous system disease risk 
(Faundes et  al.,  2018), including TS, ASD, ADHD, multi-
ple congenital malformation (MCA)/intellectual disability 
(ID), and SCZ (Cravedi et al., 2017; Kern et al., 2015; Liu 
et al., 2020; Okamoto et al., 2017; Penzes et al., 2013; Reay 
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& Cairns, 2020; Satterstrom et al., 2019; Toro et al., 2010; 
Wang et  al.,  2016). Ash1l is a methyltransferase that cata-
lyzes H3K36me2 at specific locations on the histone tail and 
plays a critical role in maintaining active gene expression 
(Gregory et al., 2007). However, the definite role of Ash1l at 
cellular and molecular levels during brain neurodevelopment 
remains largely unknown.

We conducted WES of 100 TS-affected trios to perform 
a de novo mutation analysis and RV-TDT and identified can-
didate genes that increase the risk for TS (Liu et al., 2020). 
Overall, we found that 76 genes were likely associated with 
TS (p value  ≤  .05), and further screened five promising 
candidate genes that are intolerant to variants and highly 
expressed in the brain. Five damaging missense variants in 
Ash1l had been identified: four of them were transmitted 
variants (p.S74L, p.Y2077F, p.R1516C, and p.R2630T) and 
one was a de novo variant (c.A4639G_p.K1547E). Three 
transmitted variants (p.S74L, p.R1516C, and p.R2630T) 
were also previously reported in ASD cases (Stessman 
et al., 2017). We performed follow-up targeted sequencing 

of Ash1l in additional 524 unrelated TS samples and repli-
cated the association (p value = .001). The point mutations 
(p.Y2077F and p.S2200G) in Ash1l affect its enzymatic 
activity. Furthermore, an Ash1l+/− mouse line has been cre-
ated and exhibits typical tics and over-grooming behaviors. 
A leading member of our research group, Professor Guan, 
performed sequencing of total RNA from Ash1l+/− mouse 
brain and re-identified Ash1l which encodes a nuclear pro-
tein that is highly expressed in the central nervous system, 
especially in the striatum, primary motor cortex, primary 
somatosensory cortex, and medio-dorsal nucleus of thala-
mus, matching the neuropathological brain regions in TS. 
Combining cHIP data of H3K36me2, we identified the 
enrichment of related genes in specific brain tissues, es-
pecially genes involved in chemical neurotransmission and 
synaptic transmission, neuron projection, and axon growth. 
Zhu et  al.  (2016) found that Ash1l binds to the promoter 
region of NRXN1 when screening for neural activity-de-
pendent epigenetic regulatory factors, thereby inhibiting 
the transcriptional activity of NRXN1 and causing synapse 

T A B L E  1  We briefly described recent work in several mutations in Ash1l attributed putative involvement in TS and other neuropsychiatric 
traits

Disease Traits Mutations

TS Ash1l knockout mice line exhibits typical tic behavior 
and over-grooming phenotypes, causing changes in 
neurotransmitters that parallel findings in TS patients

p.S74L, p.Y2077F, p.R1516C, p.R2630T, 
c.A4639G_p. K1547E (Liu et al., 2020)

Among the five variants, three transmitted variants 
(p.S74L, p.R1516C, and p.R2630T) were previously 
reported in ASD cases (Stessman et al., 2017)

ID/MCA Almost all de novo mutations in Ash1l result in mental 
retardation, usually accompanied with developmental 
delays, facial deformities, and spinal deformities

(c.8868_8869delAAinsAAA, NM_018489.2)

(c.3704_3705delCTinsC, NM_018489.2)

(c.7764_7768dup,NM_018489.2)

(c.6427G-T, NM_018489.2) (Krumm et al., 2015; 
Stessman et al., 2017)

p. (Lys808TyrfsTer40) (Shen et al., 2019)

p. (Ala724Ser) (de Ligt et al., 2012)

de novo mutation (c.8356G > C:p.(Ala2786Pro) 
(Okamoto et al., 2017)

ASD include

OCD and ADHD A varied condition characterized by impaired social skills, 
communication problems, and repetitive behaviors

A de novo heterozygous missense variant, causing a 
val2080-to-ile substitution (p. Val2080Ile) (Wang 
et al., 2016)

Mounting genetic studies have reported Ash1l is 
associated with ASD (Cauda et al., 2015; De Rubeis 
et al., 2014; Krumm et al., 2015; Satterstrom 
et al., 2019)

SCZ The study has not shown clinical traits in schizophrenia De Rubeis et al. (2014) identified that Ash1l mutation 
was related to autism and schizophrenia, consistent 
with Franco's study (Cauda et al., 2015)

Note: We briefly described recent work in several mutations in Ash1l to which putative involvement in TS and other neuropsychiatric traits was attributed.
Abbreviations: ADHD, attention deficit/hyperactivity disorder; ASD, Autism spectrum disorders; ID, Intellectual disability; MCA, multiple congenital malformation; 
OCD, obsessive disorder; SCZ, Schizophrenia; TS, Tourette syndrome.
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formation disorder, which causes mental illness. Huang, 
Yu, et al. (2017) conducted a rare gene copy number varia-
tion study in 2,434 European TS patients and 4,093 healthy 
controls and found that the deleted fragments of NRXN1 in 
TS patients were significantly longer than those in the con-
trol group, suggesting that NRXN1 and Ash1l participate in 
the development of TS.

Taken together, although there is convincing evidence that 
Ash1l plays a pathogenic role in TS, more research needs to 
be done on well-defined patient cohorts and further uncover 
the functional consequences of these disruptions.

3 |  DISCOVERY, LOCATION, AND 
EXPRESSION OF Ash1l

Nakamura et al. (2000) first identified and cloned Ash1l 
expressed sequence tags (EST) sharing homology with 
Drosophila Ash1 in 2000. Ash1l, located on chromosome 
1q21 (Gregory et  al.,  2006), produced a 10.5  kb transcript 
expressed in all examined tissues, and delineated an ORF be-
tween 320 and 9,280 bp, which encodes a protein of 2,962 
residues. The Ash1l protein consists of four AT hooks, a 
SET domain, a PHD finger motif, and a homeodomain to the 
bromodomain, and resembles most closely to ALL-1 (Yano 
et al., 1997). The sequence encoding the AT hook, upstream 
of the main homology region, is not conserved, whereas the 
SET and PHD finger domains show 66% and 77% similarity, 
respectively, with Drosophila proteins. However, no homol-
ogy with the bromine domain was found in the Drosophila 
Ash1 product, and this domain determines the specificity of 
binding to specific chromatin or protein targets via variant 
amino acids (Winston & Allis, 1999). Reader proteins exhibit 
its site specificity owing to recognition of neighboring resi-
dues in the bromodomain (Kouzarides, 2007). The protein–
protein interaction of Ash1l possibly results in fine tuning of 
Ash1 activity.

Ash1l is widely expressed in various tissues, with the 
majority of expression being found in the brain, heart, and 
kidney in the GTEx Consortium data (Melé et al., 2015), im-
plicating its critical role in neurological disease. Temporally, 
the highest level of Ash1l expression was found in the brain 
from 9 to 17 weeks after conception, at year 1 postnatally, and 
from adolescence to adulthood (years 13 to 40 postnatally). 
Spatially, Ash1l exhibited the highest expression in prefron-
tal cortical (PFC) structures, including the dorsolateral, ven-
trolateral, and medial PFC (DFC, VFC, and MFC) (Cheon 
et al., 2020). Consistent with GTEx data, the transcriptome 
data of BrainSpan (http://www.brain span.org) showed that 
brain regions with high expression levels of Ash1l (e.g., stri-
atum, primary motor cortex, primary somatosensory cortex, 
and medio-dorsal nucleus of thalamus) are related to TS 
neuropathology.

Ash1l localizes to the mitotic spindle in dividing cells and 
in the Golgi apparatus. Furthermore, Ash1l was detected in 
distinct cellular compartments: in small speckles uniformly 
distributed throughout the nucleoplasm and in cell-cell tight 
junctions. The dual location of Ash1l implicates that it has 
two unrelated functions. Similar to its Drosophila homolog, 
its location in the nucleus is associated with polygene chro-
mosomes (Rozovskaia et  al.,  1999; Tripoulas et  al.,  1996). 
In this way, Ash1l is involved in histone lysine methylation, 
recruiting downstream reader proteins involved in gene acti-
vation or repression. Immunostaining showed that Ash1l is 
located in cell-cell tight junctions exactly matching that of 
Zo-1 and cingulin (Keon et al., 1996) and might function as a 
transcription factor in most or all cells or be recruited for the 
assembly of epithelial and endothelial cells.

The possibility of Ash1l translocating from the cell junc-
tion to the nucleus is comparable to the adhesion-mediated 
signaling pathway, such as the Notch receptor. The protein 
is an evolutionary conserved transmembrane receptor that 
regulates cell fate decisions performed through intercellu-
lar communication (Kopan & Turner,  1996). Upon ligand 
activation, the intracellular domain of the Notch protein 
may be cleaved and migrated to the nucleus to bind and ac-
tivate DNA-binding transcription factors (Kidd et al., 1998; 
Schroeter et al., 1998).

4 |  FUNCTION AND SIGNALING 
PATHWAY OF Ash1l

Interaction with members of the repressor Polycomb group 
and activator TRX can modify the nucleosome histones or 
reshape chromatin to maintain the heritable state of gene 
transcription “ON” or “OFF” (Brookes & Shi, 2014). Ash1l, 
an epigenetic regulator, encodes a TRX histone methyl-
transferase to antagonize Polycomb silencing. Dorighi and 
Tamkun (2013) showed that mutations in Ash1 significantly 
decrease H3K36 demethylation levels, suggesting that Ash1 
specially catalyzes H3K36 demethylation. They further iden-
tified that the KIS protein promotes transcriptional elon-
gation to facilitate the binding of Ash1 and TRX to active 
genes and counteracts the inhibition of the methylation of 
H3K27 by the Polycomb group protein. As histone meth-
ylation has site-specific selectivity, depending on the meth-
ylation site and degree, which recruits downstream reader 
proteins to perform transcriptional activation or repres-
sion (Brookes & Shi,  2014), the lack of functional histone 
lysine-specific methyltransferase disrupts histone methyla-
tion. Mechanistically, methylation of H3K36 inhibits the 
methylation of H3K27 to counteract the catalytic activity of 
PRC2 (Schmitges et al., 2011; Yu et al., 2016), and results 
in the methylation of H3K36 and H3K27 to be mutually ex-
clusive along chromatin in many biological systems (De & 

http://www.brainspan.org
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Müller, 2019; Gaydos et al., 2012; Lu et al., 2016; Popovic 
et al., 2014; Yu et al., 2016). Gregory et al. (2007) suggested 
that Ash1l, occupying the transcribed region of active genes 
including Hox genes, is active in early brain development 
along with other genes important for chromatin modifica-
tion. Conversely, Tanaka et al. (2011) indicated that H3K36 
methyltransferase activity of Ash1l induces inhibition rather 
than activation of the Hox genes. They also showed that the 
functions of Ash1 and MLL1 are essential for the normal de-
velopment of bone marrow monocytic lineage from murine 
hematopoietic stem cells in vivo.

The bromodomain in Ash1l protein bestows the binding 
specificity to particular chromatin or protein targets, resulting 
in more flexible regulation of Ash1l activity. Huang, Yang, 
et al. (2017) showed that Mrg15, recruited to the common 
transcription target by Ash1, reinforced the enzymatic activ-
ity in facilitating the proper deposition of H3K36me2, and 
thus, antagonizing Polycomb silencing and maintaining the 
transcriptional region at “ON” state of the target gene. The 
authors created a point mutation (Ash1-R1288A) in Ash1l to 
attenuate interaction with Mrg15, and the knocked-in flies 
display abnormal homeotic transformation phenotypes. 
These findings confirmed that Mrg15 allosterically activates 
Ash1 by inducing a conformational change and eliminates 
the obstruction of the catalytic center by the auto-inhibitory 
loop of Ash1, which is controlled by the interaction partners 
among H3K36-specific methyltransferases.

Despite many studies associating Ash1l to human neuro-
psychiatric diseases and other characteristics, few published 
reports described its function, neither on a cellular nor on a 
molecular level. Bagnell (2019) found that a co-expression 
gene network of Ash1l is enriched in development of neuronal 
projections, protein ubiquitination, and neurotrophic signal-
ing pathways. Cauda et al. (2015) found that the overlapped 
expression profile between Ash1l and other risk genes, such 
as SHANK3, DISK1, and NRXN1, is involved in chromatic 
regulation and neurodevelopment in early life. Mutations in 
Ash1l may change early brain developmental events, which is 
associated with neuropathological abnormalities such as mi-
gration, stratification, and proliferative defects. Consistently, 
Lalli et al. (2020) revealed the functional convergent modules 
of a set of 13 ASD-associated genes via high-throughput sin-
gle-cell sequencing, and found that the inhibition of ADNP, 
ASH1L, CHD2, and DYRK1A delayed neuronal differentia-
tion through a shared transcriptional pathway involved in cell 
cycle control and neural progenitor cell proliferation. The 
authors confirmed that ADNP, CHD2, and Ash1l are also en-
riched in maturing neurons, implying the continued sharing 
of downstream molecular targets in the regulation of synaptic 
tissue, neuron projection, and axon growth.

Ash1l has multiple epigenetic regulation targets that af-
fect the connectivity of neurons. Cheon et al. (2020) found 
that Ash1l regulates neuronal morphogenesis by modulating 

neurotrophin signaling, especially the BDNF-TrkB pathway, 
to affect neuronal arborization and modulating growth cone 
size in human neurons. BDNF is a prototypic protein that reg-
ulates various developmental events from selection of neu-
ral progenitor cells to terminal dendritic differentiation and 
connectivity of neurons (Rojas Vega et al., 2006). Activity-
dependent synaptic regulation via BDNF and its receptors 
involves various stages of synaptic development and the tran-
scription, translation, and transport of several forms of synap-
tic plasticity proteins (Wong et al., 2015). A mutation in Ash1l 
reduces the expression of TrkB in the brain, which renders 
neurons unable to respond to exogenous BDNF; hence, the 
neuronal morphogenetic phenotype is not able to be rescued 
following exposure to BDNF—reducing neurite outgrowth. 
Therefore, Ash1l regulates neuronal connections epigeneti-
cally by regulating the BDNF-TrkB signaling pathway, which 
may contribute to the neurodevelopmental pathogenesis as-
sociated with ASD patients with Ash1l mutations. This also 
indicates that there is a balance between the TRX histone, 
Ash1l, and PRC2 activity related to neuronal morphogenesis.

We applied the string database to search for the interact-
ing proteins with Ash1l and performed gene ontology (GO) 
and KEGG pathway enrichment analyses in R. In the func-
tion analysis results, we selected nerve-related pathways and 
found that Ash1l and its interacting proteins are mainly re-
lated to synaptic plasticity. Furthermore, we used the more 
function of the string database to find more proteins inter-
acting with Ash1l and applied the clusterProfiler to perform 
GSEA analysis of the obtained target genes in the network, 
showing that Ash1l and its interacting proteins participate in 
development-related pathways (Figure 1).

5 |  Ash1l -KNOCKOUT MOUSE AS 
A PATHOPHYSIOLOGICAL MODEL 
OF TS

Ash1l is involved in activity-dependent suppression of 
Nrxn1α expression, which plays an important role in syn-
apse elimination (Zhu et  al.,  2016). Activity-dependent 
spine maintenance or elimination is the most important 
factor for the remodeling of established neuronal circuits 
during postnatal and adolescence periods, thus, placing the 
early brain in a susceptible context (Sahin & Sur,  2015). 
Our research group identified mutations (p.S74L and 
p.Y2077F) in Ash1l of TS patients, resulting in defects 
in enzymatic activity and conferring susceptibility to TS 
(Liu et al., 2020). Furthermore, an Ash1l+/− mouse line has 
been created which exhibits tics and repetitive grooming 
behaviors that are rescued by haloperidol. Excessive acti-
vation in the dorsal striatum and elevated dopamine release 
events indicate hyperactivity in striatal neurons in Ash1l 
mutant mice. Mutations of Ash1l result in excessive spines 



84 |   ZHANG et Al.

F I G U R E  1  Bioinformatics analysis of the Ash1l gene networks. (a) The string database was used to search for Ash1l interaction proteins, 
visualizing the protein interaction network via cytoscape software. (b,c) GO and KEGG pathway enrichment analyses were conducted in R through 
enrichment analysis of gene sets, visualizing the protein interaction network via cytoscape software. (d) Nerve-related pathways in functional 
analysis results are highlighted using cytoscape software for network visualization. Functional analysis showed that Ash1l and its interacting 
proteins are mainly related to synaptic plasticity. (e) The “more” function of the string database was used to search for more proteins that interact 
with Ash11l. ClusterProfiler was used to perform GSEA analysis of the target genes obtained in the network, indicating that Ash11l and its 
interacting proteins are involved in development [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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in the neocortex and aberrant activities in the neocortex 
and subcortical nuclei, inducing defects in motor func-
tion and higher functions in the brain, which might cause 
overconnectivity in local microcircuitry and active abnor-
mality. As spiny synapses are the basic units of excitatory 
neural circuits and are directly involved in the signaling 
of neurotransmitters, dendritic spinal dysfunction may play 
an important role in TS (Gao & Penzes, 2015; Glausier & 
Lewis, 2013; Penzes et al., 2011). We also demonstrated 
that the densities of Chat and SST interneurons are in-
creased and activated PV interneurons are slightly de-
creased in the basal ganglia in Ash1l mutant mice. These 
results suggest that there is an excitatory and inhibitory 
imbalance (E/I imbalance) in the basal ganglia, as previ-
ously reported in TS patients (Kataoka et al., 2010; Lerner 
et  al.,  2012). Our findings demonstrate a critical role of 
Ash1l in the normal development of neuronal connectivity 
and established causality between mutations in Ash1l and 
the genesis of tic-like behaviors in mice. Ash1l mutations 
in TS lead to loss of enzymatic activity, which affects the 
regulation of dopamine signaling transmission and syn-
apse pruning, causing continued existence of synapses that 
should be eliminated, and thus, synaptic dysfunction, re-
sulting in E/I imbalance.

Mounting evidence implies that dysregulation in E/I bal-
ance might be a shared pathophysiological mechanism (Gao 
& Penzes, 2015). Satterstrom et al. (2019) analyzed the sin-
gle-cell gene expression of risk genes in ASD and ADHD, 
including Ash1l, in cells from the cortex, and found these 
genes enriched in excitatory and inhibitory neuronal lines, 
consistent with multiple paths to an E/I imbalance underlying 
TS, ASD, and other neurodevelopmental disorders. When E/I 
balance is disrupted, the local microcircuits are altered, re-
sulting in long-distance and even whole-brain effects.

Changes in E/I imbalance in cortical activity may explain 
similar behavioral and cognitive deficits in these diseases 
(Gao & Penzes, 2015). Genes derived from the whole-ge-
nome association and genetic linkage studies are involved in 
initial formation or pruning of synaptic contacts in neural cir-
cuits (Penzes et al., 2013; Toro et al., 2010; Yin et al., 2012). 
In addition, structural or functional alterations in glutamater-
gic excitatory and GABAergic inhibitory circuits have been 
reported in postmortem examination of TS, ASD, and SCZ 
(Ebrahimi-Fakhari & Sahin, 2015; Kataoka et al., 2010; Yin 
et al., 2012). Although the molecules leading to connectiv-
ity changes and their roles in mediating E/I balance between 
neural and cognitive/behavioral manifestations still require 
further study, two main pathways of protein synthesis, the 
PI3K/mTOR and Ras-MAPK pathways, are related to synap-
tic dysfunction and E/I imbalance, and may be new research 
avenues for TS (Gao & Penzes, 2015; Yin et  al.,  2012). 
Therefore, understanding the molecular underpinnings of E/I 
imbalance may provide insights into the mechanisms of these 

diseases and discover potential targets for future drug discov-
ery in TS.

6 |  Ash1l  AND OTHER 
NEUROLOGICAL CONDITIONS

TS, ASD, ADHD, and SCZ, with overlapping behavioral phe-
notypes, are hereditary diseases with complex genetic etiolo-
gies (de Lacy & King, 2013; Harrison & Weinberger, 2005; 
Penzes et al., 2011; Rapoport et al., 2009), showing that mul-
tiple susceptible genes may work together to trigger disease 
onset along different nodes of a common pathway or network 
(Lakraj et al., 2014). Meta-analysis studies identified 109 loci 
with pleiotropic effects, including Ash1l, associated with TS 
and co-occurrence with psychiatric disorders (Brinkmeier 
et al., 2015; Lee et al., 2019). These conditions have the same 
neurobiological origin, originating from the common root of 
a unique neurodevelopmental tree (Cauda et al., 2015), and 
the shared etiology and susceptibility show considerable 
overlap in the common network of brain connectomes, neu-
roanatomically, in functional or structural aspects (Crossley 
et al., 2014; van den Heuvel & Sporns, 2019), indicating that 
an individual mutation and molecular mechanism is unlikely 
to underlie these diseases (Harrison & Weinberger,  2005; 
Toro et  al.,  2010). Convergent evidence shows that con-
nectivity abnormalities, neuronal circuit problems, brain 
networks, and E/I imbalance are core parts of the pathology 
in TS, ASD, ADHD, and SCZ. In addition, disruption of a 
highly centralized hub node in the shared networks across 
disorders may play key roles.

In a neuropathological context, functional magnetic res-
onance imaging (fMRI) studies have unanimously reported 
abnormalities of long-distance “underconnectivity” with 
short-range “overconnectivity” in TS, ASD, ADHD, and 
SCZ patients (Cauda et al., 2015; Faundes et al., 2018; Kern 
et al., 2015; Lakraj et al., 2014; Lerner et al., 2012; Martino 
et al., 2018; Sahin & Sur, 2015; Vissers et al., 2012) that cor-
relate with symptom severity (Cauda et  al.,  2015; Faundes 
et  al.,  2018; Kern et  al.,  2015; Lakraj et  al.,  2014; Lerner 
et al., 2012; Martino et al., 2018; Sahin & Sur, 2015; Vissers 
et al., 2012). The similarity in connectivity abnormalities in 
these disorders indicates a shared final pathway, providing 
further support for a common brain connectome and mis-
wired neural circuits in these disorders (Church et al., 2009; 
Kern et  al.,  2015; Vissers et  al.,  2012). As the majority of 
connectivity studies have only reported network architecture 
alterations in a single disorder, more is needed to be known 
about the underlying mechanism of multiple neuropsychiat-
ric disorders that are potentially linked. Therefore, we might 
construct a common framework which links the changes in 
the connectome among these diseases, placing them into a 
cross-diseases environment that might disclose the common 
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biological mechanisms and explain the overlapped symp-
tomatology and shared developmental and genetic mech-
anisms. We further postulate that Ash1l may be located in 
the epicenter of the shared networks of connectional co-sub-
strates in multiple neuropsychiatric disorders virtually linked 
(Cauda et al., 2015; Crossley et al., 2014; Lakraj et al., 2014; 
Taniguchi & Moore, 2014; van der Heuvel & Sporns, 2019).

At least seven Ash1l mutations have been identified in 
people with autism. The disease is characterized by impaired 
social skills, communication problems, and repetitive behav-
iors. Wang et al. (2016) screened a de novo heterozygous mis-
sense variant in Ash1l, a val2080-to-ile (V2080I) substitution, 
using single-molecule molecular inversion probes (smMIPs) 
to sequence 189 candidate genes in a large cohort of over 
1,045 Chinese ASD trios confirmed by Sanger sequencing 
(p = .019). The authors also noted that other Ash1l variants 
have been found in several autistic patients of European de-
scent in other large studies of autism. de Rubeis et al. (2014) 
identified seven candidate genes including Ash1l, ML13, 
ETFB, NAA15, MYO9B, MIB1, and VIL in the data of WES 
from 3,871 ASD patients and 9,937 parents' controls, and 
found that the case group had more loss-of-function muta-
tions than the control group. Krumm et al.  (2015) reported 
that Ash1l is associated with autism and identified candidate 
genes RIMS1, CUL7, and LZTR1 in 2,377 autistic families, 
which is consistent with our RNA-seq data (Liu et al., 2020). 
Cauda et al. (2015) found that the expression profile of Ash1l 
overlaps with other risk genes in ASD and SCZ, including 
SHANK3, DISK1, CYFIP1, SCN2A, NRXN1, and RELN, 
which are involved in epigenetic regulation and early brain 
development. Satterstrom et al. (2020) performed the largest 
exome sequencing study in 11,986 patients with ASD and 
identified 102 risk genes, including Ash1l, at a false discov-
ery rate of 0.1 or less. Their data also showed that these genes 
are highly expressed in early brain development and play crit-
ical roles in gene regulation and neuronal communication. 
These Ash1l mutations related to ASD may change a single 
amino acid in a specific lysine methyltransferase, leading to 
the loss of genetic material in the Ash1l gene sequence, or to 
prematurely terminate signals that lead to the expression of 
abnormal enzyme (Cauda et  al.,  2015; Cheon et al., 2020; 
De Rubeis et al., 2014; Satterstrom et al., 2020). The normal 
variation of other genes, as well as undetermined environ-
mental risk factors such as parental age and birth complica-
tions, can also affect an individual's risk of developing this 
complex disease.

In given reports, almost all de novo mutations in Ash1l 
induce mental retardation, usually accompanied with devel-
opmental delays, facial deformities, and spinal deformities 
(Faundes et al., 2018; Krumm et al., 2015; Stessman et al., 
2017). Stessman et  al.  (2017) described three unrelated ID 
patients and reviewed two patients, previously reported 
(Krumm et al., 2015) from a large genetic study on autism, 

with a variety of cognitive neurodevelopmental disorders as-
sociated with heterozygous variants in Ash1l. The patients 
ranged in ages 6 to 17 years and clinical details were limited, 
but all had developmental delays with mild to moderate ID,   
2 of 3 (67%) had delayed speech, 2 of 3 (67%) had ASD, 
and 2 of 3 (67%) had seizures. Additional variable features 
included sleep difficulties and dysmorphic facial features. 
de Ligt et al. (2012) found six missense mutations from re- 
sequencing in 765 ID patients to verify new candidate genes 
and, coincidentally, identified a de novo heterozygous mis-
sense variant (p.Ala724Ser) in Ash1l in a male patient with se-
vere ID, abnormal behavior, and facial deformities. Okamoto 
et al. (2017) reported a case of MCA/ID with obvious mental 
and growth disorders, microcephaly, and development re-
tardation in white matter sheath and identified an Ash1l de 
novo mutation (c.8356G > C: p.Ala2786Pro), resulting in an 
ala2786-to-pro (A2786P) substitution in the highly conserved 
BAH domain. Shen et al. (2019) verified a frameshift muta-
tion p. (Lys808TyrfsTer40) which leads to loss-of- function 
in Ash1l in a patient with MCA, fine motor developmental 
retardation, learning difficulties, ADHD, sleep apnea, and 
scoliosis. The MRI also showed a significant abnormality 
in the formation of white matter myelin, indicating the crit-
ical role of Ash1l in the development of the central nervous 
system. Brinkmeier et al.  (2015) showed that Ash1l mutant 
mice show postnatal death and growth retardation, whereas 
surviving mice show marked growth deficiency, bone defor-
mation, spinal abnormalities (thoracic abnormalities), and 
infertility. These studies further indicate that Ash1 mutations 
are related to neurogenetic abnormalities. Ash1l catalyzes the 
methylation of H3K36 and occupies the transcribed region of 
all active genes including Hox during its development. These 
abnormalities may be a result of insufficient Hox expression 
during the fetal period.

7 |  CONCLUDING REMARKS

Although TS, ADHD, ASD, and SCZ have complicated 
genetic etiologies, behavioral phenotypes and heterogene-
ity, a significant overlap in symptoms exists, proposing 
the idea that these different diseases may share common 
pathogenic mechanisms. The pathways involved in neural 
development networks provide a framework for under-
standing how different genetic disturbances of different 
diseases interact in a convergent way to disrupt neuronal 
structure, synaptic function, and neuronal circuit organi-
zation and behavior. Disease-related changes rather than 
causing a wide-spread damage, may not be specific, but 
may be subtle—affecting only a subset of synapses in a 
selective neuron group. As a result, different changes in 
shared cell substrates may be the basis for phenotypic vari-
ability and classified as different neurological diseases. 
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Given the considerable evidence, we propose a reason-
able hypothesis that these diseases may have a common 
network of pathogenesis, and Ash1l may be located at the 
epicenter hub of neural co-networks that are the center of 
pathological damage. Mutations in Ash1l interacting with 
the local environment may result in transcriptional abnor-
malities, causing physiological, metabolic, and/or struc-
tural damage of neurons and synapses in specific networks. 
The disease process may initially involve a high degree of 
regional change, thereby exposing areas in the topological 
neighborhood to alter functional input or communication, 
resulting in a series of changes throughout the brain and 
subsequent neural circuit and E/I imbalance reorganization 
mechanisms. Owing to the high interconnectivity of the 
networks, the adjacent topological structure nodes quickly 
respond, causing cascading network reactions, thus, sug-
gesting that these disorders are part of a continuum.

The elucidation of the shared function of newly discov-
ered disease-related genes is a key step in translating genetic 
discoveries into clinical applications, and discussing how the 
destruction of these molecules related to TS disrupts shared 
pathways and contributes to the urgency of these diseases. 
Therefore, further work is required to determine the specific 
cell types that play a key role in these circuits and common 
intercellular signaling pathways connecting different risk 
genes. Only when we are able to predispose the heterogeneity 
of neurodevelopmental disorders in a shared landscape can 
the shared molecular regulatory mechanisms of overlapped 
symptoms and common developmental and/or genetic mech-
anisms be unlocked.
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