CHDS8

Subjects: Neurosciences
Contributor: Orly Weissberg

Chromodomain-helicase-DNA-binding protein 8 (CHD8) has been identified as one of the genes with the strongest
association with autism. The CHD8 protein is a transcriptional regulator that is expressed in nearly all cell types and has
been implicated in multiple cellular processes, including cell cycle, cell adhesion, neuronal development, myelination, and
synaptogenesis. Considering the central role of CHD8 in the genetics of autism, a deeper understanding of the
physiological functions of CHD8 is important to understand the development of the autism phenotype and potential
therapeutic targets. Different CHD8 mutant mouse models were developed to determine autism-like phenotypes and to
fully understand their mechanisms.
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| 1. Introduction to Autism

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder characterized by impaired sociability
and language development, and repetitive and stereotypic behaviors. Autism has a strong genetic etiology, including
involvement of chromatin rearrangements, de novo mutations, and common variants B, An interaction of multiple
genetic factors and environmental factors may be involved in the development of ASD . ASD incidence is steadily rising
in the world population &I, The prevalence is estimated to be one in 54 children at 8 years of age by the Centers for
Disease Control and Prevention (CDC), or one in 40 at ages 3 to 17 years of age according to the National Survey of
Children’s Health (NSCH) and the National Health Interview Survey. There is a male bias in the diagnosis of autism in the
order of 4.3:1 in the USA [8. The cost of treating ASD individuals including educational support, loss of parent working
days, special health services, and others was USD 268 billion in 2015, and estimated to be USD 461 billion in 2025 in the
USA (818, The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) defines autism using social
communication impairment, restricted interests, and repetitive behaviors. Comorbidities include anxiety, epilepsy, attention
deficit hyperactivity disorder (ADHD), speech and language delay, sleep disorders, gastrointestinal problems, and
impaired learning and motor difficulties IMALLIL2AISI14] To date, there is no biological diagnostic assay LS8 or
approved curative treatment 2822 ASD etiology is poorly understood 29, and it is now accepted that it includes different
subtypes induced by different etiologies and pathways, including genetic and environmental factors (121,

| 2. Association of CHD8 and Autism

Chromodomain-helicase-DNA-binding protein 8 (CHD8) was first linked to ASD about a decade ago, when de novo
mutations were first identified in two ASD children (Table S1) 21, Since then, many studies have shown that various
disruptive mutations in both isoforms of CHD8 correlate with increased risk for ASD and might characterize an ASD
subtype [221[23][24](25] |n Table S1, we summarize and describe the mutations that have been found to be associated with
ASD. Most of the known CHD8 mutations lead to loss of function of the protein 28 In ASD individuals, it was found that
CHD8 mutations were more abundant in males 24, In a cohort of ~6000 individuals with autism, 0.2% had de novo
mutations specifically in CHD8 [28], further demonstrating that CHD8 dysfunction is an important factor in ASD pathology.

Individuals carrying CHD8 mutations exhibit a unique phenotype. One of the prominent features is significantly large head
sizes (macrocephaly) that appears in ~85% of cases 22BABLE2 These individuals have typical face characterized by
broad forehead, flat nasal bridge, large ears, increased occipitofrontal circumference (OFC), pronounced supraorbital
brow ridges, and pointed chin 2333 Many of them are tall and slender (~47%) and have additional problems such as
gastrointestinal disturbance (~40%) and sleep problems (~50%) 23311 |n addition, they exhibit mild regression, attention
deficit and anxiety 241331 and developmental delay 28, Speech delay, cognitive impairment, or intellectual disability (ID)
appears in ~66—81% of cases. Additional comorbidities include motor deficits (hypotonia or excessive clumsiness) (~30%)
B8] and seizures (27%) BY. In this review, we first review the major studies that have looked into basic molecular
functions of CHDS8, and then review all major studies that have gained knowledge of its function in neurodevelopment and
ASD through nonmammalian and mammalian animal studies.

| 3. Basic Molecular Functions of CHD8

CHDS8 is located on 14q11.2. It is part of the SNF2H-like ATP-dependent chromatin remodeling enzymes family referred to
as CHD (chromodomain helicase DNA binding) B4, CHD8 has two isoforms: CHDSL, a full-length protein of 280 kDa; and
CHDS8S (Duplin), a 110 kDa protein of the NH2-terminal chromodomain region resulting from alternative splicing [,



Despite having similar functions as other CHD family members, CHD8 needs higher nucleosome concentration for
ATPase activation B, In initial studies, CHD8 was found to directly interact with B-catenin and negatively regulate its
targeted genes B4, including Wnt signaling 29, A separate study found that CHD8 promotes transcription of E2F target
genes, thus regulating cell cycle B4, Additionally, it negatively regulates p53 by recruiting histone H1, therefore suggesting
a involvement in cancer-related processes 28, CHD8 also interacts with CTCF. It was found that CHD8 knockdown
induces a decrease in the expression of a subset of CTCF targets 42, In addition, CHD8 interacts with CHD7, and
together function in transcriptional regulation through RNA polymerase Il 48], These studies suggest a complex role for
CHDS8 in transcription regulation, where it may upregulate or downregulate transcription, depending on cofactors recruited

and genomic regions targeted.

CHDS8 has been found to be involved in many basic biological processes. RE-1 silencing transcription factor (REST), a
transcription factor for neuronal genes, is regulated directly by CHD8. Reduced expression of CHD8 led to alterations in
REST chromatin-binding and neurodevelopment deficits 22, CHD8 stimulates histone H3 lysine 4 (H3K4) methylation
through interaction with mixed-lineage leukemia (MLL), and influences oligodendrocyte maturation [“4l45146]  The
neuromuscular junction (NMJ) structure and function is found to be maintained due to CHDS8 regulation. In addition, CHD8

is involved in the cell cycle G1/S phase by binding to the promoters of cyclin E2 (ccne2) and thymidylate synthase (TYMS)
a7,

In human neural progenitor cells (NPCs), human neuroprogenitor stem cells (hNPSC), and human neural stem cells
(hNSCs), CHD8 was found to regulate the transcription of ASD risk factors 28 and brain-development pathways, including
neuron differentiation and synapse development, cell adhesion, and axon guidance 448491 CHD8 is essential for
development, as homozygote mutant mice die at an embryonic stage 281,

4. Expression of CHD8 and Knockdown of CHD8 in In Vitro or
Nonmammalian Model Systems

CHDS8 is expressed in the mouse at the embryonic stage (E12.5) in different levels in wide regions of the brain (neocortex,
forebrain, ventricular, subventricular and mantle zones, rhombic lip (RL), and the isthmus of the cerebellum, as well as in
lower RL and floor plate region of the hindbrain, midbrain, diencephalon, hypothalamus, pituitary gland, craniofacial
region, and tongue and olfactory epithelium). In the postnatal mouse brain (P20), CHD8 is expressed in the cerebellum,
neocortex, hippocampus, hypothalamus, and olfactory bulb B2, Peak expression levels were observed at E18-P7, then
gradually decreased to adulthood. Highest expression was found in neurons, and lower levels in astrocyte and astroglia
(31 |n the mouse, CHDS8 is expressed higher in brain compared to other tissues and in the embryo, compared to adult (21,
CHDS8, as a chromatin remodeling protein, affects a wide variety of signaling and biological functions (Figure 1), as will be
expounded upon throughout this review, and therefore can be crucial in ADS etiology.
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Figure 1. Functions of the CHD8 protein. CHD8 binds to DNA, and interacts with DNA binding proteins, leading to
downstream changes in both epigenetic markers and downstream biological processes. This figure outlines some of the
major interacting partners and downstream pathways that are regulated by each interaction.

Several studies have looked into the role of embryonic CHD8 in neuronal development. Durack et al. used in vivo
electroporation to introduce shRNA targeting CHDS in fetal cerebral cortex &4, Using this method, Xu et al. found that
CHDS8 is crucial to axon and dendritic growth and development. In addition, CHD8 is essential to neuronal migration in the
cortex at the embryonic stage, although it can recover after birth 21, Reducing CHD8 expression in upper layer cortical
neurons at this time point induced social behavior deficits and anxiety in the adult offspring. CHD8 shRNA knockdown
induced a decrease in neuronal precursor proliferation, concurrent with a decrease in cell-cycle genes and an increase in
genes involved in neuronal proliferation. They further showed that CHD8 promotes neuronal precursor proliferation
through the stimulation of the Wnt signaling pathway ¥Z. In a separate study, RNA-seq of CHD8 +/- cerebral organoids,
generated from induced pluripotent stem cells (iPSCs) from skin fibroblasts, also revealed alteration of genes involved in
neurogenesis, neuronal differentiation, forebrain development, and Wnt/B-catenin signaling B3, Sood et al. induced



mutation in the CHD8 exon 12 by CRISPR-Cas9 on mouse embryonic stem cells (ESCs) differentiated into NPCs, and
found that CHDS is important for NPC development and neurogenesis, as well as Wnt signaling and core pluripotency
network OSKM. Additionally, they found CHD8's effects as a transcriptional regulator are dosage dependent B4l This
emphasizes the importance of maintenance of correct CHD8 levels. A further study found that individuals with CHD8
mutation have unique DNA methylation (DNAm) that distinguishes them from neurotypical and from other ASD patients.
This support the idea that CHD8 mutations create distinct ASD subtypes 531, A mutation in genes parallel to CHDS8 in
Caenorhabditis elegans also induced neurological phenotypes, including locomotion and motor coordination defects,
fecundity defects and length, width and body area alteration B8, In Drosophila, CHD8 was found to interact with RIMS1
and involved in presynaptic homeostatic plasticity (PHP) and stability of synaptic transmission B2, Therefore, CHD8
regulates neuronal development in several model organisms in similar pathways, particularly in pathways involving
regulation of Wnt pathway.

Coll-Tané et al. 58 ysed drosophila to reveal a possible mechanism in which CHD8 influences sleep. Interestingly, CHD8
mutant individuals often report difficulties in sleeping. Glia-specific knockout of kismet, the drosophila ortholog of CHD7
and CHDS8, induced sleep disturbances. Furthermore, kismet regulated synaptic development in neurons. During
development, high serotonin levels in glia cells near the blood-brain barrier are linked to sleep problems. The sleep
disturbances were dependent on increases in serotonin levels during development. Therefore, this study found a specific
role for glial CHD8 in sleep regulation.

| 5. Effects of CHD8 on Non-Neuronal Tissues

Several other studies have shown a role for CHDS8 regulation in non-neuronal cells in both behavioral and physiological
pathways. Slenderness is one of symptoms seen in individuals with CHD8 mutation. Kita et al. determined that CHD8
deletion specifically in preadipocytes leads to decrease in adipogenesis and a slender phenotype in mice. They found that
CHDS8 interaction with C/EBPa and PPARY is crucial for adipogenesis and increase of white adipose tissue mass.
Therefore, CHD8 mutations may lead to physiological changes through regulation in peripheral tissues 52, Separate
studies found that oligodendrocyte precursor cell (OPC) proliferation, differentiation, and survival is regulated by CHD8
and CHD7. CHDS8 interacts in OPCs with ASD risk factor genes, therefore it is suggested that oligodendrocytes take part
in ASD pathology €. In oligodendrocytes from Chd8 OPC knockout mice (Chd8flox/flox; Oligl-Cre+), mutants displayed
dysregulation in OPC differentiation, proliferation, and myelination. By recruiting KMT2 histone methyltransferase and
H3K4, CHD8 regulates the BRG1-CHD7 cascade (BRGlactivate CHD7) that is responsible for oligodendrocyte
development. In addition, these mice die at P21, which is the peak time of myelination. Hence, it suggested that CHDS8 is
crucial for myelination regulation and OPC differentiation. In addition, GO analysis revealed CHD8 influences
neurogenesis, gliogenesis, Wnt signaling, and apoptosis 3. CHD8 inhibition resulted in macrocephaly 28 due to increase

of forebrain and midbrain and impairment of postmitotic enteric neuron results in gastrointestinal dysfunction in zebrafish
1231

6. Mouse Models in the Research of CHD8, Neurodevelopment, and
Autism

Various mouse models were developed to study CHD8 mutations in ASD. In Table S2, we have gathered and described
the major mouse models produced to date. Each model used different techniques and often found slightly different
characteristics. Here, we will review the different models and their findings in the aspects of transcriptome, brain
development, and behavior (Table S2). Katayama et al. 22 generated two lines: Chd8+/AL by deletion of exons 12-14
(“AL™), therefore inducing a knockout only of the long isoform; and Chd8+/ASL by deletion of exons 2-10 (“ASL"),
therefore inducing a complete knockout of both isoforms of CHD8. The different knockouts both produced prenatal
lethality, demonstrating that CHD8 is necessary for vitality. However, haploinsufficient mice could be produced from both
lines. Interestingly, haploinsufficiency of the large isoform had the same behavioral effect as the haploinsufficiency of both
isoforms. Chd8+/AL mice demonstrated increased anxiety, repetitive behavior, and altered social behavior, in addition to
neurodevelopmental delay in the embryos. These mice had macrocephaly, without changes in overall body weight, and
demonstrated alterations in the expression of embryonic neurodevelopmental genes in the brain. Mutant mice also have
shorter intestines and slow intestinal transit, similar to gastrointestinal problems in autism.

In a separate study, Cherepanov et al. 81 ysed the CHD8+/ASL mice to test sex-specific behavior differences and the
possible role of oxytocin in the behavioral phenotype. They found anxiogenic behavior in both males and female CHD8+/
ASL mice, while depressive phenotype appeared only in CHD8+/ASL female mice. Locomotion, social avoidance, and
sociability were normal in CHD8+/ASL mice compared to WT. Social preference toward a novel mouse was impaired in
CHDB8+/ASL male mice, while females had increased to novelty. Of interest, oxytocin concentration in plasma decreased
specifically in CHD8+/ASL male mice. Peripheral administration of oxytocin improved anxiety only in males, but normal
social novelty behavior was recovered in both sexes. Therefore, oxytocin levels may play a direct role in behavioral
abnormalities in this model.

Platt et al. 82 generated CHD8 haploinsufficiency (Chd8+/-) mice using a 7-nucleotide deletion in exon 1 that causes a
frameshift mutation leading loss-of-function (LOF) that was found in ASD patients. Haploinsufficient Chd8 mice exhibited



an autism-like phenotype including typical autistic behavior, macrocephaly, and craniofacial abnormalities similar to ASD
individuals. In addition, they displayed anxiety, and mild impaired social interactions at P23-25. Interaction duration of
juvenile social play was increased, while their number did not change. Reciprocal play behaviors did not change in
number or duration. Repetitive behavior as observed in self-grooming events and the marble-burying test did not change.
The three-chambered social approach task showed impaired social novelty, although sociability did not change. In adult
mice, memory, as tested by contextual or toned fear-conditioning task, did not show changes. In open-field tests and
dark-light emergence tests, mutant mice exhibited anxiety-like behaviors. Rotarod test determined acquired motor
learning was increased. These mice displayed lower body size and showed alterations of adulthood brain gene
expression in genes implicated in DNA modification, mRNA and protein formation, Wnt pathway, and cell-cycle functions.
Cortical progenitor cell population of the somatosensory cortex was increased in E15.5 mice. MRI analysis determined
that CHD8+/- mice brain volume and intraocular distance were larger, in comparison to wild-type controls. In addition,
they showed striatal dysfunction. Inhibitory synaptic transmission in adult mice found no differences in frequency of
miniature inhibitory postsynaptic current (mIPSC); however, a decrease in their amplitude was found. Additionally, during
adulthood, electrophysiology of medium spiny neurons (MSNs) from the nucleus accumbens revealed synaptic changes.
Therefore, in this model, various autism-related abnormalities were observed in the juvenile period, and motor learning in
a specific striatal pathway was dysregulated in adulthood.

Gompers et al. (83 created the Chd8+/del5 mouse strain by germline 5 bp deletion in Chd8 exon 5, upstream of the known
human mutations. Chd8+/del5 mice displayed cognitive impairment in learning and memory in contextual and cued
conditioning and novel object recognition. Chd8+/del5 mice had normal sociability and no repetitive behaviors. In
Chd8+/del5 mice, transcriptional changes were found in neurodevelopmental disorder pathways such as neurogenesis,
synaptic processes, and neuroimmune signaling. RNA-Seq analysis from Chd8+/del5 mice during development (E12.5,
E14.5, E17.5, P0O) and adulthood exhibited increased expression in genes involved in neural progenitor proliferation,
which may explain macrocephaly. Indeed, there was increased regional brain volume found in Chd8+/del5 mice. Cortical
anteroposterior and neocortical regions were larger by ~7% and ~8%, respectively, at birth (P0). However, cortical
thickness did not show changes. Additional areas that exhibited increased size in the brain included cerebral white matter
(5.4%), cerebral gray matter (6.1%), cortex, hippocampus (10.3%), and amygdala (11.0%). A particularly novel finding
was a dysregulation in RNA splicing in neurodevelopment-related genes in the Chd8+/del5 mice.

Jung et al. 52 created the Chd8+/N237k model using Asn2373LysfsX2 mutation (Asn2371LysfsX2 in human) in exon 37.
Chd8+/N2373K mice displayed sex-dependent behavioral, molecular, and electrophysiological differences. In the
maternal-separation paradigm, Chd8+/N2373K male pups (P5-11) showed increased mother-seeking behaviors
(ultrasonic vocalizations (USVs) were faster, longer, and more frequent), while female pups were normal. In juvenile mice,
open-field locomotion, play, or repetitive behaviors were not significantly dysregulated in male and females, although
males showed a tendency toward hypoactivity. In adulthood, isolation-induced self-grooming was higher in adult male
Chd8+/N2373K mice. As sex differences were found in behavior, all subsequent analysis was performed on both males
and females. RNA-Seq of Chd8+/N2373K mice whole brain at P25 revealed three differentially expressed genes in males
and 96 in females, although no differences were found at PO. The female-specific genes were related to extracellular
vesicles, including blood microparticles and extracellular exosomes (genes for intercellular communication) and with the
immune system. In female Chd8+/N2373K mice, downregulated genes were enriched for CHD8-binding genes. Using a
network-based analysis to identify networks of genes that were changed in the mouse model, they determined that PO
male and female Chd8+/N2373K brains displayed transcriptomic patterns that partly mimicked those observed in human
ASDs. Male Chd8+/N2373K mice at P25 showed a transcriptomic pattern that mimicked that of human ASD, whereas
females showed a distinct and partly opposite pattern. Chd8+/N2373K mice birth rate and body weight remained normal.
In order to determine changes in neuronal activity after environmental stress, C-fos levels were measured in mouse
models at basal conditions and after maternal separation. At basal conditions, Chd8+/N2373K female mice had
significantly lower levels of c-fos signal in cortical and subcortical regions. Male levels were the same as WT mice.
However, mutant males separated from their mothers exhibited increased c-fos levels in different brain regions (such as
the cortex, basal forebrain, hippocampus, and amygdala), despite decreased c-fos levels found in lateral habenula (LH).
Female knockouts were not differentially affected by the maternal separation. Using electrophysiological analysis, it was
found that neuronal activity increased in Chd8+/N2373K brain in response to mother separation in males and females,
most notably in the hippocampus, but also in the cortex, especially the prefrontal and sensory cortex. In the hippocampus,
sexual differences in synaptic transmission were observed. The mIPSC frequency and amplitude were lower in males,
whereas in females, its frequency was increased. Excitatory neuronal firing was also increased in mutant males, while in
females, the inhibitory neuronal firing was increased. These studies demonstrate that a CHD8 mutation may affect males
and females in very different ways at the molecular, electrophysiological, and behavioral levels.

Another CHD8 haploinsufficiency model was created by Suetterlin et al. [84, CHD8+/- mice pups displayed hyperactivity
and delayed motor and reflex function. In adulthood, the CHD8+/- mice showed more sociability and socio-
communicative behavior in the three-chamber sociability test and hypoactivity in the open-field test. CHD8+/- mice had no
anxiety in light/dark box test, and no differences in repetitive behavior in marble-burying and self-grooming tests. Spatial
learning abilities and cognitive flexibility as measured by the Morris water maze test showed normal learning, normal
cognition, spatial learning abilities, and flexibility. In addition, these mice exhibited normal behavior in USVs. Body growth
was delayed from birth to P35; however, brain volume was increased up to 20.4% on P35. Furthermore, open-field activity



was negatively correlated with hippocampal and cortical volume. Chd8+/- displayed dysregulation of the cortical
transcriptome during early developmental stages. RNA-seq analysis of Chd8+/- mice from the neocortex at E12.5 and P5
revealed only five genes changed at E12.5, compared to 649 genes at P5 (66% of them were downregulated), when 56 of
them are known as ASD-associated (almost all downregulated). KEGG pathways that are involved in protein transport, the
ribosome, and oxidative phosphorylation were upregulated, while genes involved in cell adhesion, axon growth and
guidance, and synaptogenesis were downregulated. Suz12 target genes were downregulated, which impacted histone
methyl transferase and gene-silencing activities of Polycomb repressor complex 2 (PRC2). Long-range connectivity tested
using rsfMRI showed functional overconnectivity between sensory regions of the neocortex and limbic cortical, auditory
cortex, and ventral hippocampus regions. In summary, these Chd8+/- mice had macrocephaly and dysregulation of the
cortical transcriptome, with behavioral changes that focused on changes in activity and motor function.

The Chd8Vv986*/+ mouse model 24 was generated in C57BL/6J blastocysts using CRISPR/Cas9. In this model, mutation
p.Val984X was generated at the equivalent position in mouse Chd8 (V986), creating tandem stop codons. Pup survival
was reduced in wild-type x Chd8V986*/+ crosses when the mutant parent was female. Chd8Vv986*/+ mutants exhibited
decreases in rearing responses and center time in the open field, and increase in social novelty preference. At 1 year old,
behavior abnormalities were more significant. Males at 6 months exhibited normal performance in the elevated plus-maze,
marble-burying test, buried-food test, and acoustic-startle test. In addition, at 6 months, rearing movements were
decreased, and this was more distinct at 1 year old. Open-field tests and social tests differed at 6 months but were severe
at 1 year old. At 6 months and at 1 year old, open-field-test locomotor activity was similar, while social interactions and
social novelty were increased. Chd8V986*/+ mice displayed at the embryonic stage (E14.5) transcriptomic alterations in
pathways related to the maintenance of the excitatory—inhibitory balance, synaptogenesis, and neuronal maturation
(decrease in genes associated with synaptic and neuronal function, sodium channel activity), which recovered to normal
levels in the postnatal period. In adult mutant mice, there was impairment in proteostasis (decrease in genes associated
with endoplasmic reticulum (ER) stress, chaperone-mediated protein folding, and the unfolded protein response (UPR)
genes), and increase in the c-MET signaling pathway 28127, Cerebral cortex RNA-Seq at embryonic (E14.5) and
postnatal ages (1, 6, and 12 months) revealed Chd8 expression was highest at E14.5 and persisted at a lower level
throughout life. Therefore, of interest, this model displayed transcriptomic differences at early developmental periods, but
major behavioral deficits were only detected at later stages of life.

In order to determine the role of CHD8 in oligodendrocytes, Olig1-Cre/Chd8F/F mice (63 were generated by crossing mice
homozygous for a floxed Chd8L allele (Chd8L F/F Oligl-Cre/Chd8L mice) with mice that expressed Cre recombinase
under the control of the mouse Oligl promoter (Oligl-Cre mice). This created a mouse model of CHD8 deletion
specifically in oligodendrocytes. Most of the pups died before 3 weeks of age, also displaying tremors and paralysis of the
hind limbs. Therefore, they focused on haploinsufficiency. In Oligl-Cre/Chd8L+/F mice, decrease of CHD8 in
oligodendrocytes led to abnormal behavior in mice, as expressed in increased social interaction and anxiety-like behavior.
Olig1l-Cre/Chd8L+/F mice had normal body and brain weight, as well as intestine length or intestinal transit, suggesting
that macrocephaly and gastrointestinal defects are not induced through oligodendrocyte defects. Open-field tests differed
in vertical activity, but not in total distance traveled and time spent. T-maze forced alternation tests, T-maze left-right
discrimination tests, acoustic-startle response, and prepulse inhibition (PPI) did not differ, thus acoustic-startle response,
learning and memory were normal. Anxiety-like behavior was tested by light—dark transition test, and light chamber time
spent and distance traveled, as well as transitions between the light and dark chambers, were significantly decreased in
mutant mice, which indicated increased anxiety-like behavior. CHD8 haploinsufficiency in oligodendrocytes caused
anxiety-like behavior. Social interaction showed no differences in social contacts; however, total contact time was
increased, and mild deficit in social novelty was observed. No difference was found in motility. Other behavioral tests,
including the elevated plus-maze test, nest-building test, and Porsolt forced-swim test did not reveal significant
differences. Oligl-Cre/Chd8LF/F mice had defective myelin formation and oligodendrocyte proliferation in the corpus
callosum, as well as decrease of myelin basic protein (MBP) expression in the whole brain, corpus callosum, cerebellum,
and spinal cord (P7 and P14). Olig1-Cre/Chd8L+/F mice had higher g-ratio and a thinner myelin sheath, as well as nodal
widening and latency of CAP transmission, while the conduction velocity decreased in the corpus callosum. Pyramidal
neurons in layers 2/3 of the prelimbic cortex showed no differences in the amplitude or frequency of spontaneous
excitatory (SEPSC) or spontaneous inhibitory (SIPSC) postsynaptic (either Chd8+/AL or Oligl-Cre/Chd8L+/F). EPSC,
IPSC, and postsynaptic properties of pyramidal neurons in the prelimbic cortex did not significantly change in Oligl-
Cre/Chd8L+/F mice. Therefore, CHD8 in oligodendrocytes has an important role in regulating myelination.

Hulbert et al. [8] generated a mouse model using a gene trap inserted after exon 31. Chd8+/E31T mice displayed normal
anxiety-like behavior, repetitive self-grooming, learning impairments, and social interaction. Social novelty was also
normal in three-chamber tests. Altered communication was observed in USV tests, as the mice exhibited an increase in
call length. Chd8+/E31T mice had improved motor function rotarod task and had normal body weight, although they did
exhibit increased brain size.

In a very recent study, Kawamura et al. [87 performed specific knockout of CHD8 in cerebellar granule neuron precursors,
using the Atoh-promoter-driven Cre line. These mice displayed decreases in the proliferation of precursor cells and
decreases in neuronal differentiation. Electrophysiology studies determined a decrease in both presynaptic and
postsynaptic functions of the cerebellar granule neurons. In addition, the knockout mice displayed significant motor



deficits, while not displaying any deficits in social interaction. Of interest, knockout of CHD8 in cerebellar perkinje cells did
not give any of the above phenotypes. Therefore, CHD8 in cerebellar granule cells specifically regulates motor
phenotypes.

| 7. Interplay between CHD8 and Other Genetic or Environmental Factors

As explained above, there is a very complex genetic etiology of autism, in addition to the possible interaction between
genetics and environment in the development of ASD. Therefore, it is important to consider the possible interplay between
CHD8 and these genetic and environmental factors in the development of ASD. One study found relatively high
penetrance, approximately 50% for CHD8 mutations in ASD 2. This is considerably higher than most other autism-
associated genes, which suggests that CHD8 mutations may often be enough to induce the autism phenotype. However,
since 50% of cases with CHD8 mutations did not display autism, this suggests additional genetic or environmental factors.
Of great interest, this same study found that CHD8 mutations had a higher penetrance in males compared to females.
While autism does have a male bias, not all autism-associated genes display such a bias. For example, Phelan-McDermid
syndrome, characterized by deletion of genetic regions, including the gene Shank3, does not display higher penetrance
among males 8. Therefore, CHD8 specifically appears to have a sex-dependent effect. This is further verified by the
mouse studies reviewed above, which showed sex-dependent effects of CHD8 deletion. Therefore, sex may be one
genetic/biological factor that interacts with CHD8 in the development of ASD.

Chromatin-binding proteins are highly enriched in the known ASD-associated gene list 9, Chromatin-binding proteins,
including CHDS, often function as complexes. CHD8 interacts with the chromatin organizer CTCF #2, which has also
been implicated in the genetics of ASD 9. Together they regulate important regions in the genome, including the
differentially methylated region (DMR) of H19, b-globin, BRCA1, and c-myc genes. Individuals with mutations in CTCF or
CHDS8 often show similar phenotypes, including speech delays and impaired social behavior, although there are some
important differences as well (microcephaly vs. macrocephaly). More research is needed to understand the functional
importance of the interaction between these two proteins. While many chromatin-binding factors have been associated
with ASD, there is still little knowledge about which of these factors may directly bind and regulate CHDS8 activity. This is
an important question moving forward.

CHDS8 has direct effects on biological pathways that have previously been implicated in autism. Therefore, if these
pathways are otherwise perturbed, either through genetic or environmental means, then this may play a role in the
development of ASD. In particular, CHD8 regulates the activity of the Wnt pathway. As discussed above, CHDS8 binds to
the promoter of Wnt signaling genes, including Fzd1, DviI3, and B-catenin by binding to their promotor. CHD8 cortical
knockdown led to decrease of TCF/LEF transcription factor family and impaired brain development [, Wnt-related genes
have been implicated in ASD. In addition, Wnt pathways are important development-related pathways that can be
disturbed by environmental factors. Therefore, an interaction between CHD8 mutations and the Wnt pathway may be
important in the development of ASD.

| 8. Future

CHDS8 is expressed in various cell types; however, it has cell-type-specific functions, as seen in the models described
above M |t is expressed in higher levels during the embryonic and postnatal stages, hence it is important for
development B4, Many studies had emphasized CHD8 involvement in ASD in a way that it might be considered a
separate ASD subtype. However, multiple questions remain open and need further study. The differential behavioral
phenotypes seen in the models discussed above further suggest that different mutations may have separate effects on
CHDS8 function. The different phenotypes may be partly due to laboratory conditions, but are also likely due to disruption of
different areas of the CHD8 gene. In addition, it is not clear if the role of CHD8 in neuronal activity is completely
developmental, or if there are specific roles for CHD8 in brain function past development. In order to answer these
questions, further study is needed.Z2
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p.GIn1238X c.3712C>T
p.Arg1337X c.4009C>T

p.GIu2103ArgfsX3  ¢.6307_6310del

p.Leu2120ProfsX13  ¢.6359_6360del

p.Asn2371LysfsX2 €.7112_7113insA

p.His2498del

p.Val9og4x

p.Glul114X €.3340G>T

p.Glu1932SerfsX3

p.Glu2136ArgfsX6

p.Lys2287 del

p.Arg910Gin C.2729G>A

p.Gly1l710Val ¢.5129G>T

p.Argl797GIn €.5390G>A
~114Kb

microdeletion

p.Arg212Gin

p.GIn696Lys

p.Met904lle

p.Arg1834X €.5500C>T

p.Arg1580Trp

c.4818-2A>C

€.5051 + 2T>A

21899618

21878133

21871178

21870169

21861643

21861376

21859175

21,823,852

21,937,621

78

38

47 37

34 75

92

67

93

19

98

41 27
27
76

72

125 88

63

93

74 97

103 96

43

74

34

<40

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

n/a

DN

DN

DN

DN

DN

DN

DN

DN

DN

Ns

Fs

Sp

Ns

Ns

Fs

Fs

Fs

Aa

Fs

Ns

Fs

Fs

Aa

Mns

Mns

Mns

Md

Ms

Ms

Ns

Ns

Ns

ASD

ASD+ID

ASD

ASD+ID

ASD

ASD

ASD

ASD+ID

ASD

ASD/ID

ASD

ASD/ID/D

ID/ADHD

ASD+ID

ASD+DD

ASD

ASD

ASD

ASD+ID

ASD+ID

ASD

ASD

ASD



lossifov et al.
2014 (6)

De Rubeis et al.
2014 (7)

Talkowski et al.
2012 (8)

MccCarthy et al.
2014 (9)

Kimura et al.
2016 (10)

¢.1593_1601_38del

p.Leu834Pro

p.Arg1242GIn

p.Gly1602ValfsX15

p.Serl606ArgfsX8

p.Tyrl642LeufsX25

t.14q11.2; 3gq25.31

p.Ser2173X C.6518C>A 21860919

p.His1439del

p.Lys2287del

p.Arg2333Cys

p.Arg773GIn

50

50

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

Ssv

Ms

Ssv-Fs

Ssv-Fs

Ssv-Fs

Tr

Ns

ASD

ASD

ASD

ASD

ASD

ASD

ASD+ID

ASD+SHz

SCz

SCz

ASD+ID+|

ASD+SC:z



Merner et al.
2016 (11)

Smyk et al.
2016 (12)

Zabhir et al. 2007
(13)

Terrone et al.
2014 (14)

p.Asn2092LysfsX2

p.Arg7Cys

p.1le1325Thr

p.Glul750Lys

p.Arg1879Cys

p.Arg1901Cys

p.Gly1998Ala

p.Arg2035GIn

p.Gly162Gly

p.Leul305Leu

p.Alal693Ala

p.Glu1825Glu

p.His1989His

p.Asp2261Asp

c.6276dup

c.19C>T

€.3974T7>C

5248G>A

€.5635C>T

c.5701C>T

€.5993G>C

€.6104G>A

G/C

AIG

AIG

G/A

CIT

CIT

~445 kb
microduplication

~101 kb
microduplication

~1.6 Mb
microduplication

~1.079 Mb
microduplication

~2.89 Mb
microduplication

21859176

21897482

21868146

21861869

21860965

21860899

21860047

21859746

21896306

21868205

21862038

21861642

21860073

21853898

21,507,092-
21,952,439

20,896,740

20,998,178

19,584,863

21,207,935

19,853,310

20,932,827

chrl4:
19,788,445

22,675,219

56

DN

n/a

n/a

n/a

DN

DN

DN

DN

DN

Fs

Pms

nSn

nSn

nSn

nSn

nsn

nsn

Sn

Sn

Sn

Sn

Sn

Sn

Md

Md

Md

Md

Md

ASD+ID

ASD

SCz

ASD

SCZ

SCZ

SCz

ASD

SCz

SCZ

ASD

ASD

DD+HDAI

DD+ID

DD+ID

DD+ID

ASD



T. Wang et al.
2016 (15)

Stolerman et al.
2016 (16)

Han et al. 2018
a7)

J. Wang et al.
2018 (18)

D’'Gama et al.
2015 (19)

Cappi et al.
2016 (20)

Arnett et al.
2018 (21)

Wong et al.
2019 (22)

Yasin et al. 2019
(23)

p.Asp691Gly

p.Lys750AsnfsX14

p.Asn1235MetfsX18

p.Arg1897ThrfsX23

p.Arg1551Cys

p.Glu883X

p.Met559lle

p.Val744lle

p.Elul327Lys

p.Glu1727X

p.Arg1402X

p.lle1108AsnfsX7

p.Asn807ThrfsX78

p.Arg952Xx

p.His782ProfsX7

p.Prol65Leu

Exons 26-28
deletion

c.4651C>T

C.2647C > A

c.1677C > A

€.2230G > A

C>T

c.5179G>T

c.4204C>T

€.3322_3323insA

€.2420del

c.2854C>T

c.2345del

€.3882 + 1G >A

C.494C>T

~33.269 kb deletion

21862265

21,863,796~
21,868,103

21870199

21,827,942-
21,861,211

65

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

LGD

LGD

LGD

Ns

Ms

Sg

Sg

Fs

Fs

Sg

Fs

Sp

Ms

ASD

ASD

ASD

ASD

ASD+DD+

ASD+DD

ASD+DD

ASD+ID

ID+OCD

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD+ID+



Ostrowski et al.
2019 (24)

Cotney et al.
2015 (18,25)

p.Arg564X

p.Glu714X

p.Tyr854X

p.Asn873Asp

p.Thr976Lys

p.Argl472X

p.Ser1420X

p.Arg286Cys

p.Arg2158Cys

p.Arg2180Cys

p.G2277Ala

p.Arg2314GIn

c.470del

¢.517_533del

c.1690c>T

€.1899+1G>T

€.2024+5G>A

€.2140G>T

€.2562_2563del_p.

C.2617A>G

€.2927C>A

€.3011_3012del

€.3518+5G>C

€.3528_3529insAA

c.3569_3587del

€.4093_4094del

C.4414C>T

€.4259_4260del

c.5386del

€.5599+2T>C

c.6115del

c.7511dup

c.856C>T

c.6472C>T

€.6538C>T

€.6830G >C

€.6941G >A

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

DN

Inherited

DN

DN

DN

DN

N/A

n/a

DN

Fs

Fs

Sg

Ss

Sg

Sg

Sg

Sg

Fs

Sp

Fs

Sg

Fs

Sg

Fs

Sg

Fs

Fs

Fs

Missense

Missense

Missense

Missense

Ns

ASD+ID

ASD+ID

ASD+ID

ASD+ID

ASD+ID

ASD+ID

ASD+ID

ASD+ID

ASD+ID

ASD

ASD

ASD

ASD

ASD



Siu et al. 2019
(26)

Douzgou et al.
2019 (27)

p.Argl173Gly

p.Asn740Ser

p.Pro2281Ala

p.Gly2189Arg

p.Alal314Thr

p.His2500Pro

p.Thr2050fs

p.Arg2217

p.Pro2316LeufsX39

p.Arg1443Cys

p.Serl420X

p.Glu1004ValfsX22

p.Lys545AsnfsX47

p.Argl242X

p.GIn687X

p.Tyr902X

p.Tyr854X

p.Leu1206X

c.3517 A>G

C.2219A>G

€.6841C>G

C.6565G>A

€.3940G>A;

C.7499A>C

€.6148dupA

c.4215G>T

€.6649C>T

c.6947delC

c.4327C>T

€.4259_4261GTC>G

¢.3011_3012GA>T

€.1899+1G

€.1635delCA>C

€.3724C>T_

€.2059C>T

€.2706GT>G

€.2562_2563del

c.3518+1

€.3617T>G

21869143-
2186914

21873918-
21873920

21883883-
21883883

21894367-
21894368

21870653-
21870653

21882543
2188254

21876494-
2187649

21876637-
21876639

21877595
-21877595

21871273
-21871273

DN

n/a

DN

n/a

n/a

DN

DN

n/a

DN

DN

DN

DN

DN

DN

Sn

Sg

Fs

Sp

Fs

Sg

Sg

Sg

Sg

Sp

Sg

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD

ASD+ID

DD

ASD+ID

ASD+ID

ASD+ID+!

ASD+ID

ASD

ASD+ID

ASD+ID



21499240

401 kb
] o -21899985 Md
microduplication
x 3
Smol et al. 2020
(28)
21622823
277 kb duplication -21899759
x3
Tran et al. 2020
(29) p.11e1192Thr c.3575T>C 21871315 DN Ms
21399998-
p.G1602Vfs*13 c.4800delA 79 DN Fs
21399998
Wu et al. 2020
(30)
21408388-
p.N885Tfs*14 c.2654delA IN Fs
21408388
Alotaibi and
Ramzan 2020 p.Argl662Ter €.4984C>T DN Pms
(31)
p.Tyr1168Asn c.3502 T>A DN Ms
p.Arg1188X €.3562C>T DN Ns
€.4818-1G>A DN Sp
An et al. 2020
p.Glu689X €.2065C>A DN Ns
(32)
p.Lys2286Arg €.6857A>G Ms
p.Arg773GIn €.2318G>A IN
p.Val2521Ala €.7562T>C IN

Abbreviations: AA change- amino acid change, S.M-sequencing mutation, Chrl4 P- chromosome 14 position, NVIQ-
non-verbal 1.Q, VIQ- verbal 1.Q, FSIQ- Full Scale I.Q, INT- inherited type, MutT-mutation type, Phen- phenotype. DN- de
novo, IN- inherited, Fs-frameshifting indel, Ns-nonsense, Sp-splice-site, Aa- single amino acid deletion, Ms-missense,
Mns- Missense near splice site, Tr- Translocation, Ssv- Splice site variant, nSn- non-synonymous, Sn- synonymous, Sg-
stop-gained, Pms- premature stop codon, Md- microdeletion, Dup- duplication, LGD- likely gene-disruptive, ASD- autism
spectrum disorder, ID- intellectual disability, DD- developmental delay, SCZ- Schizophrenia. Fs-frameshift, X-stop, X23-
stop after 23 amino acid, Ter- stop, Arg 1023del- amino acid Arg in position 1023 was deleted.

Table 2: CHD8 mouse models.

Chd8+/ASL
Mouse model Chdg+/- Chds+/del5 Chd8+/- Chdg*/N2373K
and Chd8+/AL

Katayama et Platt et al. Gompers et al. Suetterlin et al.
Reference Jung et al. 2018 (5)
al. 2016 (1) 2017 (2) 2017 (3) 2018 (4)

ASD+DD-+

DD

ASD

ASD

ASD

ASD+DD-+

ASD

ASD+ID

ASD

ASD+DD

ASD

ASD

ASD

Chd8Vv986*/+

Jiménez et al. 2

@)



Mutation

Deletion of
Exons 12-14
(AL

And

Deletion of
Exons 2-10
¢ASL)

A 7-nucleotide

deletion in
exon 1 that .
Novel germline 5
causes a o
) bp deletion in

frameshift

. Chd8 exon 5.
mutation

leading to loss-
of-function

Early frameshift
and termination
of translation at
amino acid 419
at exon 3.

Chd8flox/+
crossed with (-
actinCre mice to
generate 3-
actinCre;Chd8+/
- mice.

Asn2373LysfsX2 in mice
parallel to
Asn2371LysfsX2 in
humans. In exon 37.

Stop codon at tt
valine 986 whicl
equivalent to va
984 in mouse C



Brain volume

Increased

(at E18.5 and
adult)

n/a

Increased

Maximal cortical
anteroposterior
length of
Chd8+/del5
brains was ~7%
longer at PO (no
substantial
differences
between sexes),

7.5% increase in
absolute volume
of cortex, whole-
mount and Nissl-
stained coronal
brain sections at
P7-no
neuropathological
anomalies were
observed, cortical
thickness at 30%
and 70%
distance from the
dorsal midline- no
significant
differences. The
overall
neocortical
section area was
~8% larger,
cerebral white
matter and
cerebral gray
matter were
larger at 5.4%
and 6.1%
respectively.
Robust increases
in absolute
volume across
cortical regions,
hippocampus
(+10.3%) and
amygdala
(+11.0%).
Increased cortical
thickness. Deep
cerebellar nuclei
showed
decreased
relative volume
(-1 to -3%).

Increased

Total brain
increased by
2.7%, several
brain regions,
including
cortical areas,
hippocampus
and parts of the

Increase (MRI)

cerebellum
showed
volumetric
increases

Increased (PO0)



Brain
morphology
and function
(MRI, uCT,
rsfMRI)

n/a

Body weight No differ

Transcriptomic changes in the brain

Morphological
analysis using
Nissl staining
shows no overt
phenotype
present in the
somatosensory
cortex

no increase in
the number of
cortical
progenitor cells
as measured
by BrdU
incorporation
within the
somatosensory
cortex

no increase in
either the total
cell-cycle
length or the
length of S
phase within
the
somatosensory
cortex

(no gross de-
fects in
specification,
migration, or
lamination of
different sub-
types in the
neocortex.)

increase in
both
intraocular
distance as
well as total
brain volume
(aow) (MRI)

Decrease

(10W)

Increased
absolute volume
of cerebral cortex
(f-stat = 33.6,
FDR < 0.1%),
hippocampus (f-
stat = 29.0, FDR
< 0.1%) and
amygdala (f-stat
=38.6, FDR <
0.1%)

increased brain
volume

(MRI)

No differ

interorbital
distance-
significantly
wider

anterior—
posterior length
of the
interparietal
bone —
increased,
suggestive of
more wide-
spread
craniofacial
anomalies

(LCT)
anterior cingulate,
hotspots for anterior commissure, and

increased cerebellum in female (not

connectivity in in male)

Cortical and

Hippocampal Gross brain morphology-
Networks normal

(entorhinal,

hippocampus displays

retrosplenial, .
sexually dimor-

auditory cortical
and posterior
hippocampal
areas),
increased

phic synaptic
transmission and
neuronal firing
cortical (MRI)
connectivity in
auditory
regions,
increase in
connectivity
between ventral
hippocampus
and auditory
cortical regions,
increased
connectivity of
this region with
both cingu- late
and entorhinal
cortices

(rsfMRI)

Decrease (5W) No differ

n/a

No differ at PO

Decrease at 25\



* RNA-seq

n/a

Brain
development,
epigenome
regulation,
neuronal and
synaptic
adhesion.

Forebrain at
E12.5, E14.5,
E17.5, PO and
adult mice

Chd8 expression
declined across
development.

Decreased in
genes of RNA
processing,
chromatin
remodeling, and
cell cycle,
increased of
genes linked to
immune function
and cell identity
of astrocytes or
microglia.

Alteration of
genes involved in
neuronal
maturation

Increased
prenatal
proliferation of
neural
progenitors,

Neocortical
tissue at E12.5
and P5

Upregulated -

KEGG
pathways
related to
protein
transport, the
ribosome and
oxidative
phosphorylation

downregulated
genes related to
cell adhesion,
axonal
guidance and
calcium
signaling
pathways,
Suzl12 targets
genes.

At P5 significant
enrichment of
cell adhesion
and axonal
guidance genes
in the
downregulated
genes.

axon guidance
and cell
adhesion genes
that are
preferentially
expressed in
CA2 and
auditory areas
at adult stages
and whose
expression is
dysregulated at
P5

Hippocampus at PO, P25

Chd8 expression was
stronger than at later
stages

No differentially
expressed genes (DEGSs)
in PO in

males or females.

Sexually dimorphic
enrichment patterns

at P25, there were three
DEGs in males and 96
DEGs in females. In P25
females- extracellular
vesicles, including blood
microparticles and
extracellular exosomes,
platelet activation.

P25 female whole-brain
enriched genes were

‘blood microparticle’ and
‘platelet’.

P25 male, but not female,
whole-brain were strongly
and negatively enriched
genes for ‘synapse’.

Males and females
showed largely similar
enrichment patterns for
‘ribosome’ and
‘mitochondria/oxidoreduc-
tase’ genes

Cerebral cortex
E14.5, 1M, 6M,

Chd8 expressio
was highest at E
and persisted at
lower level
throughout life

genes associate
with focal adhes
neurodevelopmi
proteostasis, so
channel activity
synaptic functiol
were reduced

reduced mTOR(
and IRE1 pathw
activation

decreased XBP
expression

genes associate
with heat shock
factor 1 (HSF1)
signaling and
chaperone funct
were reduced

c- MET signaling
pathways were
upregulated

protein homeost
is impaired



Expression of
genes related

to synapses
and ion was

downregulated

in Chd8+/AL

mice.

* ChlIP-seq Neural

development

is delayed
during the
early to mid-

fetal stage in

the mutant
mice

Repetitive behavior

*Self-grooming  No differ
* Marble y

n/a
burying
Anxiety like Increased
behavior

Learning impairments

* Light—dark
emergence Decrease
task
* Elevated plus

Decrease
maze
* Elevated zero

n/a
maze
* T-maze No differ
forced- Chd8+/AL

alternation test mice

CHDS8 binding
sites are
enriched in
promoters.
Enrichment for
histone and
chromatin
modification as
well as al-
terations in
mRNAand
protein
processing.

No differ

No differ

Increased

Increased in
the latency to
enter the light
side

n/a

n/a

n/a

Strong
concordance in
enriched
functional
annotation terms
between DE and

n/a
Chd8-bound
genes. Strong
enrichment for
binding among
downregulated
genes.
No differ No differ
No differ No differ
n/a
n/a No differ
n/a n/a
n/a n/a
n/a n/a

n/a

Increase in adult male

when isolated for 3 d, but
showed normal self-
grooming and other
repetitive behaviors when
housed together,
whereas females showed
no isolation-induced self-
grooming

No differ

In adult male- no differ

n/a

No differ

n/a

n/a

n/a

n/a

No differ

n/a

n/a

No differ (6M)

n/a

n/a



* T-maze left—
right
discrimination
test

* Open field

* Acoustic
startle test

*Contextual
fear
conditioning

* Tone fear
conditioning

* Novel object
recognition

*Morris water
maze test
(Spatial
learning
abilities and
cognitive
flexibilit)

* T-maze left-
right
discrimination
test

Olfactory

percentage of
correct
responses
was reduced
for Chd8+/AL
mice

Center time —
Decrease

Total distance-
no differ

Amplitude-
Decrease

Prepulse
inhibition-
Increase

n/a

n/a

Decrease

n/a

n/a

n/a

n/a n/a

Center time —
Decrease

Total distance-

No differ
Decrease
Reduced
locomotion
n/a n/a
Deficits in
learning and
. memory, less
No differ .
freezing, lower
freezing scores to
the auditory cue
No differ n/a
Deficits in
n/a .
recognition
n/a n/a
n/a n/a
n/a n/a

n/a

Hypoactivity

No evidence of
anxiety

Total distance-
Decrease

Center time- no
differ

n/a

n/a

n/a

n/a

Normal in the
learning part,
normal
cognitive,
spatial learning
abilities and
flexibility.

n/a

Increased
interest in an
odour with
social
significance

n/a

Hypoactivity and
decreased center time in
adult male but not female

Total distance- decrease

Center time- decrease

Prepulse inhibition- no
differ

n/a

n/a

n/a

n/a

n/a

in adult male- no differ

n/a

Distance travele
No significant
differences

Number of rears
significant decre

Time in center. |
significant

differences at 6l
significant decre
in center time at

Amplitude - no ¢

Prepulse inhibiti
no differ

n/a

n/a

n/a

n/a

n/a

No differ



Motor function

increase in
* Rotarod acquired

motor learning

*Forelimb grip

n/a
strength
Sociability
Social
L n/a
communication
“Three- Sociability- no
chamber test differ
for social Novelty
novelty preference-
preference Decrease
reduced for
mutant mice
*social-

duration per
interaction test

contact was
greatly
increased

*

Communication

through USVs
n/a

ultrasonic
vocalizations
(USVs)

Cognitive impairments

n/a

n/a

Mild deficit in
social
interaction
behavior in the
social novelty
but not the
sociability test
of the three-
chambered
social
approach task

Sociability and
Entries- no
differ

Novelty
preference-
Decrease

n/a

n/a

n/a

n/a

No differ

No differ

n/a

No differ

normal motor . .
. in adult male- no differ
abilities

slightly but
significantly n/a
reduced

No obvious
communication n/a
deficit

Normal .
o In adult male- no differ
sociability

) L Sociability and Novelty
minor deficits in )
. preference- no differ
social novelty

in adult male- no differ

n/a . s )
(dyadic social interaction)
More frequently, rapidly,
and for longer durations
in male P5-11 but not in
No differ

female (when separated
from their mothers)

In adult male- no differ

n/a

n/a

Increased socia
preference

Sociability- no d

Novelty preferer
increased

a shift in prefere
to the newly
introduced strar
(6M+12M)

Entries-no differ

Increased socia
interest



* Operant
conditioning
task

Maternal-
homing test

Homozygous
embryonic
lethal

Other

Reference

n/a

n/a

*Shorter
intestine and
tended to
manifest
slower
intestinal
transit

Katayama et
al. 2016 (1)

n/a n/a n/a
n/a n/a n/a
+ + n/a
*Using

CRISPR/Cas9

*Synaptic
Dysfunction
within MSNs in
the NAc

*local
decrease of
inhibitory
transmission
may contribute
to the
enhanced
excitatory
inputs onto

MSNsinthe  USing n/a
NAC CRISPR/Cas9

*CHD8
expression in
adults is not
required for the
increased
anxiety-like or
decreased
locomotor
behavior but is
required for
acquired motor
learning in the

ro- tarod

performance

test.

Platt et al. Gompers et al. Suetterlin et al.
2017 (2) 2017 (3) 2018 (4)

n/a

Spent more time with the

reunited mothers,
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