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ABSTRACT

The chromodomain helicase DNA-binding protein 8 (CHD8) is a chromatin remodeler whose mutation is asso-
ciated, with high penetrance, with autism. Individuals with CHD8 mutations share common symptoms such as
autistic behaviour, cognitive impairment, schizophrenia comorbidity, and phenotypic features such as macro-
cephaly and facial defects. Chd8-deficient mouse models recapitulate most of the phenotypes seen in the brain
and other organs of humans. It is known that CHD8 regulates - directly and indirectly - neuronal, autism
spectrum disorder (ASDs)-associated genes and long non-coding RNAs (IncRNAs) genes, which, in turn, regulate
fundamental aspects of neuronal differentiation and brain development and function. A major characteristic of
CHD8 regulation of gene expression is its non-linear and dosage-sensitive nature. CHD8 mutations appear to
affect males predominantly, although the reasons for this observed sex bias remain- unknown. We have recently
reported that CHD8 directly regulates X chromosome inactivation (XCI) through the transcriptional control of the
Xist long non-coding RNA (IncRNA), the master regulator of mammalian XCI. We identified a role for CHD8 in
regulating accessibility at the Xist promoter through competitive binding with transcription factors (TFs) at Xist
regulatory regions. We speculate here that CHD8 might also regulate accessibility at neuronal/ASD targets
through a similar competitive binding mechanism during neurogenesis and brain development. However, whilst
such a model can reconcile the phenotypic differences observed in Chd8 knock-down (KD) vs knock-out (KO)
mouse models, explaining the observed CHD8 non-linear dosage-dependent activity, it cannot on its own explain
the observed disease sex bias.

Autism is generally acknowledged to have a higher prevalence in
males compared to females. This understanding is based on epidemio-
logical studies, including those involving twins, as well as robust clinical
observations that consistently reveal a greater ratio of autism diagnoses
in males than in females. The specific male-to-female ratio in autism
varies, but it is commonly reported to range from around 3:1 (Loomes
et al., 2017) to approximately 2:1 (Zwaigenbaum et al., 2012). Impor-
tantly, these ratios represent a general pattern and should not be
interpreted as an absolute fact that females are less likely to be on the
autism spectrum (see below).

The chromodomain helicase DNA-binding protein 8 (CHDS8) is an
ATP dependent chromatin remodeler whose mutation is associated, with
high penetrance, with autism (Bernier et al., 2014), showing specific
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sex-biased phenotypes (Weissberg and Elliott, 2021). CHDS8 is a gene
that encodes a protein involved in chromatin remodeling, which is the
process of altering the structure and accessibility of DNA in the cell
nucleus. CHD8 belongs to the CHD family of proteins, which are
ATP-dependent chromatin remodelers. The CHD8 protein consists of
several functional domains, including two chromodomains, an
SNF2-like helicase/ATPase domain, and a DNA-binding domain. These
domains enable CHDS to interact with DNA and other proteins, allowing
it to regulate gene expression and chromatin organization (Weissberg
and Elliott, 2021). The CHD8 protein is known to play a crucial role in
multiple biological processes, particularly during embryonic develop-
ment and brain development. It has been found to be highly expressed in
the developing brain, particularly in neural progenitor cells, which are
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responsible for generating different types of neurons. By interacting with
other chromatin remodelers such as CHD7 (Batsukh et al., 2010) and
transcription factors (Sood et al., 2020), CHD8 can modulate the
accessibility of genes, influence the binding of RNA pol II/transcription
factors, and potentially impact the transcriptional elongation process.
Recently it has been shown that Chd8 mutation affects H3K36 methyl-
ation levels that in turn affect alternative splicing and, therefore, finely
tuning gene expression (Kerschbamer et al., 2022). All this evidence
highlights the multifaceted multirole role of CHDS8 in orchestrating gene
expression and chromatin dynamics.

Patients carrying a heterozygous mutation in the CHD8 gene show
autistic behaviour, gastrointestinal symptoms and specific facial and
skeletal features such as increased occipitofrontal circumference (OFC),
and macrocephaly (Bernier et al., 2014). Mutations in this gene have
also been associated with schizophrenia (McCarthy et al., 2014). Chd8
haploinsufficiency in some mouse models have revealed an autistic-like
phenotype, including repetitive/stereotyped behaviour, increased anx-
iety (Katayama et al., 2016), and altered social behaviour (Katayama
et al., 2016; Suetterlin et al., 2018). Increased brain size has been re-
ported in all haploinsufficiency models so far (Bernier et al., 2014;
Katayama et al., 2016; Suetterlin et al., 2018; Sugathan et al., 2014).
Altered neuronal connectivity (Suetterlin et al., 2018), and impairment
of gastrointestinal motility (Bernier et al., 2014) have also been reported
with however considerable phenotypic variability between different
Chd8 haploinsufficiency mouse models (Suetterlin et al., 2018). In
mouse models and mouse/human cells, Chd8 haploinsufficiency has also
been associated with a generalised dysregulation of gene expression
(Katayama et al., 2016), through direct and indirect effects of Chd8
depletion on global gene expression (Sugathan et al., 2014; Cotney et al.,
2015), a phenotype compatible equally with the altered neurogenesis
and increased brain size (Bernier et al., 2014; Sugathan et al., 2014)
including zebrafish models.

In studies conducted on Chd8 knockout (KO) or hypomorphic
models, sex-biased phenotypes have been reported in both males and
females, which appear to be associated with the specific type of muta-
tion. Research using CHD8 mouse models has revealed differences in
behavioral and physiological characteristics between male and female
mice carrying CHD8 mutations. These differences encompass variations
in social behavior, repetitive behaviors, cognitive abilities, and brain
structure. For instance, a study published in 2018 investigated the
behavior of male and female mice with Chd8 mutations and found that
male mice with Chd8 mutations exhibited more severe social deficits and
repetitive behavior compared to female mice with the same mutation
(Jung et al., 2018). Cherepanov et al. also showed sex-specific differ-
ences between male and female Chd8 heterozygous mouse model, in
particular, they reported that both male and female Chd8 heterozygous
mice exhibited anxiogenic behavior, while only females showed
depressive symptoms. Locomotion, social avoidance, and sociability
were normal in heterozygous mice compared to wild-type (WT) mice
(Cherepanov et al., 2021). However, their CHD8+/DSL males had
impaired social preference, while females showed an increased response
to novelty (Cherepanov et al., 2021). Noticeably, in this mouse model,
oxytocin injection partially improved these behavioural phenotypes.
Another study from the Basson lab demonstrated changes in neuronal
connectivity in CHD8 mutant mice, indicating effects on brain devel-
opment and function with little sex-specific differences (Suetterlin et al.,
2018). Overall, these findings suggest that CHD8 mutations may impact
males and females differently in terms of their behavioral and neuro-
developmental outcomes. The specific effects of CHD8 mutations on
males and females warrant further investigation to gain a more
comprehensive understanding of the sex-specific differences associated
with CHD8-related phenotypes.

Chd8 Knock-Out (KO) animals show embryonic lethality at embry-
onic day E7.5/8 albeit in the absence of sex differences (Nishiyama
et al., 2004) with a lack of proliferation apparent from embryonic day
E5.5, from which day on the cells start degenerating (Nishiyama et al.,
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2004). Such observations are consistent with the reported repressive
role for CHD8 in p53-mediated transcription (Nishiyama et al., 2004)
via H1 recruitment at target gene regulatory regions (negative regula-
tion of gene expression) (Nishiyama et al., 2009). In contrast, CHD8
downregulation has been shown to reduce the expression of neuronal
and ASD genes (Sugathan et al., 2014; Cotney et al., 2015) regulating
cortical neurogenesis through the activation of the Wnt signalling and
cell cycle genes (Durak et al., 2016) (positive regulation of gene
expression), with significant differences between different experimental
models (Suetterlin et al., 2018; Durak et al., 2016; Hurley et al., 2021).
Interestingly, CHDS8 has also been reported to regulate long non-coding
RNAs (IncRNAs) expression (Wilkinson et al., 2015). Collectively, this
data indicates that CHD8 might act as both an activator and a repressor
of gene transcription through positive and negative remodeling of
chromatin at specific target genes.

Recently the Basson lab, has uncovered a non-linear, dosage-
dependent role for Chd8 in the regulation of brain size and gene
expression in the developing cortex (Hurley et al., 2021). Interestingly,
Chd8 haploinsufficiency or reducing CHD8 protein levels to 35% of
wildtype (WT), referred to as mild hypomorphs, is associated with brain
hyperplasia, while reducing CHD8 levels to 10-15% of WT levels (severe
hypomorphs) or deleting Chd8 from early neural progenitors resulted in
reduced brain size and increased apoptosis in the embryonic neocortex
(Hurley et al., 2021). Transcriptional analysis revealed the deregulation
of ~2000 genes in the CHD8 hypomorphs, including neuronal genes and
genes implicated in cell cycle progression, as previously reported (Durak
et al., 2016). In the Chd8 severe hypomorph and null animal brains, the
authors reported greater deregulation at a transcriptional level (Hurley
et al., 2021), including deregulation of the p53 pathways, consistent
with early embryonic phenotypes in complete null animals (Nishiyama
et al., 2009).

Recent work from the Avner lab (Cerase et al. (2021)) reported a
similar non-linear effect of Chd8 mild and severe/full CHD8 depletion on
global transcriptional cell output and on the transcription of Xist RNA
(the master regulator of XCI (Boeren and Gribnau, 2021; Cerase and
Tartaglia, 2020)) during neuronal differentiation (Pintacuda and Cerase,
2015). The authors showed that CHDS8 is mainly binding transcription-
ally permissive chromatin regions, decorated by the H3K4me3 mark,
working as an activator/facilitator of transcription. They went on to
show that a mild CHD8 KD leads to modest gene deregulation in
ES-derived neuronal progenitors (Cerase et al., 2021). Conversely, se-
vere CHD8 KD and CHDS8 null cells showed a greater degree of gene
deregulation with hundreds to thousands of genes being deregulated
(including neuronal/ASD genes) (Cerase et al., 2021), potentially
through direct and indirect/adaptive transcriptional response, as pre-
viously reported (Sugathan et al., 2014; Cotney et al., 2015). While a
mild CHD8 KD leads to a decrease of Xist RNA expression during dif-
ferentiation, in severe KD and full Chd8 null cells, the authors observed a
substantial increase of Xist transcription and accessibility at Xist regu-
latory regions (Cerase et al., 2021). Applying a classical model by which
CHDS actively remodels the chromatin at target genes regulatory re-
gions through influencing the spacing of the nucleosome array (positive
gene regulation) or regulating H1 binding (negative gene regulation), or
cooperative binding with pluripotency factors (Sood et al., 2020),
cannot fully explain the non-linear effect of CHD8 depletion on gene
expression seen in these two studies (Hurley et al., 2021; Cerase et al.,
2021). Cerase et al. (2021), has suggested alternatively that the dis-
crepancies between mild and severe CHD8 KD can be explained by
competitive TF binding at Chd8 target genes. The authors have shown
that while in the WT situation, CHDS8 is an activator of Xist gene, in the
absence of CHDS8, the binding of certain transcription factors may be
enhanced (Fig. 1). In particular, they showed increased binding of YY1,
a strong Xist activator (Makhlouf et al., 2014), at Xist regulatory regions
in the absence of the CHDS8 protein (Cerase et al., 2021). Indeed, a
consensus analysis of CHD8 ChIP-seq peaks, revealed a shared binding
site between CHD8 and the YY1 proteins at ~75% of identified CHD8
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Fig. 1. CHDS regulates target gene expression in a non-linear fashion through competition with YY1 and other transcription factors. In the wild-type (WT) situation, CHD8
binds target genes through recognition of H3K4me2-3 by its chromodomains and through interaction with histones and accessory proteins, to activate target gene
expression (top panel). In mild knock-down (KD) conditions, a <50% reduction of CHD8 reduces the expression of target genes (middle panel). Residual CHD8
binding does not allow YY1 and/or other TFs to efficiently access target gene regulatory regions. In CHD8 knock-out (KO) or severe KD conditions, in the absence of
CHDS8, YY1 is now allowed to bind to target genes and deregulate gene target expression. Note: competitive binding with TFs other than YY1 is also possible and
likely to cause gene deregulation (up/down-regulation) through direct and indirect effects (not shown in the picture, see main text for more information). A
representative scenario has only been depicted for clarity and simplicity. Cooperative binding is also likely to play a role in the regulation of CHD8 gene targets (Sood

et al., 2020).

peaks (Cerase et al., 2021). Noticeably, of the ~2484 differentially
regulated genes in the Chd8 knockout (neuronal progenitors), 1203
promoters are bound by CHD8 and of those at least 391 also by YY1
(Cerase et al., 2021). Competition and/or the involvement of other TFs
and/or other chromatin remodelers (Cerase et al., 2021) remains to be
fully excluded.

Such a model appears to better explain the non-linear dosage-
dependent effect reported in the various CHD8 depletion models (Hurley
et al., 2021; Cerase et al., 2021) as compared to classic genetic models
and could be extended to aspects of gene regulation, such as the regu-
lation of alternative splicing (Kerschbamer et al., 2022), other than the
classical positive (Sugathan et al., 2014; Cotney et al., 2015) and
negative chromatin remodeling (Nishiyama et al., 2009) initially asso-
ciated with CHD8 activities or cooperative binding (Sood et al., 2020).
This working model can obviously be applied beyond the field of XCI
and CHDS8 regulation to the wider interpretation of non-linear gene
regulation in Mendelian disease phenotypes. As XCI is not on the whole
affected in CHD8 mutants, while the proposed model may help in the
interpretation of data from different genetic systems, it cannot, by itself
alone, explain the male-biased phenotypes observed in CHD8 animal
models.

Can the model suggested by Cerase and Avner explain sex-differences
and sex bias? As in their study XCI is not majorly affected (perhaps
slightly enhanced), it is possible that abnormal silencing of genes that
otherwise escape XCI can contribute to some extent to the observed sex
bias in mouse models. As this data was generated in differentiating ESCs
(Pintacuda and Cerase, 2015), it’s not possible to simply translate these
results to neurons and neuronal development. Furthermore, these data
were only obtained in female lines and the equivalent experiments in the
exact experimental conditions in males is currently not available.

The reasons of the observed sex bias in autism in humans are not
known. It is plausible that autism presents itself differently in females or
that diagnostic criteria may exhibit a bias toward identifying autism

traits in males. In fact, when considering ASD symptoms as a continuous
spectrum that encompasses mild/very-mild phenotypes, contrasting
males-to-female ratios have been reported, indicating that females can
carry a greater etiological burden than males (Robinson et al., 2013).
This finding strongly supports the theory of a female protective effect
(FPE). The presence of this effect may be attributed to the X chromo-
some, which contains an abundance of genes that regulate brain
development and function (Pallier et al., 2022) and the random inacti-
vation of X chromosomes in females (XCI) (Boeren and Gribnau, 2021).
As a result, the mosaic expression of paternal versus maternal X chro-
mosomes could contribute to the observed FPE. Ongoing research aims
to enhance our understanding of the underlying factors contributing to
the gender imbalance in autism diagnosis and to investigate the poten-
tial for underdiagnosis or misdiagnosis of autism in females.

Declaration of Competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgments

We would like to thank Patrick Pallier and Albert Basson and col-

leagues at the University of Pisa for critical reading of this manuscript
and the University of Pisa and the EMBL for funding to AC and PA.



A. Cerase and P. Avner
References

Batsukh, T., et al., 2010. CHD8 interacts with CHD7, a protein which is mutated in
CHARGE syndrome. Hum. Mol. Genet. 19, 2858-2866. https://doi.org/10.1093/
hmg/ddq189.

Bernier, R., et al., 2014. Disruptive CHD8 mutations define a subtype of autism early in
development. Cell 158, 263-276. https://doi.org/10.1016/j.cell.2014.06.017.

Boeren, J., Gribnau, J., 2021. Xist-mediated chromatin changes that establish silencing of
an entire X chromosome in mammals. Curr. Opin. Cell Biol. 70, 44-50. https://doi.
0rg/10.1016/j.ceb.2020.11.004.

Cerase, A., Tartaglia, G.G., 2020. Long non-coding RNA-polycomb intimate rendezvous.
Open Biol 10, 200126. https://doi.org/10.1098/rs0b.200126.

Cerase, A., et al., 2021. Chd8 regulates X chromosome inactivation in mouse through
fine-tuning control of Xist expression. Commun. Biol. 4, 485. https://doi.org/
10.1038/542003-021-01945-1.

Cherepanov, S.M., et al., 2021. Oxytocin ameliorates impaired social behavior in a Chd8
haploinsufficiency mouse model of autism. BMC Neurosci. 22, 32. https://doi.org/
10.1186/5s12868-021-00631-6.

Cotney, J., et al., 2015. The autism-associated chromatin modifier CHD8 regulates other
autism risk genes during human neurodevelopment. Nat. Commun. 6, 6404. https://
doi.org/10.1038/ncomms7404.

Durak, O., et al., 2016. Chd8 mediates cortical neurogenesis via transcriptional
regulation of cell cycle and Wnt signaling. Nat. Neurosci. 19, 1477-1488. https://
doi.org/10.1038/nn.4400.

Hurley, S., et al., 2021. Distinct, dosage-sensitive requirements for the autism-associated
factor CHD8 during cortical development. Mol. Autism. 12, 16. https://doi.org/
10.1186/513229-020-00409-3.

Jung, H., et al., 2018. Sexually dimorphic behavior, neuronal activity, and gene
expression in Chd8-mutant mice. Nat. Neurosci. 21, 1218-1228. https://doi.org/
10.1038/541593-018-0208-z.

Katayama, Y., et al., 2016. CHD8 haploinsufficiency results in autistic-like phenotypes in
mice. Nature 537, 675-679. https://doi.org/10.1038/nature19357.

Kerschbamer, E., et al., 2022. CHD8 suppression impacts on histone H3 lysine 36
trimethylation and alters RNA alternative splicing. Nucleic Acids Res. 50,
12809-12828. https://doi.org/10.1093/nar/gkac1134.

Loomes, R., Hull, L., Mandy, W.P.L., 2017. What is the male-to-female ratio in autism
spectrum disorder? A systematic review and meta-analysis. J. Am. Acad. Child
Adolesc. Psychiatry 56, 466-474. https://doi.org/10.1016/j.jaac.2017.03.013.

Current Research in Neurobiology 5 (2023) 100114

Makhlouf, M., et al., 2014. A prominent and conserved role for YY1 in Xist
transcriptional activation. Nat. Commun. 5, 4878. https://doi.org/10.1038/
ncomms5878.

McCarthy, S.E., et al., 2014. De novo mutations in schizophrenia implicate chromatin
remodeling and support a genetic overlap with autism and intellectual disability.
Mol. Psychiatr. 19, 652-658. https://doi.org/10.1038/mp.2014.29.

Nishiyama, M., et al., 2004. Early embryonic death in mice lacking the beta-catenin-
binding protein Duplin. Mol. Cell Biol. 24, 8386-8394. https://doi.org/10.1128/
MCB.24.19.8386-8394.2004.

Nishiyama, M., et al., 2009. CHD8 suppresses p53-mediated apoptosis through histone
H1 recruitment during early embryogenesis. Nat. Cell Biol. 11, 172-182. https://doi.
org/10.1038/ncb1831.

Pallier, P.N., et al., 2022. Chromosomal and environmental contributions to sex
differences in the vulnerability to neurological and neuropsychiatric disorders:
implications for therapeutic interventions. Prog Neurobiol 219, 102353. https://doi.
org/10.1016/j.pneurobio.2022.102353.

Pintacuda, G., Cerase, A., 2015. X inactivation lessons from differentiating mouse
embryonic stem cells. Stem Cell Rev Rep 11, 699-705. https://doi.org/10.1007/
512015-015-9597-5.

Robinson, E.B., Lichtenstein, P., Anckarsater, H., Happe, F., Ronald, A., 2013. Examining
and interpreting the female protective effect against autistic behavior. Proc Natl
Acad Sci U S A 110, 5258-5262. https://doi.org/10.1073/pnas.1211070110.

Sood, S., et al., 2020. CHD8 dosage regulates transcription in pluripotency and early
murine neural differentiation. Proc Natl Acad Sci U S A 117, 22331-22340. https://
doi.org/10.1073/pnas.1921963117.

Suetterlin, P., et al., 2018. Altered neocortical gene expression, brain overgrowth and
functional over-connectivity in Chd8 haploinsufficient mice. Cerebr. Cortex 28,
2192-2206. https://doi.org/10.1093/cercor/bhy058.

Sugathan, A, et al., 2014. CHD8 regulates neurodevelopmental pathways associated
with autism spectrum disorder in neural progenitors. Proc Natl Acad Sci U S A 111,
E4468-E4477. https://doi.org/10.1073/pnas.1405266111.

Weissberg, O., Elliott, E., 2021. The mechanisms of CHD8 in neurodevelopment and
autism spectrum disorders. Genes 12. https://doi.org/10.3390/genes12081133.

Wilkinson, B., et al., 2015. The autism-associated gene chromodomain helicase DNA-
binding protein 8 (CHD8) regulates noncoding RNAs and autism-related genes.
Transl. Psychiatry 5, e568. https://doi.org/10.1038/tp.2015.62.

Zwaigenbaum, L., et al., 2012. Sex differences in children with autism spectrum disorder
identified within a high-risk infant cohort. J. Autism Dev. Disord. 42, 2585-2596.
https://doi.org/10.1007/5s10803-012-1515-y.


https://doi.org/10.1093/hmg/ddq189
https://doi.org/10.1093/hmg/ddq189
https://doi.org/10.1016/j.cell.2014.06.017
https://doi.org/10.1016/j.ceb.2020.11.004
https://doi.org/10.1016/j.ceb.2020.11.004
https://doi.org/10.1098/rsob.200126
https://doi.org/10.1038/s42003-021-01945-1
https://doi.org/10.1038/s42003-021-01945-1
https://doi.org/10.1186/s12868-021-00631-6
https://doi.org/10.1186/s12868-021-00631-6
https://doi.org/10.1038/ncomms7404
https://doi.org/10.1038/ncomms7404
https://doi.org/10.1038/nn.4400
https://doi.org/10.1038/nn.4400
https://doi.org/10.1186/s13229-020-00409-3
https://doi.org/10.1186/s13229-020-00409-3
https://doi.org/10.1038/s41593-018-0208-z
https://doi.org/10.1038/s41593-018-0208-z
https://doi.org/10.1038/nature19357
https://doi.org/10.1093/nar/gkac1134
https://doi.org/10.1016/j.jaac.2017.03.013
https://doi.org/10.1038/ncomms5878
https://doi.org/10.1038/ncomms5878
https://doi.org/10.1038/mp.2014.29
https://doi.org/10.1128/MCB.24.19.8386-8394.2004
https://doi.org/10.1128/MCB.24.19.8386-8394.2004
https://doi.org/10.1038/ncb1831
https://doi.org/10.1038/ncb1831
https://doi.org/10.1016/j.pneurobio.2022.102353
https://doi.org/10.1016/j.pneurobio.2022.102353
https://doi.org/10.1007/s12015-015-9597-5
https://doi.org/10.1007/s12015-015-9597-5
https://doi.org/10.1073/pnas.1211070110
https://doi.org/10.1073/pnas.1921963117
https://doi.org/10.1073/pnas.1921963117
https://doi.org/10.1093/cercor/bhy058
https://doi.org/10.1073/pnas.1405266111
https://doi.org/10.3390/genes12081133
https://doi.org/10.1038/tp.2015.62
https://doi.org/10.1007/s10803-012-1515-y

	From X-inactivation to neurodevelopment: CHD8-transcription factors (TFs) competitive binding at regulatory regions of CHD8 ...
	Declaration of Competing interest
	Data availability
	Acknowledgments
	References


