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Abstract
CHD8 has been reported as an autism susceptibility / intellectual disability gene but emerging evidence suggests that it additionally causes an overgrowth phenotype. This study reports 27 unrelated patients with pathogenic or likely pathogenic CHD8 variants (25 null variants, two missense variants) and a male:female ratio of 21:6 (3.5:1, p<0.01). All patients presented with intellectual disability, with 85% in the mild or moderate range, and 85% had a height and / or head circumference ≥ +2 SD meeting our clinical criteria for overgrowth. Behavioral problems were reported in the majority of patients (78%), with over half (56%) either formally diagnosed with an autistic spectrum disorder or described as having autistic traits. Additional clinical features included neonatal hypotonia (33%), and less frequently seizures, pes planus, scoliosis, fifth finger clinodactyly, umbilical hernia, and glabellar hemangioma (≤15% each). These results suggest that, in addition to its established link with autism and intellectual disability, CHD8 causes an overgrowth phenotype, and should be considered in the differential diagnosis of patients presenting with increased height and / or head circumference in association with intellectual disability.
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1. Introduction
Overgrowth intellectual disability (OGID) syndromes are a heterogeneous family of disorders with height and / or head circumference at least two standard deviations above the mean (≥ +2 SD) in association with intellectual disability 





















(Tatton-Brown et al., 2017). Recently the majority of OGID syndrome genes have been shown to belong to one of two OGID gene families: the epigenetic regulator and PI3K/AKT pathway gene families 





















(Tatton-Brown et al., 2017). 

CHD8 (Chromodomain Helicase Binding Protein-8, OMIM 610528) belongs to the growing family of OGID epigenetic regulator genes 










(Tatton-Brown et al., 2017). The gene, at chromosome locus 14q11.2, encodes a 2581 amino acid protein with two chromatin organization modifier domains (“chromodomains”), an SNF2 family N-terminal domain, and a helicase C-terminal domain (Fig. 1A). CHD8 is a member of the chromodomain helicase DNA-binding protein family, and plays a critical role in epigenetic regulation and chromatin remodeling by recruiting histone H1 to target genes of the Wnt/beta-catenin pathway, suppressing their transcription 





















(Nishiyama, Skoultchi, & Nakayama, 2012; Thompson, Tremblay, Lin, & Bochar, 2008). CHD8 has wide-spread effects in human induced pluripotent stem cells, affecting expression of several thousand genes involved in neurodevelopment, extracellular matrix formation, and skeletal development, with particular enrichment for downstream targets of genes associated with autistic spectrum disorders and schizophrenia 










(Wang et al., 2015). 
CHD8 was initially described as a cause of intellectual disability and autistic spectrum disorder when three patients with de novo chromosome 14q11.2 microdeletions, with the common critical region containing two candidate genes, CHD8 and SUPT16H, were reported 










(Zahir et al., 2007). A recent report has detailed the long term follow up of these patients and additionally includes collated phenotypic data from 51 patients with CHD8 sequence and copy-number variants who had been previously published or deposited in online repositories 










(Yasin et al., 2019; Bernier et al., 2014; Drabova et al., 2015; Kimura et al., 2016; Merner et al., 2016; Neale et al., 2012; O'Roak et al., 2012a; O'Roak et al., 2012b; Prontera et al., 2014; Stolerman et al., 2016). CHD8 was first reported as an OGID gene in 2017 with the publication of 12 patients with CHD8 sequence variants identified though exome-sequencing of patients with OGID (Tatton-Brown et al., 2017). Subsequently, a report of 10 patients with CHD8 sequence variants suggested that CHD8 is associated with a Sotos-like phenotype 





















(Douzgou et al., 2019).
In this report, we further investigate the CHD8-related phenotype and whether CHD8 gene variants should be considered one of the primary causes of OGID syndromes through the detailed phenotyping of 27 patients with CHD8 variants. 
2. Methods 
The study was approved by the UK Research Ethics Committee (10/H0305/83), granted by the Cambridge South Research Ethics Committee and the London Multicenter Ethics Committee (MREC01/02/44 and 05/MRE02/17). Informed consent for participating in the study was obtained for all participants.
27 unrelated patients with 26 different CHD8 variants were included (Table 1, Fig. 1A), including 17 patients who had previously been reported 





















(Douzgou et al., 2019; Tatton-Brown et al., 2017; Yasin et al., 2019). The majority (22 patients) were diagnosed through the Deciphering Developmental Disorders (DDD) Study or the Childhood Overgrowth Study, using a trio-based exome sequencing strategy and methods as previously described 





















(Firth et al., 2011; Tatton-Brown et al., 2017). Five patients were diagnosed by exome sequencing in the NHS diagnostic laboratory. 
CHD8 variants were classified as pathogenic or likely pathogenic using the 2015 American College of Medical Genetics and Genomics guidelines 










(Richards et al., 2015) and 2019 Association for Clinical Genomic Science guidelines 










(Ellard et al., 2019). They included ten stop-gain, nine frameshift, five splice-site and two missense variants (Fig. 1A; see Supplementary Table 1 for details of variant interpretation). Null variants were further evaluated using the recommendations of the ClinGen Sequence Variant Interpretation Working Group 










(Tayoun et al., 2018). The predicted effect of non-canonical splice-site variants was assessed using Alamut (v.2.11, incorporating NNSplice, MaxEntScan, GeneSplicer, and SpliceSiteFinder-like). The predicted effect of missense variants was assessed using PolyPhen, SIFT, and MutationTaster. All variants are reported relative to the canonical transcript (NM_001170629.1). Patients with likely pathogenic or pathogenic variants or copy number variants affecting genes other than CHD8 were excluded, to ensure our phenotypic evaluations were robust and specific to CHD8.
Clinical data were obtained through face-to-face review by one of the authors, all experienced dysmorphologists, and a standardized proforma. Intellectual disability was classified by the recruiting clinician as mild, moderate, or severe. For the purposes of our study, mild intellectual disability described an individual with delayed milestones who would attend a mainstream school with some support and live independently, with support, as an adult. Moderate intellectual disability described an individual who required high-level support in a mainstream school or special educational needs schooling and would live with support as an adult. Severe intellectual disability described an individual who required special educational needs schooling, had limited speech, and would not live independently as an adult. More specific individual information regarding language development and behavioral phenotype (including details pertaining to a diagnosis of autistic spectrum disorder) was only available for a minority of patients, and is therefore not reported. Photographs, with accompanying consent to publish, were requested from all and received from 13 families.
Growth parameter Z-scores were calculated with reference to the World Health Organization Child Growth Standards. Correlations between growth parameters and severity of intellectual disability were analyzed using one-way ANOVA with multiple comparisons. The sex distribution of patients was analyzed using a two-tailed Chi square test. Statistical analyses were performed in Prism v.6.0h (GraphPad Software, Inc.).

3. Results
Clinical data for the 27 patients included in the study are summarized in Table 1. The patients were aged between 1 and 27 years at recruitment, with a male to female ratio of 21:6 (3.5:1, p<0.01).
All patients (27/27, 100%) presented with intellectual disability. The majority (23/27, 85%) were classed in the mild (14/27, 52%) or moderate (9/27, 33%) range (Table 1). One patient (Patient 8) had developmental delay but was too young to reliably assess the level of disability (14 months). A total of 21/27 patients (78%) were described as having a behavioral issue, including autistic features or impaired social interaction (15/27, 56%), attention deficit (4/27, 15%), aggressive behavior (4/27, 15%), and/or self-harm (2/27, 7%).
Growth measurements are presented in Table 1, Fig. 2, and Supplementary Fig. 1. Overgrowth, as defined for the purposes of our study by height and/or head circumference at least two SD above the mean (≥ +2 SD), was present in 23/27 (85%) patients. 
The mean height Z-score was +2.8 SD, with a range of +0.2 SD to +6.3 SD. 21/27 (78%) patients had a height ≥ +2 SD.
The mean head circumference Z-score was +2.4 SD, with a range of -2.7 SD to +4.8 SD. With the exception of a single outlier with microcephaly (head circumference of –2.7 SD), all patients had a head circumference greater than the age- and gender-adjusted mean (0 SD), with the majority clustering between +1 SD and +4 SD (23/27, 85%). Head circumferences ≥ +4 SD were observed in 3/27 (11%) patients. 
There were no significant correlations between head circumference and severity of intellectual disability. Although the mean head circumference Z-score was highest in patients with severe intellectual disability (+3.2 SD, compared to +2.3 SD and +2.1 SD for moderate and mild, respectively), this was based on a small number of patients with severe intellectual disability (n=3) and did not reach statistical significance (p=0.52 by ANOVA, with no significant differences in multiple comparisons).
Birthweights were not significantly increased, with a mean Z-score of +0.8 SD (range, -0.9 to +3.0). Of the 22 patients with a recorded birthweight, only three (14%) had a Z-score ≥ +2 SD. Birth lengths and head circumferences were only recorded for a minority of patients (n=3 each), which precluded meaningful analysis. Mean gestational age was 39.25 weeks (range, 36-42 weeks).
There was a shared but subtle facial gestalt amongst the 27 patients, including frontal bossing, down-slanting palpebral fissures, high hairline and, in some patients, a prominent chin (Fig. 1B). 
Additional clinical features, reported in at least two patients, included neonatal hypotonia (9/27 patients, 33%), seizures (4/27 patients, 15% [with one further patient reported as having possible absence seizures]), pes planus (4/27 patients, 15%), scoliosis (2/27 patients, 7%), fifth finger clinodactyly (2/27 patients, 7%), umbilical hernia (2/27 patients, 7%), and glabellar hemangioma (2/27 patients, 7%). 
4. Discussion
We present detailed phenotypic data on 27 patients with 26 different variants in CHD8. This study will facilitate the identification and guide the management of this emerging OGID syndrome. 
CHD8 was initially described as an autism susceptibility / intellectual disability gene. Although limited phenotypic data in the autism susceptibility literature precludes an evaluation of these previously reported patients’ growth, our current study provides incontrovertible evidence that CHD8 is responsible for an OGID phenotype, often in association with autistic spectrum disorder, that we have designated the CHD8 overgrowth syndrome. Major CHD8 clinical features (reported in at least 85% of patients) include intellectual disability (most frequently mild) and postnatal overgrowth. Additional clinical associations (reported in at least 15% but fewer than 85% of patients) include autistic features or impaired social interaction, hypotonia, attention deficit, aggressive behavior, seizures, and pes planus.
Our study indicates that the CHD8 overgrowth syndrome phenotype is subtle, non-specific and that there are many overlapping features with other OGID syndromes (notably Sotos syndrome [NSD1, MIM 117550], Weaver syndrome [EZH2, MIM 277590], and Tatton Brown Rahman syndrome [DNMT3A, MIM 615879]), including overgrowth (usually of postnatal rather than prenatal onset), intellectual disability, and autistic spectrum disorder. It is therefore unlikely that a diagnosis of CHD8 overgrowth syndrome will be made clinically; it is more likely that the diagnosis will be made following an agnostic gene sequencing approach (exome/genome sequencing). We propose, given the frequent association with overgrowth and the differential with the other OGID syndromes listed above, that CHD8 should be included on targeted gene assays to investigate the overgrowth-intellectual disability syndromes.
It is interesting that there is a significant bias towards males amongst our series of 27 patients (male:female ratio of 21:6 or 3.5:1, p<0.01).  One possible explanation for this gender bias is that females present with a milder, potentially sub-clinical phenotype. This hypothesis is corroborated by experiments in CHD8-haploinsufficient mice, which suggest a gender-specific effect on transcriptional regulation and phenotype, with male mice more severely affected 










(Jung et al., 2018). However, caution is needed to extrapolate these findings to humans. Of note, while the majority of variants in our series were de novo, 3/27 (11%) were maternally inherited, with no incidences of paternal inheritance. One male proband’s mother was reported to have mild intellectual disability, while the proband had moderate intellectual disability (Patient 24). While we have limited phenotypic information about the remaining probands’ parents, they were not known to have a significant intellectual disability. This suggests that the cognitive phenotype associated with CHD8 may be attenuated or even non-penetrant in females. Furthermore, in our series, 62% of male patients (13/21) had autistic features, compared to 33% (2/6) of female patients. While this is in keeping with the higher proportion of males affected with autism in the general population 










(Taylor, Jick, & MacLaughlin, 2013), males with autistic spectrum disorder may be more likely to be referred for genetic evaluation thereby introducing an ascertainment bias. However, these observations are based on a relatively small number of patients, and further work is required to investigate whether there is a gender-specific cognitive or behavioral phenotype associated with CHD8.
The 24 null variants reported in this study were distributed throughout the gene, and CHD8 exhibits a high degree of loss-of-function constraint (pLI 1.00, haploinsufficiency index 11.24%), suggesting that null variants are likely acting through haploinsufficiency. We have identified two patients (Patient 10 and Patient 12) with likely pathogenic CHD8 missense variants, both targeting the SNF2_N domain (Fig. 1A). Both of these patients had mild intellectual disability. It is interesting that they had small head circumferences, relative to their height (Patient 10: height +3.2 SD, head circumference +1.2 SD; Patient 12: height +0.2 SD, head circumference -2.7 SD). It is therefore possible that CHD8 missense variants may be associated with a different (potentially non-macrocephalic) phenotype to the null variants, but this observation is only based on two patients, and it is possible that other genetic and/or environmental factors could be contributing to their phenotype. The identification of additional patients with CHD8 missense variants is required to investigate this further.
In conclusion, through the detailed clinical evaluation of 27 patients, we have delineated an emerging OGID phenotype, designated the CHD8 overgrowth syndrome, which should be considered in the differential diagnosis of patients with intellectual disability in the presence of macrocephaly and/or tall stature. However, data are still limited. The identification of additional patients with a range of CHD8 variant types is required to further clarify this emerging disorder, including investigation of the apparent male predominance and CHD8 genotype-phenotype correlations.


5. Acknowledgements 

We thank the patients and families for their active participation in this study and the clinicians that recruited them. This research was supported by the Wellcome Trust (100210), the Child Growth Foundation (GR01/13), the Institute of Cancer Research, the Baily Thomas Charitable Fund and the NIHR Rare Diseases Translational Research Collaboration. The DDD study presents independent research commissioned by the Health Innovation Challenge Fund [grant number HICF-1009-003]. This study makes use of DECIPHER (http://decipher.sanger.ac.uk), which is funded by Wellcome. See Nature PMID: 25533962 or www.ddduk.org/access.html for full acknowledgement.
TMP was supported by the Cedars-Sinai Diana and Steve Marienhoff Fashion Industries Guild Endowed Fellowship in Pediatric Neuromuscular and the Fashion Industries Guild Endowed Fellowship for the Undiagnosed Diseases Program.
Conflicts of Interest 
The authors declare that they have no conflict of interest.




6. References

Bernier, R., Golzio, C., Xiong, B., Stessman, H. A., Coe, B. P., Penn, O., et al. (2014). Disruptive CHD8 mutations define a subtype of autism early in development. Cell, 158(2), 263–276. http://doi.org/10.1016/j.cell.2014.06.017
Douzgou, S., Liang, H. W., Metcalfe, K., Somarathi, S., Tischkowitz, M., Mohamed, W., et al. (2019). The clinical presentation caused by truncating CHD8 variants. Clin. Genet. http://doi.org/10.1111/cge.13554
Drabova, J., Seemanova, E., Hancarova, M., Pourova, R., Horacek, M., Jancuskova, T., et al. (2015). Long term follow-up in a patient with a de novo microdeletion of 14q11.2 involving CHD8. American Journal of Medical Genetics Part A, 167A(4), 837–841. http://doi.org/10.1002/ajmg.a.36957
Ellard, S., Baple, E., Berry, I., Forrester, N., Turnbull, C., Owens, M., et al. (2019). ACGS Best Practice Guidelines for Variant Classification 2019. Retrieved from https://www.acgs.uk.com/media/11285/uk-practice-guidelines-for-variant-classification-2019-v1-0-3.pdf
Firth, H. V., Wright, C. F., DDD Study. (2011). The Deciphering Developmental Disorders (DDD) study. Developmental Medicine and Child Neurology, 53(8), 702–703. http://doi.org/10.1111/j.1469-8749.2011.04032.x
Jung, H., Park, H., Choi, Y., Kang, H., Lee, E., Kweon, H., et al. (2018). Sexually dimorphic behavior, neuronal activity, and gene expression in Chd8-mutant mice. Nature Neuroscience, 21(9), 1218–1228. http://doi.org/10.1038/s41593-018-0208-z
Kimura, H., Wang, C., Ishizuka, K., Xing, J., Takasaki, Y., Kushima, I., et al. (2016). Identification of a rare variant in CHD8 that contributes to schizophrenia and autism spectrum disorder susceptibility. Schizophrenia Research, 178(1-3), 104–106. http://doi.org/10.1016/j.schres.2016.08.023
Merner, N., Forgeot d'Arc, B., Bell, S. C., Maussion, G., Peng, H., Gauthier, J., et al. (2016). A de novo frameshift mutation in chromodomain helicase DNA-binding domain 8 (CHD8): A case report and literature review. American Journal of Medical Genetics Part A, 170A(5), 1225–1235. http://doi.org/10.1002/ajmg.a.37566
Neale, B. M., Kou, Y., Liu, L., Ma’ayan, A., Samocha, K. E., Sabo, A., et al. (2012). Patterns and rates of exonic de novo mutations in autism spectrum disorders. Nature, 485(7397), 242–245. http://doi.org/10.1038/nature11011
Nishiyama, M., Skoultchi, A. I., & Nakayama, K. I. (2012). Histone H1 recruitment by CHD8 is essential for suppression of the Wnt-β-catenin signaling pathway. Molecular and Cellular Biology, 32(2), 501–512. http://doi.org/10.1128/MCB.06409-11
O'Roak, B. J., Vives, L., Fu, W., Egertson, J. D., Stanaway, I. B., Phelps, I. G., et al. (2012a). Multiplex targeted sequencing identifies recurrently mutated genes in autism spectrum disorders. Science (New York, NY), 338(6114), 1619–1622. http://doi.org/10.1126/science.1227764
O'Roak, B. J., Vives, L., Girirajan, S., Karakoc, E., Krumm, N., Coe, B. P., et al. (2012b). Sporadic autism exomes reveal a highly interconnected protein network of de novo mutations. Nature, 485(7397), 246–250. http://doi.org/10.1038/nature10989
Prontera, P., Ottaviani, V., Toccaceli, D., Rogaia, D., Ardisia, C., Romani, R., et al. (2014). Recurrent ∼100 Kb microdeletion in the chromosomal region 14q11.2, involving CHD8 gene, is associated with autism and macrocephaly. American Journal of Medical Genetics Part A, 164A(12), 3137–3141. http://doi.org/10.1002/ajmg.a.36741
Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015). Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. (Vol. 17, pp. 405–424). Presented at the Genetics in medicine : official journal of the American College of Medical Genetics. http://doi.org/10.1038/gim.2015.30
Stolerman, E. S., Smith, B., Chaubey, A., & Jones, J. R. (2016). CHD8 intragenic deletion associated with autism spectrum disorder. European Journal of Medical Genetics, 59(4), 189–194. http://doi.org/10.1016/j.ejmg.2016.02.010
Tatton-Brown, K., Loveday, C., Yost, S., Clarke, M., Ramsay, E., Zachariou, A., et al. (2017). Mutations in Epigenetic Regulation Genes Are a Major Cause of Overgrowth with Intellectual Disability. American Journal of Human Genetics, 100(5), 725–736. http://doi.org/10.1016/j.ajhg.2017.03.010
Taylor, B., Jick, H., & MacLaughlin, D. (2013). Prevalence and incidence rates of autism in the UK: time trend from 2004-2010 in children aged 8 years. BMJ Open, 3(10), e003219. http://doi.org/10.1136/bmjopen-2013-003219
Tayoun, A. N. A., Pesaran, T., DiStefano, M. T., Oza, A., Rehm, H. L., Biesecker, L. G., et al. (2018). Recommendations for interpreting the loss of function PVS1 ACMG/AMP variant criterion. Human Mutation, 39(11), 1517–1524. http://doi.org/10.1002/humu.23626
Thompson, B. A., Tremblay, V., Lin, G., & Bochar, D. A. (2008). CHD8 is an ATP-dependent chromatin remodeling factor that regulates beta-catenin target genes. Molecular and Cellular Biology, 28(12), 3894–3904. http://doi.org/10.1128/MCB.00322-08
Wang, P., Lin, M., Pedrosa, E., Hrabovsky, A., Zhang, Z., Guo, W., et al. (2015). CRISPR/Cas9-mediated heterozygous knockout of the autism gene CHD8 and characterization of its transcriptional networks in neurodevelopment. Molecular Autism, 6, 55. http://doi.org/10.1186/s13229-015-0048-6
Yasin, H., Gibson, W. T., Langlois, S., Stowe, R. M., Tsang, E. S., Lee, L., et al. (2019). A distinct neurodevelopmental syndrome with intellectual disability, autism spectrum disorder, characteristic facies, and macrocephaly is caused by defects in CHD8. Journal of Human Genetics, 64(4), 271–280. http://doi.org/10.1038/s10038-019-0561-0
Zahir, F., Firth, H. V., Baross, A., Delaney, A. D., Eydoux, P., Gibson, W. T., et al. (2007). Novel deletions of 14q11.2 associated with developmental delay, cognitive impairment and similar minor anomalies in three children. Journal of Medical Genetics, 44(9), 556–561. http://doi.org/10.1136/jmg.2007.050823


Web resources 
CHD8 reference transcript, https://www.ncbi.nlm.nih.gov/nuccore/NM_001170629.1
Online Mendelian Inheritance in Man, https://omim.org/
Genome Aggregation Database (gnomAD), https://gnomad.broadinstitute.org/
World Health Organization Child Growth Standards, https://www.who.int/childgrowth/standards/en/
PolyPhen, http://genetics.bwh.harvard.edu/pph2/
SIFT, https://sift.bii.a-star.edu.sg/
MutationTaster, http://www.mutationtaster.org/
Alamut, https://www.interactive-biosoftware.com/
GraphPad Prism, https://www.graphpad.com/scientific-software/prism/


Tables

Table 1. Molecular and clinical details of 27 patients with CHD8 variants. Patients are numbered in order of variant location (5’  3’). Growth measurements are presented as Z-score (SD from the mean expected measurement for age/gender). DECIPHER identifiers are listed for patients with open-access records, in keeping with the DECIPHER publication policy.
Abbreviations: PMID, PubMed identifier; -, feature absent; nk, not known; M, male; F, female; ID, intellectual disability; Mod, moderate; Sev, severe; uc, unclassified; ASD, autistic spectrum disorder; Ht, height; Wt, weight; HC, head circumference; SD, standard deviations




Figure Legends

Fig. 1. A: CHD8, its domains and the location of the 26 variants reported in our series of 27 patients. The two missense variants were both in the SNF2_N domain, and are denoted in blue with dotted arrows. C1/C2, chromodomain 1/2. SNF2_N, SNF2 family N-terminal domain. Helicase, helicase C-terminal domain. B: Photographs of patients showing frontal bossing, down-slanted palpebral fissures, and high hairline. Photo captions include patient number (in bold) and variant details. Pt, patient.

Fig. 2. Standardized growth parameters (Z-scores) in CHD8 patients (n=27). Bars represent mean ± SD. Solid horizontal line indicates the population average for age/gender (Z-score = 0 SD); dashed horizontal lines indicate Z-score cut-offs of ±2 SD. Solid red points indicate parameters with a mean Z-score of ≥ +2 SD (head circumference, height); circles indicate parameters with a mean Z-score of < +2 SD (body-mass index). 

 

Supplementary information
[bookmark: _Hlk9843758]Supplementary Table 1. Variant classification according to the ACMG criteria. Note patients #3 and #4 were found to have the same variant but were not known to be related. Patient #27 had a frameshift duplication, but this was in the final exon of CHD8 and predicted to truncate <10% of the protein, and PVS1 was therefore applied at moderate strength 










(Tayoun et al., 2018).

Supplementary Fig. 1. Relationship between age and growth parameters (Z-scores). Solid horizontal line indicates the population average for age/gender (Z-score = 0 SD); dashed horizontal lines indicate Z-score cut-offs of ±2 SD. Note that each data point represents a distinct patient at the age of recruitment, rather than longitudinal growth measurements. There were no significant correlations between age and growth parameters.

