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Chapter 1

INTRODUCTION

BAFopathies are disorders caused by pathogenic germline variants in genes encoding 
part of the BAF (BRG1/BRM associated factor) chromatin remodeling complex (Figure 
1). Altogether, BAFopathies are one of the main genetic causes of intellectual disability 
(ID)1,2. Based on the phenotype and molecular cause, BAFopathies can be divided into 
different entities, of which Coffin-Siris syndrome (CSS, OMIM#135900) is the most 
frequent.

Figure 1: BAF-complex.
BAF-complex structure is derived from Mashtalir et al. 2021 53, Wei et al 2023 54, and Valencia et 
al 20231.

Coffin-Siris syndrome
CSS was first described in 1970 by dr. Coffin, a pediatrician, and dr. Siris, a radiologist3. 
Originally, CSS (also known as ‘5th digit syndrome’) was diagnosed based on clinical 
criteria, including a short 5th finger, 5th finger or toenail hypoplasia, coarse facial features, 
hypertrichosis and intellectual disability or developmental delay frequently coinciding 
with a range of other features4,5.

The causative genes of CSS remained unknown until next generation sequencing (NGS) 
in 2012 allowed the identification of the first genes causing CSS (i.e. ARID1B, ARID1A, 
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SMARCA4, SMARCB1 and SMARCE1)6,7 in patients with a clinical diagnosis of CSS (Figure 
2). The publication describing ARID1B as a cause of CSS also identified a number of 
patients with a deletion of ARID1B, some without the typical features of CSS, indicating 
that perhaps ARID1B could be an important cause of ID6. This was confirmed around 
the same time by another publication identifying pathogenic variants in ARID1B as a 
frequent cause of ID8. Later, large-scale NGS studies in less selected patient groups 
(i.e. ID, neurodevelopmental delay (NDD), autism) confirmed that ARID1B is one of the 
most frequent causes of ID at about 1%2,9-13. Given the often-subtle features of CSS it 
is perhaps not surprising that the diagnosis of CSS has since then transitioned from a 
clinical diagnosis to one more and more based on genotype.

Figure 2: CSS genes pie chart based on reported CSS cohorts 7,55-58*
*PHF6 and SMARCA2 variants were also identified in a number of clinical CSS patients, in retrospect 
these patients were diagnosed as having Börjeson-Forssman-Lehmann syndrome (PHF6) and 
Nicolaides-Baraitser syndrome (SMARCA2).

Other BAFopathies
Aside from CSS, several other syndromic causes of ID have been linked to the BAF-
complex. Nicolaides Baraitser syndrome (NCBRS, OMIM 601358) has been associated 
with pathogenic missense variants in SMARCA214, while whole gene duplications of 
SMARCA2 have been linked to a CSS-like phenotype15. Other BAF-complex genes 
linked to a CSS-like phenotype are ARID216, BICRA20, DPF217, SMARCC218, SMARCD127 and, 
SOX1119. Furthermore, pathogenic variants in ACTL6A21, ACTL6B22,23 and, SMARCC124-26 
have each been associated with a gene-specific (syndromic) ID or NDD phenotype. As 
illustrated in Figure 1 all these genes encode parts of the BAF-complex except SOX11. 
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SOX11 is a downstream transcriptional factor of the BAF complex19,28. Interestingly, 
specific pathogenic variants in a number of the CSS and NCBRS genes lead to other 
non-CSS phenotypes. A phenotype of severe ID and choroid plexus hyperplasia has 
been observed in patients with a specific SMARCB1 variant p.(Arg37His)29, SMARCA2 
variants outside the helicase domains of SMARCA2 have been observed in patients with 
blepharophimosis intellectual disability syndrome30 (BIS, OMIM 619293) and, whole gene 
duplications of ARID1A cause a distinct syndrome ID31 (Figure 3). All of this illustrates the 
broad phenotypic spectrum associated with these BAFopathies.
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Figure 3: Genetic and epigenetic landscape of BAFopathies.
BAFopathies, caused by pathogenic variants in genes encoding components of the BAF complex, 
can be categorized into distinct entities based on genotype and phenotype. Disorders with specif-
ic names are written in regular font, while gene names are italicized. Additionally, colors indicate 
the episignature associated with pathogenic variants in these genes, where applicable. The size 
of the circles approach the number of patient in these groups, but are not an exact estimate.
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BAF-complex
The genes mutated within BAFopathies all encode subunits of the BAF-complex or 
are a transcription factor downstream of BAF-complex (e.g. SOX11). As illustrated by 
Figure 1, there are three different configurations of the BAF-complex called canonical 
BAF-complex, noncanonical BAF-complex and polybromo BAF-complex. These 
distinct subunit assemblies of the BAF-complex occur at different time points during 
development and in different tissues, indicating specific roles of each subunit.

Current issues in BAFopathies
Over the past decade the application of NGS has brought us the identification of 
BAFopathies and enabled the discovery, diagnosis and description of several gene-
specific phenotypes. However, this development has also revealed several challenges 
concerning 1) the interpretation of genetic variants, 2) shortage of genotype-phenotype 
studies and, 3) the lack of available treatments for the increasing number of diagnosed 
patients with BAFopathies.

1)	 Variant interpretation
The increasing application of NGS in genetic diagnostics has led to the identification 
of many variants in BAFopathy genes. Some of these variants are clearly pathogenic, 
but an increasing number is considered a variant of uncertain significance (VUS). 
Interpretation of these VUS is particularly challenging because of the broad, and often 
not very specific, phenotype associated with BAFopathies.

To aid and standardize the interpretation of genetic variants the American College 
of Medical Genetics and Genomics (ACMG) formulated a framework32. The ACMG 
framework can be used to interpret the variant into five classes: benign, likely benign, 
VUS, likely pathogenic, and pathogenic. Important aspects in the ACMG framework 
in the context of BAFopathies are whether the variant occurs in control populations, 
whether the variant segregates with the disease or is de novo; and whether the 
phenotype fits the known phenotype associated with the gene.

Whilst the ACMG criteria generally serve their purpose, they are formulated in a 
very general manner to apply to all genes and genetic variants. However, there are 
instances where these criteria may prove insufficient, necessitating (gene-specific) 
amendments33-37. For example, based on the ACMG framework a missense variant 
in a known ID-gene could be regarded likely pathogenic when it occurs de novo and 
absent in control populations. The UK Association for Clinical Genomic Science (UK-
ACGS) published a specification for variant interpretation in which they specified that 
in the context of a high penetrant monogenic disorder a de novo ACMG-criterium (PS2) 

1
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should only be applied if the patient’s phenotype is consistent with the gene-phenotype 
association.

Phenotype assessment
Classically, in the context of ID syndromes the phenotype has always been a key 
determinant in classifying a VUS. In this assessment it may be very helpful to consider 
whether the clinician suspected this gene or condition before genetic testing. This is 
to avoid a Texas sharpshooter fallacy, where differences are ignored and similarities 
overemphasized, like a sharpshooter drawing targets around random bullet holes. Just 
because certain clinical characteristics match those commonly associated with a gene, 
this does not necessarily make the characteristics specific for the disorder linked to that 
gene. Similar features could manifest in patients with other conditions. The assessment 
of whether a phenotype is fitting for a gene depends on human interpretation and is 
therefore subjective. A more objective approach to assessing the phenotype is through 
Hum an Phenotype Ontology (HPO) terms38.

HPO-terms and PhenoScore
HPO is a standardized vocabulary of phenotypic abnormalities encountered in human 
disease. Each term represents a phenotypic abnormality. All terms are connected 
via a tree-like structure in a class-subclass relationship. For example, the HPO-term 
‘intellectual disability (HP:0001249)’ is a subclass of ‘Neurodevelopmental abnormality 
(HP:0012759)’. HPO-terms can be used in interpretation pipelines for genetic testing. 
Genes associated with the phenotype of the patient can be prioritized using HPO-
terms.

HPO -terms can also be used in deep phenotyping. Deep phenotyping is the precise and 
comprehensive analysis of phenotypic abnormalities. An example of deep phenotyping 
via HPO-terms is PhenoScore39. PhenoScore is an artificial intelligence-based phenomics 
framework, which integrates facial recognition technology and HPO data analysis to 
quantify phenotypic similarity. PhenoScore can assess, based on HPO-terms and facial 
photographs, whether a patient group can be distinguished from matched controls. 
Consequently, PhenoScore can be used in VUS interpretation. PhenoScore can calculate 
a numerical score representing the similarity between a patient’s phenotype and the 
expected phenotype of the disorder. In this manner PhenoScore provides an objective 
measure of phenotypic similarity, can identify group specific features, and aid in VUS 
interpretation. For example, the PhenoScore clustering result of a de novo VUS could be 
used to determine whether a de novo criterium (PS2) and specific phenotype criterium 
(PP4) may be applied.
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If a VUS has been identified, assessing whether a patient’s phenotype fits the expected 
phenotype of the VUS-gene is especially complicated in the context of BAFopathies. 
This is because there have already been several instances described where specific 
variants in a single gene lead to different syndromes. Examples are that (1) deletion and 
truncating variants in ARID1A lead to Coffin-Siris syndrome7, but whole gene duplications 
lead to a different ID-phenotype31, or, (2) missense variants in SMARCB1 C-terminal 
domain lead to CSS7, while one specific missense variant in the winged helix domain 
(near the N-terminal) leads to a specific non-CSS phenotype29. Deep phenotyping, 
extensive clinical descriptions and PhenoScore analyses could assist interpretation in 
BAFopathies.

Other tools of variant classification
There are several tools that could provide insight into the potential pathogenicity of a 
VUS. For example, functional readouts—such as introducing the variant into cellular or 
animal models—can help clarify the biological impact of the variant. These approaches 
are usually time-consuming, expensive and require the presence of an existing disease 
model.

DNA methylation
Another approach to aid variant interpretation, requiring only the leftover DNA 
from genetic testing is the analysis of DNA methylation patterns. DNA methylation is 
essential for gene regulation. DNA methylation patterns differ between tissue types40, 
and can also differ between patients and controls. Specific DNA methylation patterns 
in blood have been linked to several disorders, such as cancer, neurodevelopmental 
disorders41, and genetic syndromes42,43, such as BAFopathies44 (Figure 3). These 
methylation patterns can be used to define patient groups and can afterwards be 
used for VUS interpretation. For example, pathogenic variants in CSS and NCBRS 
genes lead to a BAFopathy episignature in blood. Several patients with a missense 
variant in SMARCA2 and an ID phenotype, but not specific for NCBRS did not have this 
BAFopathy episignature in their blood, but were later found to have a different BIS-
specific episignature.

2)	 Genotype-phenotype studies and their potential biases
A second issue for BAFopathies is the lack of genotype-phenotype studies. A genetic 
diagnosis, based on a (likely) pathogenic variant in a BAFopathy gene enables the 
clinician to counsel parents about the (expected) phenotype and give screening 
recommendations. This information is based on genotype-phenotype studies of 
the diagnosed BAFopathy. Genotype-phenotype studies asses clinical phenotypes 
of patients and divide this clinical description in gene and, if applicable, genotype 
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specific groups. Since genotype-phenotype studies serve as the information source 
for counseling patients, parents, and caregivers, it is essential to acknowledge 
potential pitfalls and biases inherent in such studies. For example, in the case of CSS, 
it is important that phenotypes are assessed per gene because there are important 
differences between patients with pathogenic variants in different CSS genes, and even 
among patients harboring pathogenic variants in the same gene. Aside from this, there 
are several potential biases inherent in genotype-phenotype studies.

Ascertainment bias is such an example. Patients diagnosed after a suspicion of a 
specific syndrome may have a different phenotypic spectrum than a patient diagnosed 
after whole exome or genome sequencing. Patients with a pre-test suspicion may be 
more likely to have the syndrome specific features compared to patients identified 
to genome-wide sequencing ID without any suggestive features. Research examining 
potential differences among these patient groups is therefore essential.

Another type of bias is phenotype reporting bias. In larger cohort studies, the presence 
or absence of certain features may be unknown in a subset of patients. Excluding 
these patients from prevalence estimation can lead to overestimation, while counting 
them as lacking the feature may result in underestimation. To address this type of bias, 
it is advisable to report a prevalence range for such features or use data collection 
techniques that allow annotation of the unknown status, providing a more accurate 
representation.

Yet another type of bias is associated with the age of patients at inclusion. Due to 
the advancements in NGS children are predominantly diagnosed with rare disorders, 
leading to an underrepresentation of adult-aged patients in reported cohorts. This 
discrepancy can affect the evaluation of age-related skills or features, such as seizures 
or other potential adult-onset manifestations. It is therefore valuable to analyze 
developmental features, like the age of first words, in survival analyses and separately 
examine adult-aged patients to offer a more comprehensive overview of features 
associated with older age. This ensures a more nuanced understanding of age-related 
characteristics of the studied disorder over time.

3)	 Etiology and treatment of BAFopathies
To enhance counseling, interpretation of a genetic variant, obtaining a genetic diagnosis 
and genotype-phenotype studies are paramount, but ongoing research into the 
pathophysiology of BAFopathies is also necessary for the improvement of counseling 
and care. Therefore, the third challenge within BAFopathies is the lack of potential 
treatment options. To propose viable treatment options understanding of the etiology 
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is needed. Exploring the underlying pathophysiology of BAFopathies through disease 
models, such as animal (in vivo) models and patient-derived cell (in vitro) models or 
organoids is valuable because these models do not only deepen our understanding 
of the disorder but also pave the way for potential disease-specific therapeutic 
interventions.

BAFopathy-based animal models, such a Arid1b-haploinsufficient mice45, can be used to 
study disease mechanisms. An advantage of an animal model is that disease progression 
can be studied in a living organism, an organism with a shorter lifespan and (brain) 
tissue samples can be taken. And, after a clear phenotype is established, therapeutic 
interventions can be tested. An example is described by Jung et al46. In their Arid1b-
haploinsufficient mouse model they identified an increased apoptosis and decreased 
proliferation of inhibitory GABAergic interneurons. Consequently, they hypothesized 
and demonstrated that clonazepam through enhancing the inhibitory neurotransmitter 
gamma-aminobutyric acid (GABA) may rescue the mice’s phenotype. A disadvantage of 
animal models is the question whether findings from animal models can be extrapolated 
to humans. A possible next step could be validating the finding in human cell models47-50 
or organoids51,52.

Patient-derived cell models and organoids have the advantage of investigating the effect 
of a variant in the genetic background of the individual. Although in extrapolating the 
findings to other patients this could be a disadvantage and iso-genic cell lines (e.g. 
CRISPR-Cas) may be preferred. Cell models can be used to examine (aberrant) DNA 
methylation, gene expression pattern via RNA-seq and investigate dysregulated 
pathways.

These models can be used not only to investigate the pathophysiology of genetic 
variants but also to explore potential treatment effects. Proposing and testing a 
potential disease-specific therapy within a disease model is an essential step in therapy 
development, before efficacy can be investigated in patients. In rare disorders like 
ID, limited patient numbers and heterogeneity within the disorder pose challenges to 
designing effective interventions. Publication of research into potential therapeutic 
approaches for rare ID disorders not only benefits specific patient groups but also 
serves as a valuable example for future therapeutic studies involving ID patients.

Aim and scope of this thesis
All of the above illustrates the intricacies of variant interpretation, the importance of 
genotype-phenotype studies, and the need for etiological and treatment studies in 
BAFopathies. To address these issues the research in this thesis aims 1) to provide 

1
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further insight in the clinical and epigenetic phenotypes associated with pathogenic 
variants in BAFopathy genes; and; 2) further examine the methods for studying 
mechanisms of disease and possible treatment by creating a model to further 
study possible underlying etiological aspects and by studying the potential effect of 
clonazepam treatment in ARID1B patients.

Outline of this thesis
1) Insights into clinical and epigenetic phenotypes
In chapter 2 we describe 143 patients with pathogenic variants in ARID1B to answer 
the question whether there is a difference between patient diagnosed with pathogenic 
variant after a suspicion of CSS and patients diagnose after whole exome or genome 
sequencing. In this chapter we broaden the phenotypic spectrum associated with 
pathogenic ARID1B variants, we investigate the effects of ascertainment bias and 
phenotype reporting bias in our cohort and examine different data collection methods. 
In chapter 3 we investigate the fetal CSS phenotype by describing prenatal anomalies 
detected among patients with pathogenic variants in CSS-associated genes, highlighting 
a new part of the phenotype associated with CSS, and providing an explanation why 
variants in ARID1A are so much rarer than variants in ARID1B.

A subset of CSS patients have a distinct DNA methylation pattern present in their blood, 
also referred to as the BAFopathy episignature44. This episignature provides a valuable 
tool in diagnostic care in VUS interpretation. In chapter 4 we use this episignature, 
together with the predecessor of the PhenoScore algorithm, to interpret inherited 
ARID1B variants and evaluate the ACMG criteria in the context of ARID1B. Our analysis 
sheds light on the challenges associated with interpreting inherited ARID1B variants and 
provides recommendations concerning the ACMG-criteria to aid the interpretation of 
such variants. In chapter 5 we address age-dependent bias by describing 87 adult-
aged patients with pathogenic variants in ARID1B to give insight in the development of 
these patients and any features that develop with age. Based on this information we 
formulate screening recommendations.

In chapter 6, where we report the ARID1B microduplication syndrome and compare 
the DNA methylation pattern and phenotype of patients with a whole gene duplication 
with data of patients with an ARID1A duplication.

2) Methods for studying mechanisms of disease and possible treatment
In chapter 7 we describe an in vitro model system to study CSS variant effects in 
neuronal differentiation of induced Pluripotent Stem Cells (iPSC) of patients with 
pathogenic variants in ARID1B and SMARBC1. These iPSCs are differentiated towards 
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GABAergic interneurons to investigate DNA methylation throughout neuronal 
development and whether the increased apoptosis observed in Arid1b haploinsufficient 
mice46 also occurs in human cells.

In this same mouse model46, these researchers hypothesized and demonstrated 
that due to the reduced number of inhibitory GABAergic interneurons, administering 
clonazepam, which enhances the activity of the  inhibitory neurotransmitter gamma-
aminobutyric acid (GABA), partially rescues the phenotype of Arid1b haploinsufficient 
mice. In chapter 8 we investigate via a randomized, double-blind, crossover study 
followed by an n-of-1 design whether clonazepam administration has a similar effect 
in ARID1B patients.

1



18

Chapter 1

REFERENCES

1.	 Valencia AM, Sankar A, van der Sluijs PJ, et al. Landscape of mSWI/SNF chromatin remodeling 
complex perturbations in neurodevelopmental disorders. Nat Genet. Aug 2023;55(8):1400-
1412. doi:10.1038/s41588-023-01451-6

2.	 Gillentine MA, Wang T, Eichler EE. Estimating the Prevalence of De Novo Monogenic 
Neurodevelopmental Disorders from Large Cohort Studies. Biomedicines. Nov 9 2022;10(11)
doi:10.3390/biomedicines10112865

3.	 Coffin GS, Siris E. Mental retardation with absent fifth fingernail and terminal phalanx. Am J 
Dis Child. May 1970;119(5):433-9.

4.	 Fleck BJ, Pandya A, Vanner L, Kerkering K, Bodurtha J. Coffin-Siris syndrome: review and 
presentation of new cases from a questionnaire study. Am J Med Genet. Feb 15 2001;99(1):1-7. 
doi:10.1002/1096-8628(20010215)99:1<1::aid-ajmg1127>3.0.co;2-a

5.	 Schrier SA, Bodurtha JN, Burton B, et al. The Coffin-Siris syndrome: a proposed diagnostic 
approach and assessment of 15 overlapping cases. Am J Med Genet A. Aug 2012;158A(8):1865-
76. doi:10.1002/ajmg.a.35415

6.	 Santen GW, Aten E, Sun Y, et al. Mutations in SWI/SNF chromatin remodeling complex gene 
ARID1B cause Coffin-Siris syndrome. Nat Genet. Mar 18 2012;44(4):379-80. doi:10.1038/
ng.2217

7.	 Tsurusaki Y, Okamoto N, Ohashi H, et al. Mutations affecting components of the SWI/SNF 
complex cause Coffin-Siris syndrome. Nat Genet. Mar 18 2012;44(4):376-8. doi:10.1038/ng.2219

8.	 Hoyer J, Ekici AB, Endele S, et al. Haploinsufficiency of ARID1B, a member of the SWI/SNF-a 
chromatin-remodeling complex, is a frequent cause of intellectual disability. Am J Hum Genet. 
Mar 09 2012;90(3):565-72. doi:10.1016/j.ajhg.2012.02.007

9.	 Wright CF, Fitzgerald TW, Jones WD, et al. Genetic diagnosis of developmental disorders 
in the DDD study: a scalable analysis of genome-wide research data. Lancet. Apr 04 
2015;385(9975):1305-14. doi:10.1016/S0140-6736(14)61705-0

10.	 Deciphering Developmental Disorders S. Large-scale discovery of novel genetic causes of 
developmental disorders. Nature. Mar 12 2015;519(7542):223-8. doi:10.1038/nature14135

11.	 Deciphering Developmental Disorders S. Prevalence and architecture of de novo mutations in 
developmental disorders. Nature. Feb 23 2017;542(7642):433-438. doi:10.1038/nature21062

12.	 Hamdan FF, Srour M, Capo-Chichi JM, et al. De novo mutations in moderate or severe 
intellectual disability. PLoS Genet. Oct 2014;10(10):e1004772. doi:10.1371/journal.pgen.1004772

13.	 Satterstrom FK, Kosmicki JA, Wang J, et al. Large-Scale Exome Sequencing Study Implicates 
Both Developmental and Functional Changes in the Neurobiology of Autism. Cell. Jan 23 
2020;doi:10.1016/j.cell.2019.12.036

14.	 Van Houdt JK, Nowakowska BA, Sousa SB, et al. Heterozygous missense mutations in SMARCA2 
cause Nicolaides-Baraitser syndrome. Nat Genet. Feb 26 2012;44(4):445-9, S1. doi:10.1038/
ng.1105

15.	 Miyake N, Abdel-Salam G, Yamagata T, et al. Clinical features of SMARCA2 duplication 
overlap with Coffin-Siris syndrome. Am J Med Genet A. Oct 2016;170(10):2662-70. doi:10.1002/
ajmg.a.37778

16.	 Shang L, Cho MT, Retterer K, et al. Mutations in ARID2 are associated with intellectual 
disabilities. Neurogenetics. Oct 2015;16(4):307-14. doi:10.1007/s10048-015-0454-0

17.	 Vasileiou G, Vergarajauregui S, Endele S, et al. Mutations in the BAF-Complex Subunit DPF2 
Are Associated with Coffin-Siris Syndrome. Am J Hum Genet. Mar 1 2018;102(3):468-479. 
doi:10.1016/j.ajhg.2018.01.014



19

Introduction

18.	 Machol K, Rousseau J, Ehresmann S, et al. Expanding the Spectrum of BAF-Related Disorders: 
De Novo Variants in SMARCC2 Cause a Syndrome with Intellectual Disability and Developmental 
Delay. Am J Hum Genet. Jan 3 2019;104(1):164-178. doi:10.1016/j.ajhg.2018.11.007

19.	 Tsurusaki Y, Koshimizu E, Ohashi H, et al. De novo SOX11 mutations cause Coffin-Siris 
syndrome. Nat Commun. Jun 2 2014;5:4011. doi:10.1038/ncomms5011

20.	Barish S, Barakat TS, Michel BC, et al. BICRA, a SWI/SNF Complex Member, Is Associated with 
BAF-Disorder Related Phenotypes in Humans and Model Organisms. Am J Hum Genet. Dec 3 
2020;107(6):1096-1112. doi:10.1016/j.ajhg.2020.11.003

21.	 Marom R, Jain M, Burrage LC, et al. Heterozygous variants in ACTL6A, encoding a component of 
the BAF complex, are associated with intellectual disability. Hum Mutat. Oct 2017;38(10):1365-
1371. doi:10.1002/humu.23282

22.	Fichera M, Failla P, Saccuzzo L, et al. Mutations in ACTL6B, coding for a subunit of the neuron-
specific chromatin remodeling complex nBAF, cause early onset severe developmental and 
epileptic encephalopathy with brain hypomyelination and cerebellar atrophy. Hum Genet. Feb 
2019;138(2):187-198. doi:10.1007/s00439-019-01972-3

23.	Bell S, Rousseau J, Peng H, et al. Mutations in ACTL6B Cause Neurodevelopmental Deficits 
and Epilepsy and Lead to Loss of Dendrites in Human Neurons. Am J Hum Genet. May 2 
2019;104(5):815-834. doi:10.1016/j.ajhg.2019.03.022

24.	Al Mutairi F, Alzahrani F, Ababneh F, Kashgari AA, Alkuraya FS. A mendelian form of neural 
tube defect caused by a de novo null variant in SMARCC1 in an identical twin. Ann Neurol. Feb 
2018;83(2):433-436. doi:10.1002/ana.25152

25.	Furey CG, Choi J, Jin SC, et al. De Novo Mutation in Genes Regulating Neural Stem Cell Fate 
in Human Congenital Hydrocephalus. Neuron. Jul 25 2018;99(2):302-314 e4. doi:10.1016/j.
neuron.2018.06.019

26.	Chen CA, Lattier J, Zhu W, et al. Retrospective analysis of a clinical exome sequencing 
cohort reveals the mutational spectrum and identifies candidate disease-associated loci for 
BAFopathies. Genet Med. Feb 2022;24(2):364-373. doi:10.1016/j.gim.2021.09.017

27.	 Nixon KCJ, Rousseau J, Stone MH, et al. A Syndromic Neurodevelopmental Disorder Caused 
by Mutations in SMARCD1, a Core SWI/SNF Subunit Needed for Context-Dependent Neuronal 
Gene Regulation in Flies. Am J Hum Genet. Mar 12 2019;doi:10.1016/j.ajhg.2019.02.001

28.	Ninkovic J, Steiner-Mezzadri A, Jawerka M, et al. The BAF complex interacts with Pax6 in adult 
neural progenitors to establish a neurogenic cross-regulatory transcriptional network. Cell 
Stem Cell. Oct 3 2013;13(4):403-18. doi:10.1016/j.stem.2013.07.002

29.	 Diets IJ, Prescott T, Champaigne NL, et al. A recurrent de novo missense pathogenic variant in 
SMARCB1 causes severe intellectual disability and choroid plexus hyperplasia with resultant 
hydrocephalus. Genet Med. Jun 15 2018;doi:10.1038/s41436-018-0079-4

30.	Cappuccio G, Sayou C, Tanno PL, et al. De novo SMARCA2 variants clustered outside 
the helicase domain cause a new recognizable syndrome with intellectual disability 
and blepharophimosis distinct from Nicolaides-Baraitser syndrome. Genet Med. Nov 
2020;22(11):1838-1850. doi:10.1038/s41436-020-0898-y

31.	 Bidart M, El Atifi M, Miladi S, et al. Microduplication of the ARID1A gene causes intellectual 
disability with recognizable syndromic features. Genet Med. Jun 2017;19(6):701-710. doi:10.1038/
gim.2016.180

32.	Richards S, Aziz N, Bale S, et al. 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. Genet Med. May 2015;17(5):405-24. 
doi:10.1038/gim.2015.30

1



20

Chapter 1

33.	Ellard S BE, Berry I, Forrester N, Turnbull C, Owens M, Eccles DM, Abbs S, Scott R, Deans 
Z, Lester T, Campbell J, Newman W, McMullan D ACGS best practice guidelines for variant 
classification 2020: association for clinical genetics science (ACGS). May 25th, 2021. https://
www.acgs.uk.com/quality/best-practice-guidelines/#VariantGuidelines

34.	Houge G, Laner A, Cirak S, de Leeuw N, Scheffer H, den Dunnen JT. Stepwise ABC system 
for classification of any type of genetic variant. Eur J Hum Genet. Feb 2022;30(2):150-159. 
doi:10.1038/s41431-021-00903-z

35.	Brandt T, Sack LM, Arjona D, et al. Adapting ACMG/AMP sequence variant classification 
guidelines for single-gene copy number variants. Genet Med. Feb 2020;22(2):336-344. 
doi:10.1038/s41436-019-0655-2

36.	Davieson CD, Joyce KE, Sharma L, Shovlin CL. DNA variant classification-reconsidering 
“allele rarity” and “phenotype” criteria in ACMG/AMP guidelines. Eur J Med Genet. Oct 
2021;64(10):104312. doi:10.1016/j.ejmg.2021.104312

37.	 Patel MJ, DiStefano MT, Oza AM, et al. Disease-specific ACMG/AMP guidelines improve 
sequence variant interpretation for hearing loss. Genet Med. Nov 2021;23(11):2208-2212. 
doi:10.1038/s41436-021-01254-2

38.	Kohler S, Vasilevsky NA, Engelstad M, et al. The Human Phenotype Ontology in 2017. Nucleic 
Acids Res. Jan 04 2017;45(D1):D865-D876. doi:10.1093/nar/gkw1039

39.	 Dingemans AJM, Hinne M, Truijen KMG, et al. PhenoScore quantifies phenotypic variation for 
rare genetic diseases by combining facial analysis with other clinical features using a machine-
learning framework. Nat Genet. Aug 7 2023;doi:10.1038/s41588-023-01469-w

40.	Roost MS, Slieker RC, Bialecka M, et al. DNA methylation and transcriptional trajectories during 
human development and reprogramming of isogenic pluripotent stem cells. Nat Commun. Oct 
13 2017;8(1):908. doi:10.1038/s41467-017-01077-3

41.	 Levy MA, Relator R, McConkey H, et al. Functional correlation of genome-wide DNA methylation 
profiles in genetic neurodevelopmental disorders. Hum Mutat. Nov 2022;43(11):1609-1628. 
doi:10.1002/humu.24446

42.	Kerkhof J, Rastin C, Levy MA, et al. Diagnostic utility and reporting recommendations for clinical 
DNA methylation episignature testing in genetically undiagnosed rare diseases. Genet Med. 
Jan 18 2024:101075. doi:10.1016/j.gim.2024.101075

43.	Levy MA, McConkey H, Kerkhof J, et al. Novel diagnostic DNA methylation episignatures 
expand and refine the epigenetic landscapes of Mendelian disorders. HGG Adv. Jan 13 
2022;3(1):100075. doi:10.1016/j.xhgg.2021.100075

44.	Aref-Eshghi E, Bend EG, Hood RL, et al. BAFopathies’ DNA methylation epi-signatures 
demonstrate diagnostic utility and functional continuum of Coffin-Siris and Nicolaides-
Baraitser syndromes. Nat Commun. Nov 20 2018;9(1):4885. doi:10.1038/s41467-018-07193-y

45.	Moffat JJ, Jung EM, Ka M, et al. The role of ARID1B, a BAF chromatin remodeling complex 
subunit, in neural development and behavior. Prog Neuropsychopharmacol Biol Psychiatry. 
Aug 24 2018;89:30-38. doi:10.1016/j.pnpbp.2018.08.021

46.	Jung EM, Moffat JJ, Liu J, Dravid SM, Gurumurthy CB, Kim WY. Arid1b haploinsufficiency disrupts 
cortical interneuron development and mouse behavior. Nat Neurosci. Dec 2017;20(12):1694-
1707. doi:10.1038/s41593-017-0013-0

47.	 Liu Y, Liu H, Sauvey C, Yao L, Zarnowska ED, Zhang SC. Directed differentiation of forebrain 
GABA interneurons from human pluripotent stem cells. Nat Protoc. Sep 2013;8(9):1670-9. 
doi:10.1038/nprot.2013.106

48.	Pagliaroli L, Porazzi P, Curtis AT, et al. Inability to switch from ARID1A-BAF to ARID1B-BAF 
impairs exit from pluripotency and commitment towards neural crest formation in ARID1B-
related neurodevelopmental disorders. Nat Commun. Nov 9 2021;12(1):6469. doi:10.1038/
s41467-021-26810-x



21

Introduction

49.	 Kang E, Kang M, Ju Y, et al. Association between ARID2 and RAS-MAPK pathway in 
intellectual disability and short stature. J Med Genet. Nov 2021;58(11):767-777. doi:10.1136/
jmedgenet-2020-107111

50.	Yuan X, Puvogel S, van Rhijn JR, et al. A human in vitro neuronal model for studying homeostatic 
plasticity at the network level. Stem Cell Reports. Nov 14 2023;18(11):2222-2239. doi:10.1016/j.
stemcr.2023.09.011

51.	 Li C, Fleck JS, Martins-Costa C, et al. Single-cell brain organoid screening identifies 
developmental defects in autism. Nature. Sep 2023;621(7978):373-380. doi:10.1038/s41586-
023-06473-y

52.	Martins-Costa C, Wiegers A, Pham VA, et al. ARID1B controls transcriptional programs of 
axon projection in an organoid model of the human corpus callosum. Cell Stem Cell. May 6 
2024;doi:10.1016/j.stem.2024.04.014

53.	Mashtalir N, Dao HT, Sankar A, et al. Chromatin landscape signals differentially dictate the 
activities of mSWI/SNF family complexes. Science. Jul 16 2021;373(6552):306-315. doi:10.1126/
science.abf8705

54.	Wei J, Patil A, Collings CK, et al. Pharmacological disruption of mSWI/SNF complex activity 
restricts SARS-CoV-2 infection. Nat Genet. Mar 2023;55(3):471-483. doi:10.1038/s41588-023-
01307-z

55.	Santen GW, Aten E, Vulto-van Silfhout AT, et al. Coffin-Siris syndrome and the BAF complex: 
genotype-phenotype study in 63 patients. Hum Mutat. Nov 2013;34(11):1519-28. doi:10.1002/
humu.22394

56.	Tsurusaki Y, Okamoto N, Ohashi H, et al. Coffin-Siris syndrome is a SWI/SNF complex disorder. 
Clin Genet. Jun 2014;85(6):548-54. doi:10.1111/cge.12225

57.	 Sekiguchi F, Tsurusaki Y, Okamoto N, et al. Genetic abnormalities in a large cohort of Coffin-
Siris syndrome patients. J Hum Genet. Sep 17 2019;doi:10.1038/s10038-019-0667-4

58.	Wieczorek D, Bogershausen N, Beleggia F, et al. A comprehensive molecular study on Coffin-
Siris and Nicolaides-Baraitser syndromes identifies a broad molecular and clinical spectrum 
converging on altered chromatin remodeling. Hum Mol Genet. Dec 20 2013;22(25):5121-35. 
doi:10.1093/hmg/ddt366

1


