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Abstract

:

ARID1B is one of the most frequently mutated genes in intellectual disability (~1%). Most variants are readily classified, since they are de novo and are predicted to lead to loss of function, and therefore classified as pathogenic according to the American College of Medical Genetics and Genomics (ACMG) guidelines for the interpretation of sequence variants. However, familial loss-of-function variants can also occur and can be challenging to interpret. Such variants may be pathogenic with variable expression, causing only a mild phenotype in a parent. Alternatively, since some regions of the ARID1B gene seem to be lacking pathogenic variants, loss-of-function variants in those regions may not lead to ARID1B haploinsufficiency and may therefore be benign. We describe 12 families with potential loss-of-function variants, which were either familial or with unknown inheritance and were in regions where pathogenic variants have not been described or are otherwise challenging to interpret. We performed detailed clinical and DNA methylation studies, which allowed us to confidently classify most variants. In five families we observed transmission of pathogenic variants, confirming their highly variable expression. Our findings provide further evidence for an alternative translational start site and we suggest updates for the ACMG guidelines for the interpretation of sequence variants to incorporate DNA methylation studies and facial analyses.
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1. Introduction


Pathogenic variants in ARID1B are one of the top hits (~1%) in large-scale sequencing studies in intellectual disability (ID) populations [1,2] and ARID1B is also the most frequently mutated gene in Coffin–Siris syndrome (CSS) (OMIM 135900) (51–76%) [3,4,5]. With the increasing application of genome-wide screening approaches, such as exome and genome sequencing, more and more variants in ARID1B are identified. Usually variants in ARID1B can be readily classified, since most identified variants are de novo and predicted to lead to loss of function. According to the ACMG guidelines [6], this results in one very strong (PVS1) and one strong criterium (PS2), leading to a clinical classification as a pathogenic variant.



ARID1B variants are regularly identified in patients without specific features [7], complicating the interpretation of variants of uncertain significance (VUS). Indeed, we have previously reported on the variable expression of the ARID1B phenotype by showing IQ values within the normal range [7,8], suggesting that a variant classified as pathogenic could be inherited from a mildly affected parent. To make matters more complex, we also noticed that no pathogenic variants have been reported in the 5′ end of the 1542 bp exon 1 nor in the small 39 bp in-frame exon 3 of transcript NM_020732.3 [7], suggesting that loss-of-function variants in these regions may not be disease causing. Thus, interpretation of some loss-of-function variants, in particular those that are not proven de novo, may be challenging because of the difficulty to distinguish between variants not leading to disease and familial variants with variable expression.



To illustrate the difficulties in interpreting inherited loss-of-function variants in ARID1B, we describe here 12 index cases with potential loss-of-function variants that were either inherited or have an unknown inheritance. Furthermore, we describe our diagnostic evaluation to determine their true effect on clinical outcomes. This evaluation includes algorithms that combine regular facial recognition techniques with the modelling of human facial dysmorphisms [9], and DNA methylation patterns [10]. Together, this allowed for determining variants with variable expression versus non-pathogenic variants. Based on this cohort, we recommend updates for the ACMG guidelines for interpretation of sequence variants.




2. Materials and Methods


2.1. Patient Ascertainment


Patients with potential loss-of-function variants that were either inherited or of unknown inheritance were included. We included patients from colleagues who had approached us about such variants, screened variants using ClinVar, and identified additional patients through contacts with the Baylor Genetics Laboratories.



The institutional review board (IRB) of the Leiden University Medical Center, Leiden, The Netherlands, provided an approval waiver for this study.




2.2. Clinical Data Collection


Clinical information was collected through an online questionnaire or by asking the clinician to give a brief summary of their patient’s phenotype.




2.3. Transcript


Clinicians reported the genetic variant on transcript NM_020732.3, which is also used throughout the manuscript. The Matched Annotation from NCBI and EMBL-EBI (MANE) project (https://www.ncbi.nlm.nih.gov/refseq/MANE/ (accessed on 20 July 2021)), which aims to select a well-supported transcript for all genes to facilitate communication about variants, recently selected the NM_001374828.1 transcript for ARID1B. This transcript differs from the NM_020732.3 transcript, which is most widely used in clinical literature thus far, in three aspects: (1) the encoded protein has an N-terminal extension since an upstream start codon in exon 1 is used; (2) exon 3 of NM_020732.3 is not included; and (3) it has an additional in-frame 159 bp exon 11. The MANE project selected this transcript based on the conservation of the coding region and support for the transcription start site from FANTOM5 CAGE data as well as direct evidence of translation from uniquely mapping peptides (Human Peptide Atlas build 502). The MANE project also assigns the longest conserved coding region supported by evidence for the MANE Select. Where relevant, we mention the consequences of this transcript throughout the manuscript.




2.4. DNA Methylation


Analysis of the DNA methylation array data was performed by the clinical bioinformatics laboratory using Illumina Infinium EPIC arrays as previously described [11,12]. Methylation data for each sample were compared to the established DNA methylation signatures for ARID1B among 43 other disorders that were part of the EpiSign V2 clinical test. EpiSign analysis utilized the EpiSign Knowledge Database EKD, a clinical database with >5000 peripheral blood DNA methylation profiles, including disorder-specific reference cohorts and normal (general population samples with various age and racial backgrounds) controls housed at the London Health Sciences Centre Molecular Diagnostics Laboratory (https://www.lhsc.on.ca/palm/molecular.html (accessed on 15 January 2020)). Individual DNA methylation data for each subject were compared to the EKD using the Support Vector Machine (SVM)-based classification algorithm for EpiSign disorders. A Methylation Variant Pathogenicity (MVP) score was generated, ranging between 0 and 1, representing the confidence of the prediction for the specific class the SVM was trained to detect. Classification for a specific EpiSign disorder includes an MVP score assessment with a general threshold of >0.5 for positive, < 0.1 for negative and 0.1–0.5 for inconclusive or low-confidence samples; hierarchical clustering; and the multidimensional scaling (MDS) of a subject’s methylation data relative to the disorder-specific EpiSign probe sets and controls. A detailed description of this analytics protocol was described previously [11,13].




2.5. Analyses of Facial Features


2.5.1. Computer Vision Algorithms


Using previously reported computer vision algorithms [9,14], we first assessed whether the photographs of the ARID1B patients with a confirmed pathogenic variant and who were referred to our national CSS expertise center in Leiden clustered compared to age-, ethnicity-, sex-matched controls with an ID. We performed this analysis with different age-groups (0–10 years, 10–18 years and 18+ years) as well, since we have observed in our CSS population that with advancing age, facial features may become less typical. We next investigated how photographs from patients with inherited ARID1B variants clustered. If more facial photographs of one patient were available, the photograph with the best quality for the analysis was chosen for the initial assessment.




2.5.2. Face2Gene


We also analysed the photographs of our ARID1B familial cases by uploading them in Face2Gene (FDNA Inc., Boston, MA, USA). We assessed the rank of CSS in the top 30 suggested syndromes and their similarity to CSS according to Face2Gene on a scale of 0–1. Face2Gene analyses were performed in April–May 2021.






3. Results


We collected 12 previously unreported index cases associated with a potential loss of function, as an inherited variant in ARID1B or a variant with unknown inheritance (Table 1 and Figure 1). Eight families had an inherited variant, one family consisted of two siblings of whom the mother was tested negative for the variant and there were three index cases with variants of unknown inheritance. The carrier parent of Case 11 is inconclusively mosaic (see also case description) and the parent of Case 12 is mosaic; the carrier parents of all other patients with inherited variants appeared to have non-mosaic or germline variants. In the DNA from peripherical blood, there was no indication for mosaicism in the other carrier parents.



3.1. DNA Methylation


ARID1B DNA methylation EpiSign analysis was performed for 5/12 cases where DNA and parental consent were available. A typical BAFopathy methylation pattern was detected in three familial cases (Table 1).




3.2. Facial Analyses


3.2.1. Computer Vision Algorithms


Compared to matched controls, the photographs of patients with a confirmed pathogenic ARID1B variant (n = 34) did not cluster (p = 0.34). Selecting only ARID1B patients aged 10 and below (n = 21, Figure S1) showed that the photographs of this group did cluster (p = 0.038), while photographs of patients aged 10–18 and 18+ years did not cluster (respectively, n = 9, p = 0.73, and n = 4, p = 0.88).



The photographs of Index 1, 4, 5, 6, 7 and 12 and the parent of Index 12 clustered with photographs of the young ARID1B patients from our outpatient clinic compared to the controls, while the photographs of the parent of Index 2, 4 and 7 did not cluster (Table 1, Table S1 and Figure S1). The photographs of Case 2 at an age of two years and 11 years clustered with the young ARID1B patients, but her most recent photograph taken at an age of 11.5 years did not cluster.




3.2.2. Face2Gene


Face2Gene suggested CSS as a possible syndrome for all pictures of children and of the parents of whom childhood pictures were available for analyses. CSS was the first suggested syndrome for the Cases 4, 6 and 7, and for childhood pictures of Parents 7 and 12 (Table 1 and Figure S2a,b). CSS was not suggested for the adult pictures of parents of Cases 2, 4 and 7. For Cases 2, 7 and 12, multiple facial photographs taken at different ages were available. The concordance of these photographs to the CSS Face2Gene model appears to decline with age (Figure S2c,d).





3.3. Variant Interpretation


3.3.1. Variants at the 5′ end of Exon 1 of ARID1B


Case 1


This 20-year-old boy has a start codon variant, which was not found in his mother. It should be noted that on the MANE transcript NM_001374828.1, this variant is a missense variants (p.(Met84Ile)). He has moderate ID, normal speech development, seizures since the age of three years, cannot read or write and has small nails. According to the ACMG guidelines, this variant is classified as likely pathogenic (Table 1). The location of this variant and the absence of other pathogenic variants in the region make interpretation complex. His photograph clusters with other ARID1B patients, but the methylation pattern in his blood was not compatible with a BAFopathy. Given the lack of variants in the 5′ end of exon 1, our expert opinion is that the variant should be classified as a VUS.




Case 2


This six-year-old girl carries a paternally inherited nonsense variant in the 5′ end of exon 1 (c.361C>T, p.(Gln121*)). Her primary symptoms were dysmorphic features, hyperactivity and disruptive/defiant behaviour. None of these features were seen in the father and both father and daughter have normal intelligence. Although according to ACMG guidelines (Table 1) this variant would classify as likely pathogenic, taking our experience with the inheritance, location and phenotype into account, we would consider this variant a VUS. The photograph of the child at age two years clustered with other ARID1B patients; one of her photographs taken at 11 years also clustered, while another photo at this age did not cluster. The photograph of the parent at age 47 years did not cluster. No DNA samples were available for further testing. After adding the photograph data to our assessment, we still consider this variant a VUS.




Case 3


This is a singleton case aged >50 years from the AURORA study (conducted in the early 2000s in patients with end-stage kidney failure). A frameshift variant in the 5′ end of exon 1 was identified (c.363_364insG, p.(Gln122fs*110)). This variant has been reported several times in gnomAD. No additional information about this patient’s phenotype is available and inheritance was not tested. According to the ACMG guidelines (Table 1), this variant classifies as a VUS. However, based on the frequency in gnomAD and the reason why sequencing was performed, we consider this variant as likely benign. No photographs or DNA were available for further testing.




Case 4


This is a 17-month-old child who inherited a frameshift variant located at the 5′ end of exon 1 (c.521dup, p.(Pro177fs*55)) from a parent. Although based on ACMG guidelines this variant would be classified as likely pathogenic (Table 1), we initially considered this variant a VUS, based on the inheritance and the location at the 5′end of exon 1. The photograph of the child clustered with other ARID1B patients, while the photograph of the parent at age 36 years did not cluster. A picture of the parent during childhood was not available. DNA methylation in both the child and the parent was compatible with a BAFopathy. The phenotype of the child and the parent fit within the ARID1B spectrum and this variant is considered pathogenic.




Case 5


This is a 10-year-old boy who inherited a frameshift variant in exon 1 (c.1029_1056del, p.(Ala349Metfs*11)) from his mother. He has mild ID, speech delay, behavioural issues and attends special education school. His mother also attended special education school (as a child and adult) and has no behaviour issues. The maternal grandmother was also reported to have ID. The boy lives with his father. According to the ACMG guidelines this variant could be classified as likely pathogenic (Table 1). The photograph of this patient clustered with ARID1B patients, his DNA methylation pattern was compatible with a BAFopathy and this variant was considered pathogenic.




Case 6


This is a four-year-old girl with a maternally inherited frameshift variant in exon 1 (c.1044_1071del, p.(Ala349Metfs*11)). Further segregation analyses showed that the variant was present in another affected sibling and absent in an unaffected sibling. She has global developmental delay, severe speech delay, autistic features and feeding difficulties. Her mother has ID and her affected brother has developmental delay, mild ID and short stature. ACMG guidelines support a variant classification of likely pathogenic (Table 1). The photograph of the child clustered with ARID1B patients and the variant is considered pathogenic.




Case 7


This is a nine-year-old girl who inherited a frameshift variant in exon 1 (c.1044_1062del, p.(Gly351Alafs*12)) from her father. She had neonatal hypotonia with transient feeding difficulties, developmental delay (walked independently at 30 months, speech delay), mild ID (total IQ 73 at 7.5 years, verbal comprehension 84, perceptual reasoning 75, working memory 82, processing speed 76), behavioural problems (i.e. tantrums, ADHD), epilepsy and progressive obesity. The father had mild learning difficulties but no intellectual deficiency (total IQ 98 but heterogeneous profile, verbal comprehension 84, perceptual reasoning 106, working memory 112, processing speed 94). At physical examination, he had coarse facial features. He had epilepsy between 2 and 12 years of age. Based on the ACMG guidelines, this variant could be classified as likely pathogenic (Table 1). The photograph of the child clustered with ARID1B patients, while the photograph of her father at age 14 years did not cluster. The DNA methylation pattern in the parent and child was compatible with a BAFopathy. This variant is therefore classified as pathogenic.





3.3.2. Splice Sites of in-Frame Exons or in-Frame Deletions in ARID1B


Case 8


This is a seven-year-old boy who inherited an in-frame deletion of exon 3 and 4 from his father. He has a clinical diagnosis of familial Mediterranean fever. A microarray was performed in search of an intragenic MEFV deletion because only one pathogenic variant in the FMF gene was identified. He has normal development and no dysmorphic features. ACMG guidelines support a classification as a VUS (Table 1). No photograph for facial analysis was available and DNA methylation did not show a BAFopathy pattern. This variant is considered likely benign.




Case 9


This is an 18-year-old girl with a splice site variant near the in-frame exon 7 (c.2371+2T>C) with unknown inheritance. This variant is located close to a variant (c.2371+5G>A, de novo) reported by Lord et al. [15]. She has severe ID, currently no speech, lost 3–4 words between age 1–2 years, seizures, myopia, hypoplasia of the corpus callosum, intracerebral lipoma of the quadrigeminal plate, self-injurious behaviour, mild scoliosis and camptodactyly of the 3rd and 5th finger. She is currently a senior in a high school program for individuals with developmental disabilities. Suggestive features for an ARID1B-related disorder in this case are hypoplasia of the corpus callosum, myopia, seizures and scoliosis. In accordance with the ACMG guidelines, this variant was considered a VUS (Table 1). No photographs or DNA were available for further testing.




Case 10


This is an 11-year-old girl who inherited a splice site variant near the in-frame exon 8 (c.2372-2A>C) from her mother. This variant has been reported in two siblings with autism spectrum disorder without ID who inherited this variant from their father. This variant was absent in their sibling without autism [16]. This variant was also reported in a stillborn case with features consistent with prenatal CSS with unknown inheritance [17].



She has severe global developmental delay, complex partial epilepsy, microcephaly, generalized hypotonia, cortical visual impairment, laryngomalacia, oromotor dysphagia, constipation, feeding difficulties and hip dislocation. No information about her mother is available. Although the combination of laryngomalacia with developmental delay, visual impairment and seizures is suggestive of ARID1B-related ID. The fact that the variant is inherited both in the literature case and in this family argues against pathogenicity. Unfortunately, no information on the mother, and no photographs or DNA could be obtained, and this variant remains a VUS, conforming to the ACMG guidelines (Table 1).





3.3.3. Mosaicism in Parents


Case 11


The proband is an eight-year-old boy who has a sister with a nonsense variant in exon 18 (c.4870C>T, p.(Arg1624*)) that has been reported as pathogenic several times in the literature [7,18,19,20]. The mother tested negative for the variant and the father was potentially mosaic, with a very low signal on Sanger sequencing (data not shown). The proband has delayed motor milestones, delayed speech, moderate ID, autism spectrum disorder, hypotonia, dysmorphia, exotropia, short stature, hypoplastic left heart syndrome with coarctation of the aorta, undescended testes and inguinal hernias, feeding difficulty (G-tube dependent) and a history of strabismus. Brain MRI showed mild cerebellar vermis hypoplasia. His 10-year-old sister (diagnosed at 4.5 years) has developmental delay, moderate ID, no speech, behavioural anomalies, normal growth, no cardiac defect, feeding difficulties in infancy and, besides optic nerve hypoplasia, no brain anomalies. In accordance with the ACMG guidelines and based on the phenotype and previously reported loss-of-function variants located in this exon, this variant was considered pathogenic in the initial assessment (Table 1). No photographs could be obtained.




Case 12


This is a three-year-old boy (now eight years) who inherited a nonsense variant in exon 20 (c.6322C>T, p.(Gln2108*)) from his mosaic father (data not shown). Several patients with loss-of-function variants near this variant have been reported [3,4,5,7,19,20]. This boy’s phenotype matches the ARID1B phenotype well. His father is considered to have normal intellectual functioning, went to regular primary school and was able to keep up with peers, does not have developmental delay, does have a range of behavioural issues, mild scoliosis and currently lives independently with his partner and children. In accordance with the ACMG guidelines (Table 1), this variant was considered pathogenic. The photographs of the child at the age of eight years and the parent at the age of 18 years clustered with ARID1B patients, confirming the pathogenicity of this variant.







4. Discussion


4.1. Variable Expression


Variable expression of the ARID1B phenotype is evident in the inherited cases we have described (Table 1). For example, the parents of Cases 4–7 appear to be considerately less severely affected than their offspring. Although sporadic cases of inherited variants from similarly affected parents [21,22,23] or variants inherited through (gonadal) mosaicism [7,24,25,26,27] have been reported (Table S2), here we describe for the first time that a pathogenic, non-mosaic variant is inherited from a very mildly affected parent with normal IQ values (i.e., the father in Case 7). Unfortunately, the grandparents could not be tested in our cases with inherited variants. Parents in our cases were generally less severely affected than their child. This is likely explained by selection bias since mildly affected patients are more likely to have offspring than severely affected patients. Another clear illustration of variable expression is Case 11, where two siblings with the same variant share a similar cognitive phenotype (moderate ID), whilst only one of them has congenital heart disease. Due to this variable phenotype, it can be challenging to distinguish truly benign variants from familial variants with high variable expression.



We show that DNA methylation studies and algorithms that model human facial dysmorphism and facial recognition can be helpful tools to determine the pathogenicity of such complex variants in several illustrative cases. Based on our experience, we propose an expansion of the evidence framework of the ACMG guidelines [6] (Box 1) to improve variant interpretation, which we discuss in more detail below.





Box 1. Suggested updates of the ACMG guidelines for the interpretation of sequence variants.






PVS1.



Adjusting the 2nd caveat of PVS1 into:




	
Use caution interpreting LOF variants at the extreme 5′ and 3′ ends of a gene.








Adding PS5



A DNA methylation signature matching the gene in which the variant was identified is present.



Caveat:




	
If variants in related genes lead to the same signature, care must be taken to exclude the relevant variants in those genes.








Adding PM7



Facial photograph clusters with photographs of patients with a confirmed pathogenic variant and separate from the matched controls.








4.2. Variant Location and the PVS1 Category


The PVS1 criterion in the ACMG framework is triggered when a predicted loss-of-function variant is detected in a gene known to have haploinsufficiency as a mechanism. One of the caveats to the PVS1 criterion is that 3′ variants may escape nonsense-mediated decay (NMD) [6,28]. Another problem is the possibility that 5′ loss-of-function variants may be rescued by an alternative translation start site. For ARID1B, we have previously noted that there are no convincing pathogenic variants reported at the 5′ end of exon 1 [7]. This could be a chance finding, could reflect that such variants are not pathogenic or perhaps that such variants are lethal and therefore not identified in live born patients. Since no BAFopathy DNA methylation signature was shown in Case 1, and the phenotypes of Cases 2 and 3 are not consistent with ARID1B-related ID, such a start site may be located between cDNA location 363 and 521. It may be that such a start site would rescue the complete phenotype, but an intriguing alternative is that it rescues part of the phenotype only. This could explain why we find a relative abundance of inherited variants in exon 1. There is one methionine in between (p.Met154), but other start codons have also been described to initiate translation [29]. We therefore propose to adjust the 2nd caveat of PVS1 to also include possibilities of alternative translation start sites: “Use caution interpreting LOF variants at the extreme 5′ and 3′ ends of a gene”.



The absence of pathogenic variants in exon 3 of ARID1B reinforces the importance of another caveat for PVS1: to use caution when the genes is known to generate multiple transcripts [6,30]. The in-frame exon 3 in transcript NM_020732.3 is not included in another ARID1B transcript NM_017519.2. This suggests that exon 3 is alternatively spliced and may not be required in all tissues, which is confirmed by several reported cases with loss-of-function variants in exon 3 without a matching phenotype [31,32].



Our Case 8, where in-frame exons 3 and 4 were deleted in an unaffected patient and parent, illustrates the importance of this caveat, but also of the caveat relating to skipping of in-frame exons. Interestingly, Pascolini et al. [33] describe monozygotic twins with an in-frame deletion of exon 2–4 of ARID1B, where the father could not be tested. The location, in-frame nature and unknown inheritance cast doubt upon the pathogenicity of this particular variant [34], although a very similar variant was identified in a CSS patient by Fujita et al. [35]. They identified an in-frame deletion of exons 2–5, of unknown inheritance, but the phenotype and the Face2Gene analysis (rank 1, similarity 0.62) make the pathogenicity of this variant more likely. Unfortunately, no DNA of this reported case could be obtained to determine the DNA methylation signature.



The described cases illustrate how important it is to keep in mind the caveats mentioned in the ACMG guidelines. For example, if these were to be disregarded, the variants of Cases 1, 2, 8 and 9 would have been classified as likely pathogenic or pathogenic instead of as a VUS. This also stresses the importance of having gene-specific knowledge concerning genotype and phenotype when interpreting variants.




4.3. Transcript Choice


We have considered switching to the MANE transcript for this paper. However, to prevent unnecessary confusion in the literature, we decided to only switch to a new transcript when it is fully backed up by clinical evidence (such as variants being identified in ‘new’ exonic regions (i.e. the additional 5’part of exon 1, and the in-frame exon 11). Thus far, this is not the case, although care should be taken that these ‘new’ regions are properly sequenced and called. Although they appear to be captured in most recent exome capture kits, it is possible that bio-informatic pipelines do not yet annotate these new regions causing clinical variants to be missed. We recommend that clinical labs check their pipelines for compatibility with the MANE transcript. We have also queried GnomAD for truncating variants in the new exonic regions, which would be an argument against the new transcript. We found five truncating variants in GnomAD (accession date 6 August 2021), but each variant was found once, and four of them are in low complexity regions, so this does not provide definitive evidence either way. Thus, even though NM_020732.3 is not the perfect transcript for ARID1B as it incorporates the in-frame exon 3, which is most likely not clinically relevant, we have chosen to keep using NM_020732.3 until there is more evidence for the new transcript. We have added the description of all variants detected in our cases on the MANE transcript in the Supplementary Data (Table S1).



One important consequence of the new transcript is that the start codon variant of patient one changes into a missense variant (c.252G > A, p.(Met84Ile)). This might explain the absence of a DNA methylation signature in this patient, since for some genes specific signatures for missense variants are identified. The consequence of this variant is on the protein level is not yet known.




4.4. Incorporating New Developments into ACMG Guidelines for the Interpretation of Sequence Variants


Since the introduction of the ACMG guidelines there have been several relevant developments. Facial analysis has become more widely used and DNA methylation analysis has been shown to be an effective functional assay in clinical classification of an expanding number of genetic disorders [11,12], including CSS [10].



4.4.1. Facial Analyses


By means of computer vision algorithms we have shown that facial photographs of ARID1B patients aged <10 years cluster separate from age-, sex-, ethnicity-matched controls with ID and that with advancing age this clustering becomes less pronounced (Figure S1). This apparent absence of a clear facial phenotype among older ARID1B patients could be explained by the notion that with advancing age the facial phenotype becomes less specific, but the low number of available photographs of older ARID1B patients may have played a role as well. We illustrated that facial analysis using childhood photographs can be helpful in the interpretation of difficult variants and we suggest that a positive facial gestalt match could be incorporated as a moderate ACMG criteria (PM7): “Facial photograph clusters with photographs of patients with confirmed pathogenic variants and separate from matched controls”. We think this better reflects the objective nature of facial analyses then allocating the PP4 criterion of a phenotype highly specific for gene. Of course, this criterion should be limited to the syndromes that display facial dysmorphism.




4.4.2. DNA Methylation


Multiple studies have shown the potential of DNA methylation signatures for variant interpretation [11,12]. However, caution is warranted because the sensitivity of DNA methylation signatures may be not be complete for all pathogenic variants in a given gene. For example, multiple episignatures have been described in single genes in some disorders [36,37]. Similarly, the DNA methylation result of Case 1 is not compatible with a BAFopathy, whilst his photograph clusters with ARID1B patients and his phenotype may fit within the ARID1B spectrum. Hence, while existence of an episignature is generally considered strong functional evidence to confirm a pathogenicity of a variant, lack of an episignature, albeit indicative, should not be considered conclusive evidence of the lack of pathogenicity [12]. The DNA methylation results all mirror the assessment of pathogenicity before testing in this study, except for Case 4. In this case, a loss-of-function variant was found at the 5′ end of exon 1, at cDNA position 521. This variant was reclassified after the DNA methylation showed a BAFopathy methylation pattern in both the child and parent. These data, along with the growing body of published literature on other disorders, support incorporating DNA methylation as a strong criterion for classifying pathogenic variants (PS5): “A DNA methylation signature matching the gene in which the variant was identified is present”. In our view this should be a separate criterion from PS3 (well-established functional studies show a deleterious effect). This is also in line with ACGS Best Practice Guidelines for Variant Classification 2019 [38], since the evidence of a methylation signature supports phenotype specificity and is not directly related to the identified variant. Perhaps at a later stage when more is certain about the sensitivity of this DNA methylation test, a criterion could also be added to classify variants as benign in the absence of a DNA methylation signature.




4.4.3. Incorporating Suggested ACMG Updates


Taking the suggested new PM7 and PS5 criteria and the adjusted PVS1 caveat into account, we have classified the variants and show that the pathogenicity assessment of the variants of our included cases would significantly change (Table 1) and have become more conforming to our interpretation of the ARID1B variants.



The UK Association for Clinical Genomic Science (UK-ACGS) publishes an annual ACMG-based specification for variant interpretation [39]. Using these criteria, the initial interpretation of the ARID1B variants would change for Cases 1, 2 and 4–7 into likely pathogenic and the interpretation using our updated ACMG criteria would remain unchanged.






5. Conclusions


Due to the variable phenotype among ARID1B patients, it can be challenging to distinguish familial variants with variable expression from benign variants. We urge caution in the interpretation of variants in the 5′ end of exon 1 and in-frame deletions and suggest to update the ACMG criteria PVS1 to also include caution with variants at the 5′ end of the transcript. We demonstrate the diagnostic utility of DNA methylation signatures in such cases and show the variable expression of the ARID1B phenotype, by reporting the first affected parent with normal IQ. Furthermore, we confirmed that ARID1B patients aged < 10 years have a distinct facial phenotype and found that the facial phenotype of ARID1B patients may become less specific with age. For this reason, if facial analyses are used to aid interpretation, childhood pictures should be preferred. Finally, we suggest the addition of facial analysis and/or DNA methylation signature analysis to the ACMG guidelines for interpretation of sequence variants in determining the impact of a genetic change on a patient’s diagnosis.
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Figure 1. ARID1B variants, DNA methylation results and facial analyses of the included cases. Variants of the included ARID1B cases with their DNA methylation results (transcript NM_020732.3). 
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Table 1. An overview of the included patients’ variants in ARID1B and a summary of the variant and phenotype assessments. (Transcript NM_020732.3).
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	Case
	Exon
	cDNA
	Protein Change
	Inheritance
	Variant
	GnomAD

(1 May 2021)
	DNA Methylation Pattern
	Phenotype Suggestive for an ARID1B Related Disorder
	Photograph Clusters with ARID1B Patients
	CSS in Face2Gene (Rank/Similarity)
	ACMG Criteria
	Interpretation ACMG
	Updated ACMG Criteria
	Interpretation Updated ACMG
	Expert Opinion





	1
	1
	c.3G > A
	p.(Met1?)
	Not maternal
	Start codon
	No
	no BAFopathy
	+
	+
	2/0.32
	PVS1, PM2
	LP
	PM2, PM7, PP4
	VUS
	VUS



	2
	1
	c.361C > T
	p.(Gln121*)
	Paternal
	Nonsense
	No
	n.a.
	+/−
	n.a.
	n.a.
	PVS1, PM2
	LP
	PM2, PM7
	VUS
	VUS



	3
	1
	c.363_364insG
	p.(Gln122fs*110)
	Unknown
	Frameshift
	7x
	n.a.
	−
	n.a.
	n.a.
	PVS1, BS2
	VUS
	PM4, BS2
	VUS
	LB



	4
	1
	c.521dup
	p.(Pro177fs*55)
	Maternal
	Frameshift
	No
	BAFopathy
	+
	+(parent−)
	1/0.13

(−/0.13)
	PVS1, PM2
	LP
	PS5, PM2, PM7
	LP
	P



	5
	1
	c.1029_1056del
	p.(Ala349Metfs*11)
	Maternal
	Frameshift
	No
	BAFopathy
	+
	+
	19/0.08
	PVS1, PM2
	LP
	PVS1, PS5, PM2, PM7
	P
	P



	6
	1
	c.1044_1071del
	p.(Ala349Metfs*11)
	Maternal
	Frameshift
	No
	n.a.
	+
	+
	1/0.38
	PVS1, PM2
	LP
	PVS1, PM2, PM7
	P
	P



	7
	1
	c.1044_1062del
	p.(Gly351Alafs*12)
	Paternal
	Frameshift
	No
	BAFopathy
	+
	+(parent−)
	7/0.31

16/0.07
	PVS1, PM2
	LP
	PVS1, PS5, PM2, PM7
	P
	P



	8
	3–4
	exon 3–4 deletion
	p.?
	Paternal
	In-frame deletion
	-
	no BAFopathy
	-
	n.a.
	n.a.
	PM2, PM4
	VUS
	PM2, PM4
	VUS
	LB



	9
	7
	c.2371+2T > C
	r.spl?
	Unknown
	Splice site
	No
	n.a.
	+
	n.a.
	n.a.
	PM2, PM4, PP4
	VUS
	PM2, PM4, PP4
	VUS
	VUS



	10
	8
	c.2372-2A > C
	r.spl?
	Maternal
	Splice site
	1x
	n.a.
	+
	n.a.
	n.a.
	PP4
	VUS
	PP4
	VUS
	VUS



	11
	18
	c.4870C > T
	p.(Arg1624*)
	Father is inconclusively mosaic. Mother is negative. Siblings.
	Nonsense
	No
	n.a.
	+
	n.a.
	n.a.
	PVS1, PM2, PP4
	P
	PVS1, PM2, PP4
	P
	P



	12
	20
	c.6322C > T
	p.(Gln2108*)
	Paternal, mosaic father
	Nonsense
	No
	n.a.
	+
	+(parent+)
	1/0.78 1/0.34
	PVS1, PM2, PP4
	P
	PVS1, PM2, PM7, PP1, PP4
	P
	P







Abbreviations: n.a.: not available; P: pathogenic; LP: likely pathogenic; VUS: variant of uncertain significance; LB: likely benign.
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