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Abstract

Blepharophimosis with intellectual disability (BIS) is a recently recognized disorder

distinct from Nicolaides-Baraister syndrome that presents with distinct facial features

of blepharophimosis, developmental delay, and intellectual disability. BIS is caused by

pathogenic variants in SMARCA2, that encodes the catalytic subunit of the superfam-

ily II helicase group of the BRG1 and BRM-associated factors (BAF) forming the BAF

complex, a chromatin remodeling complex involved in transcriptional regulation. Indi-

viduals bearing variants within the bipartite nuclear localization (BNL) signal domain

of ADNP present with the neurodevelopmental disorder known as Helsmoortel-Van

Der Aa Syndrome (HVDAS). Distinct DNA methylation profiles referred to as epi-

signatures have been reported in HVDAS and BAF complex disorders. Due to molec-

ular interactions between ADNP and BAF complex, and an overlapping craniofacial

phenotype with narrowing of the palpebral fissures in a subset of patients with

HVDAS and BIS, we hypothesized the possibility of a common phenotype-specific

episignature. A distinct episignature was shared by 15 individuals with BIS-causing

SMARCA2 pathogenic variants and 12 individuals with class II HVDAS caused by trun-

cating pathogenic ADNP variants. This represents first evidence of a sensitive

phenotype-specific episignature biomarker shared across distinct genetic conditions

that also exhibit unique gene-specific episignatures.

K E YWORD S

ADNP, blepharophimosis with intellectual disability, Helsmoortel-Van Der Aa Syndrome,
SMARCA2

1 | INTRODUCTION

Blepharophimosis with intellectual disability (BIS, OMIM# 619293) is a

recently described disorder distinct from Nicolaides-Baraister syndrome

(NCBRS) caused by pathogenic variants in SMARCA2 (Cappuccio

et al., 2020). SMARCA2 encodes the catalytic subunit of the superfamily II

helicase group of the BRG1 and BRM-associated factors (BAF) forming the

BAF complex, a chromatin remodeling complex that regulates expression

of several genes. BIS-causing variants were found to cluster around an

alpha-helix domain, that defines an interaction surface with other subunits

of the BAF complex. Distinct genome wide DNA methylation biomarkers

detectable in patient's peripheral blood, referred to as episignatures, can

also differentiateNCBRS fromBIS (Cappuccio et al., 2020).

Helsmoortel-Van Der Aa Syndrome (HVDAS, OMIM #615873) is

a neurodevelopmental disorder caused by pathogenic variants in the

ADNP gene presenting with developmental delay, intellectual disabil-

ity, autism spectrum disorder, and facial dysmoprhisms (Breen

et al., 2020). ADNP encodes a protein interacting with the chromatin

remodeling complex, thus controlling chromatin structure and accessi-

bility by chromatin remodelers. Similar to patients harboring

SMARCA2 pathogenic variants (NCBRS or BIS), ADNP pathogenic vari-

ants have been shown to be associated with two distinct episigna-

tures associated with pathogenic variants in either the terminal or

central protein domain (Bend et al., 2019). The two episignatures,

denoted as class I (characterized by predominantly hypomethylation)

and class II (exhibiting predominant hypermethylation), have also been

associated with minor phenotypic differences (Breen et al., 2020) with

a molecular mechanism still awaiting clarification. ADNP negatively

regulates its expression by binding its own promoter, hence, truncat-

ing variants causing reduction in protein level may result in loss of the
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negative feedback autoregulation of ADNP expression (Oz

et al., 2012). In contrast, partial loss of function variants may retain

the ADNP negative feedback loop, thus resulting in different episigna-

ture profiles (Vandeweyer et al., 2014). It has also been hypothesized

that the mutant ADNP competes with the wild-type protein for bind-

ing to the BAF complex, the orthologue of the yeast SWI/SNF com-

plex. ADNP was found to bind directly to SMARCA2, SMARCA4, and

SMARCC2 through its C-terminal end (Helsmoortel et al., 2014).

A recognizable pattern of dysmorphic features in HVDAS includes

prominent forehead, high anterior hairline with sparse hair, down-

slanted palpebral fissures, prominent eyelashes, wide and depressed

nasal bridge, and short nose with full nasal tip. In contrast to BIS, dys-

morphology differences among the two groups of HVDAS patients

with distinct episignatures have not yet been reported. Among

patients harboring ADNP pathogenic variants, we noted a subset of

patients harboring variants of class II of methylation within or near

the bipartite nuclear localization (BNL) domain show narrow palpebral

fissures as well as overt blepharophimosis overlapping the BIS pheno-

type. In the present study, we investigated the hypothesis of a com-

mon, sensitive, and specific whole-genome episignature in patients

with the overlapping phenotypes of BIS and HVDAS with class II vari-

ants in ADNP gene.

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations

The study was conducted in accordance with the regulations of the

Western University research Ethics board (REB116108 and

REB106302). We obtained written informed consent from the partici-

pants or their substitute decision maker to publish patients' clinical and

genetic information. Explicit consent for the publication of individual's

photographs is obtained separately for individuals shown in Figure 1.

2.2 | Study cohort

For this study, we included a total of 31 individuals (16 females and

15 males) with variants in ADNP (HVDAS) and SMARCA2 (BIS). We

divided this cohort in the discovery cohort (n = 23) that was used for

the probe selection purpose and construction of the classification

model for the BIS-HVDAS episignature. The other 8 individuals were

used for validation (n = 4) and to assess the non-NCBRS-non-BIS

(n = 4). Variants were classified according to the guidelines of the

American College of Medical Genetics (ACMG) and Association for

Molecular Pathology (AMP) (Richards et al., 2015; Riggs et al., 2020).

2.3 | DNA methylation

We performed DNA isolation and bisulfite on 31 individuals according

to standard techniques. EPIC array (San Diego, CA) was performed on

bisulfited converted genomic DNA based on manufactures protocol.

The intensity data files (idats) were generated and loaded into R (ver-

sion 4.2.3) (Aryee et al., 2014) with minfi (version 1.44.0). The used

quality control and feature selection methods were published in detail

before (Aref-Eshghi et al., 2019; Levy, McConkey, et al., 2022). Briefly,

normalization, background correction and evaluation of the density

plots were performed, and quality control checks for age and sex were

conducted. Before analyses the following probes were removed;

probes that overlap with single-nucleotide variation, probes that are

cross-reactive, probes specific to regions on the X or Y chromosomes

and probes with detection p-value >0.1. After removal, 772,557 were

remained.

2.4 | DNA methylation analyses

DNA methylation analyses were performed based on previously pub-

lished methods (Aref-Eshghi et al., 2019; Levy, McConkey,

et al., 2022). To summarize, matched controls from the EpiSign™

knowledge Database (EKD) were selected based on batch type, array

type, sex and age with MatchIt (version 4.5.2) (Ho et al., 2011). Princi-

pal component analyses (PCA) were used for feature selection, and to

detect possible outliers in our training and matched control cohorts.

We performed differentially methylation analyses with limma (version

3.54.2) (Ritchie et al., 2015) with linear regression fitting. For this anal-

ysis, we used methylation beta values as predictors and analyses

methylation labels as response, adjusting the model for estimate blood

cell counts as confounding variables. We applied the empirical Bayes

method adjusted by the Benjamini-Hochberg procedure to control for

false discoveries with t-statistics and p-values. We experimented with

various cutoffs for the top p-values and measurements of variable

importance across different probe sets to identify the most optimized

results. Finally, we investigated the separate clustering between our

F IGURE 1 Facial appearance of two new patients (P1 and P11)
from our cohort carrying ADNP-class II of methylation variants
(Patients P2, P3, P4, P6, and P7 of our cohort are illustrated in Bend
et al., 2019). Note the atypical presentation with no sparse hair or
down-slanting palpebral fissures, but instead with narrow and short
palpebral fissures or blepharophimosis.
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cases and controls with heatmaps and multidimensional scaling (MDS)

with ggplots2 (version 3.1.3), afterwards the best clustering method

was selected. To test the reproducibility of the discovered episigna-

ture, we performed leave one-out cross validation.

2.5 | Prediction model

To test whether our signature was sensitive and specific, support vec-

tor machine (SVM) was used. We trained with e1071 (version 1.7-13)

using the selected features and our matched controls and cases as

training. The classifier was constructed by using the training samples

against the matched control samples that were used for probe selec-

tion, 75% of other controls and samples with known episignatures

from the EKD and the remaining 25% of these controls and samples

with known episignatures were used for model testing. The classifier

generated a score methylation variant pathogenicity (MVP score)

ranging from 0 to 1 for each sample, that indicates change that the

sample has a methylation profile similar of that of our cohorts.

2.6 | Overlap of the BIS-HVDAS genome-wide
DNA methylation profile with other
neurodevelopmental disorders on EpiSign™

We performed functional annotation analyses to compare our BIS-

HVDAS episignature with the other 56 EpiSign™ disorders based on

previously published articles (Levy, Relator, et al., 2022; Rooney

TABLE 1 Genotype and American College of Medical Genetics (ACMG) classification in cases of our cohort.

Case Sex Label Genotype ACMG�

1 F ADNP-BNL c.2157C>A, p.(Tyr719*) PVS1, PS2, PM2

2 F ADNP-BNL c.2157C>A, p.(Tyr719*) PVS1, PS2, PM2

3 F ADNP-BNL c.2157C>A, p.(Tyr719*) PVS1, PS2, PM2

4 F ADNP-BNL c.2157C>A, p.(Tyr719*) PVS1, PS2, PM2

5 M ADNP-BNL c.2156dup, p.(Tyr719*) PVS1, PS2, PM2

6 M ADNP-BNL c.2188C>T, p.(Arg730*) PVS1, PS2, PM2

7 M ADNP-BNL c.2287del, p.(Ser763Profs*9) PVS1, PS2, PM2

8 M ADNP-BNL c.2157C>A, p.(Tyr719*) PVS1, PS2, PM2

9 F ADNP-BNL c.2156dup, p.(Tyr719*) PVS1, PS2, PM2

10 F ADNP-BNL c.2157C>G, p.(Tyr719*) PVS1, PS2, PM2

11 F ADNP-BNL_validation c.2157del, p.(Tyr719*) PVS1, PS2, PM2

12 F ADNP-BNL_validation c.2156dup, p.(Tyr719*) PVS1, PS2, PM2

13 M BIS c.1585C>G, p.(Leu529Val) PS2, PM1, PP2, PP3, PM2

14 M BIS c.2810G>A, p.(Arg937His) PS2, PM1, PP2, PP3, PM2, PM5

15 M BIS c.2810G>A, p.(Arg937His) PS2, PM1, PP2, PP3, PM2, PM5

16 M BIS c.2810G>A, p.(Arg937His) PS2, PM1, PP2, PP3, PM2, PM5

17 M BIS c.2809C>T, p.(Arg937Cys) PS2, PM1, PP2, PP3, PM2, PM5

18 M BIS c.2809C>T, p.(Arg937Cys) PS2, PM1, PP2, PP3, PM2, PM5

19 M BIS c.1538G>T, p.(Gly513Val) PS2, PS3, PM1, PP2, PM2, PM5

20 F BIS c.2809C>T, p.(Arg937Cys) PS2, PM1, PP2, PP3, PM2, PM5

21 F BIS c.1573C>T, p.(Arg525Cys) PS2, PS3, PM1, PP2, PM2, PM5

22 F BIS c.2566A>G, p.(Met856Val)* PS2, PS3, PM1, PP2, PM2, PM5

23 M BIS c.1573C>T, p.(Arg525Cys) PS2, PS3, PM1, PP2, PM2, PM5

24 F BIS c.1574G>A, p.(Arg525His) PS2, PS3, PM1, PP2, PM2, PM5

25 F BIS c.1534G>A, p.(Glu512Lys) PS2, PS3, PM1, PP2, PM2, PM5

26 F BIS_validation c.1585C>G, p.(Leu529Val) PS2, PS3, PM1, PP2, PM2, PM5

27 F BIS_validation c.6286C>A, p.(Asp510Gly) NA

28 M BIS_atypical c.2296C>G, p.(Leu766Val) NA

29 M BIS_atypical c.2296C>G, p.(Leu766Val) NA

30 M BIS_atypical c.2296C>G, p.(Leu766Val) NA

31 M BIS_atypical c.1458C>G, p.(Asn486Lys) NA

Note: F, female; M, male; NM_003070.3 (SMARCA2) and NM_001282532.3 (ADNP) ACMG� criteria applied (Richards et al., 2015).
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et al., 2023; van der Laan et al., 2022). Briefly, the percentage of

DMPs shared between our BIS-HVDAS episignature and 56 genetic

episignature disorders included in the EpiSign™ v3 clinical classifier

were assessed. With pheatmap (version 1.0.12) we generated the

heatmap and with circlize (version 0.4.15) (Gu et al., 2014) the circos

plot. Clustering analyses were performed to detect relationships

between all the cohorts with known episignatures and we produced

this into a tree and leaf plot to show the distance and similarities with

TreeAndLeaf (version 1.6.1) (Cardoso et al., 2022). Finally, we anno-

tated all probes in relation to CpG island (CGIs) and genes with

annotatr (version 1.20.0) (Cavalcante & Sartor, 2017) with Annota-

tionHub (version 3.2.2) to discover the genomic location of the

selected DMPs as described previously by Levy, Relator, et al. (2022).

3 | RESULTS

Twelve unrelated individuals (including 8 female and 4 male sub-

jects with an age range from 3 to 13 years) carrying de novo

nonsense pathogenic ADNP class II variants and 15 individuals

(from 14 families, including 8 female subjects and 7 male sub-

jects with an age range from 1 to 17.5 years) with de novo

SMARCA2 pathogenic variants resulting in BIS, were analyzed to

compare their episignature and phenotype profiles. All 12 sub-

jects carrying a pathogenic variant in the ADNP genes belong to

the class II of methylation subgroup, and 8 of these cases have

been previously reported (Bend et al., 2019). Among the ADNP

variants, 11 were nonsense within the BNL-domain and one a

frameshift-stop variant outside the BNL-domain. Among non-

sense variants, 10 individuals harbored the p.(Tyr719*) variant,

while the other two harbored either the p.(Arg730*) variant or

the p.(Ser763Profs*) variant. All ADNP variants were de novo

and absent in the general population database (ACMG criteria

PS2, PM2) (Table 1).

The 15 individuals with de novo missense SMARCA2 variants all

had the BIS phenotype and 10 of them were previously described

(Cappuccio et al., 2020). Patients bearing ADNP pathogenic variants

usually presented with hypotonia, severe language and motor delay,

TABLE 2 Summary of clinical features of our patients with ADNP pathogenic variants clustering within the bipartite nuclear localization
signal, highlighting in the square the atypical ocular features.

BISa HVDASb ADNP-BNL Characteristic cranio-facial features BISa HVDASb ADNP-BNL

Growth parameters Coarse face 17% -

Low birth weight 36% - - Prominent forehead �50% 65% 28% (2/7)

Short birth length 29% - - Low/High anteriore hairline �50% 50% 42% (3/7)

Short stature (≤2 SD) 25% 23% 42% (3/7) Broad nasal bridge 71% 50% 28% (2/7)

Microcephaly 43% - 14% (1/7) Upturned nasal tip 21% 47% 28% (2/7)

Macrocephaly - - 28% (2/7) Short nose 28% 49% 28% (2/7)

Neurodevelopmental features Long philtrum 42% 40% 42% (3/7)

DD/ID 100% 100% 71% (5/7) Thin upper vermillion 86% 70% 71% (5/7)

Hypotonia

Dealyed walking

75%

70%

78%

86.8%

57% (4/7) Everted lower vermillion - 70% 42% (3/7)

Speech delay

Absent Speech

70%

35%

98.6%

90%

100% (7/7) Abnormal ears 64% �50% -

Behavioral problems

• Autism

65% 93%

�67%

85.7% (6/7) Ocular features

Seizures 21% 16% - Vision issue 64% 74% 14% (1/7)

Sleep disturbance

Sleep apnea

- 65.2%

32%

85.7% (6/7)

28% (2/7)

Ptosis 14% Some 28% (2/7)

Other findings Strabismus 14% �50% 14% (1/7)

Brain abnormalities �40% 56% 71% (5/7) Myopia/hypermetropia 42% 5%–40% 14% (1/7)

Hearing loss 0% 32% - Downslanting palpebral fissures 33% -

Limb anomalies 0%–30% 62% - Narrow palpebral fissures 71% - 85.7% (6/7)

Musculoskeletral features 0%–25% 55% - Blefarophimosis 100% - 42% (3/7)

Gastrointestinal/feeding issues 46% 83% 57% (4/7) Epicanthus 100% - 42% (3/7)

Hypertelorism 57% Some -

Note: Details on each subject of our cohort are provided in Table S4.

Abbreviations: BIS, Blepharophimosis with intellectual disability; DD; developmental delay; HVDAS, Helsmoortel-Van Der Aa Syndrome; ID; Intellectual

disability.
aFrom Cappuccio et al. (2020) and b Van Dijck et al. (2019).
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mild to severe intellectual disability, and characteristic facial features

like prominent forehead, high frontal hairline, down slanting palpe-

bral fissures, broad and depressed nasal bridge, and short nose with

full, upturned tip (based on a cohort of 78 individuals) (Van Dijck

et al., 2019). Detailed clinical information available in 7 of 12 HVDAS

patients showed intellectual disability with severe speech delay and

behavioral problems with autism spectrum disorders. About 57%

(4/7) of patients had hypotonia and 85% (6/7) sleep disturbances,

but epilepsy was rare. Several patients showed atypical shape of the

eyelids that were noted to be narrow with blepharophimosis

(Figure 1) in almost 85% ADNP subset (6 of 7) (Table 2). A review

of the published cases with available facial pictures reveled other

7 HVDAS patients with blepharophimosis (Table 3). Although vision

problems (e.g., strabismus and cortical visual impairment) have been

reported in almost 75% of patients with HVDAS (Van Dijck

et al., 2019), they were less common, only 14% (1 of 7), in our

cohort.

3.1 | Identification and validation
of the BIS-HVDAS episignature

We detected that individuals with pathogenic variants in ADNP and

SMARCA2 have a detectable DNA methylation change compared to

unaffected controls. Two hundred and twelve differentially methyl-

ated CpG probes were selected (Table S1) and showed a significant

separation between our BIS-HVDAS discovery cases (cases 1–10 and

13–25) and unaffected controls in unsupervised clustering methods,

specifically hierarchical clustering (heatmap) and multidimensional

scaling (MDS) (Figure S1). We tested the reproducibility of our BIS-

HVDAS episignature with leave-25%-out cross validation, using the

unsupervised and hierarchical clustering methods and MVP scores.

During cross validation, all BIS-HVDAS cases correctly clustered

together with the testing cases (Figure S2).

Validation of the BIS-HVDAS episignature was performed on four

additional samples with variants in ADNP and SMARCA2 labeled as

TABLE 3 Clinical and molecular features of patients with ADNP BNL domain variants.

Clinical features

Pascolini
et al. (2018)

Pascolini

et al.
(2018)

Helsmoortel
et al. (2014)

Helsmoortel
et al. (2014)

Helsmoortel
et al. (2014)

Krajewska-
Walasek
et al. (2016)

Takenouchi
et al. (2017)Patient 1 Patient 2 Patient 4 Patient 5 Patient 10

Developmental

delay

+ + + + + + +

Autism + NK + + + NK NK

Hypotonia + + + + � NK

Seizures � � � � � � �
Cerebral

malformation

NK + + + � � �

Microcepaly � � � � NK � +

Facial anomalies + + + + NK + +

Blepharophimosis + + + + + + +

Epicanthal folds + � � � NK + +

Ptosis + + + + NK + +

Hypertelorism + � � � NK + �
Broad nasal

bridge

+ � + � NK + +

Dental anomalies � + � � NK NK NK

Cleft palat � � � � NK + �
Overweight + � � + NK � �
Feeding

difficulties

� + + � + NK �

Cardiac defect � + � NK � + �
Hand anomalies + + + � NK + +

Genitourinary

anomalies

+ � � NK NK + �

Gene ADNP ADNP ADNP ADNP ADNP ADNP ADNP

Variant c.2157C>G;

p.Tyr719*

c.2188C>T;

p.Arg730*

c.2153_2165del

CTTACGAGCAAAT;

p.Thr718Glyfs*12

c.2157C>G;

p.Tyr719*

c.2156_2157insA;

p.Tyr719*

c.2188C>T;

p.Arg730*

c.2157C > G;

p.Tyr719*

Abbreviation: NK, Not known; NM_001282532.3 (ADNP).
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HVDAS_validation and BIS_validation and 4 samples with non-

NCBRS-non-BIS variants for assessment labeled as BIS_atypical. Hier-

archical clustering and MDS confirmed that all validation cases clus-

tered together with the training cases. The SVM classifier model

showed that all validation cases had an MVP score close to 1 indicat-

ing a common BIS-HVDAS episignature. However, of the 4 BIS_atypi-

cal cases, only one (case 31) clustered with the BIS-HVDAS

episignature positive cohort (Figure 2).

To further optimize the classifier, we performed an additional

round of episignature discovery combining the discovery and the vali-

dation positive cases (n = 23) in the training cohort. We detected

239 differentially methylated CpG probes (Table S2), which was our

final set of selected probes. All cases clustered together in heatmap

and MDS and the MVP score was all close to 1 indicating the

presences of the BIS-HVDAS episignature (Figure S3). To test the

robustness of the final episignature, we again performed 20 rounds of

leave-25%-out cross validation, using our unsupervised hierarchical

and MDS clustering methods, and all of the cases clustered together

with the remaining training cases (Figure S4).

3.1.1 | Overlap of the BIS-HVDAS genome-wide
DNA methylation profile with other
neurodevelopmental disorders on EpiSign™

To further functionally characterize the genome-wide DNA methylation

profiles in the BIS-HVDAS patient cohort, we annotated the genomic loca-

tions of the DMPs in relation to CpG islands and genes and compared it to

56 other episignature disorders (Figure 3). Quantification of genome-wide

methylation changes showed a relatively hypomethylated profile

(Figure 4a). Clustering analyses using up to the 500 most significant DMPs

for each cohort showed highest percentage of overlap with HVDAS

(ADNP syndrome [Central] HVDAS_C, 26%) (Figure S5, Figure 4b).

Finally, we investigated the degree of relatedness between BIS-

HVDAS and other episignature cohorts. In the tree and leaf plot, we

showed the DMP overlap and the hypermethylation or hypermethyla-

tion levels with binary tree where each node represents an episigna-

ture cohort; highlighting that BIS-HVDAS cohort clustered in the

hypomethylated branch proximal to HVDAS (ADNP syndrome [Cen-

tral] HVDAS_C) cohort (Figure 5).

F IGURE 2 Assessment of the Blepharophimosis-impaired intellectual development syndrome and Helsmoortel-van der Aa syndrome
(BIS-HVDAS) episignature. (a) Euclidean hierarchical clustering heatmap, each column represents one BIS-HVDAS case or control, each row
represents one probe selected for this episignature. This heatmap shows clear separation between BIS-HVDAS cases (red, orange, purple, and
pink) used for training and validation from controls (blue). All the non-NCBRS-non-BIS (BIS_atypical) cases but one (brown) are shown to map
with control cases. (b) Multidimensional scaling plot shows a clear separation between the BIS-HVDAS discovery and validation cases (red,
orange, purple, and pink) used for training and testing and the controls (blue). All BIS_atypical cases but one (brown) are shown to map with
control cases. (c) Support Vector Machine classifier model. Model was trained using the selected BIS-HVDAS episignature probes, 75% of
controls and 75% of other neurodevelopmental disorder samples (blue). The remaining 25% controls and 25% of other disorder samples were
used for testing (gray). Plot shows that one of the BIS_atypical cases have methylation variant pathogenicity (MVP) scores close to 1 similar as the
training and validation cases. The other BIS_atypical cases show an MVP score close to 0 similar as the control cases. Abbreviations available in
Table S3.
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4 | DISCUSSION

Episignature analysis is a novel diagnostic modality that can be used

to screen patients and reclassify ambiguous genetic findings based on

highly sensitive and specific DNA methylation biomarkers detectable

in easily accessible peripheral blood specimens (Sadikovic et al., 2021).

It enables increased diagnostic yield beyond the current limitations of

standard DNA sequencing, including reclassification of coding and

non-coding variants of uncertain significance (VUS) (Aref-Eshghi

et al., 2020; Sadikovic et al., 2019). Furthermore, DNA methylation

episignatures enabled delineation of distinct subtypes in clinically

related syndromes with shared pathophysiology including disorders

due to SMARCA2 variants (Cappuccio et al., 2020).

Considering the clinical similarity among patients with pathogenic

class II ADNP variants and those with SMARCA2 missense variants

leading to the BIS phenotype, we hypothesized a common molecular

pathophysiology between HVDAS and BIS. Following an in-depth

phenotypic analysis, we verified the clinical convergence between the

two syndromes, further substantiated by the shared DNA methylation

pattern detectable in the peripheral blood's DNA of the affected indi-

viduals. In contrast to SMARCA2 pathogenic variants resulting in

NCBRS or BIS, the two distinct methylation profiles in the ADNP gene

have previously been associated with only modest differences in

behavioral phenotypes (Vandeweyer et al., 2014), but without any in-

depth facial dysmorphology delineation. Subjects with ADNP class II

methylation variants and subjects with SMARCA2-BIS showed

overlapping epi-signatures, suggesting an epigenotype–phenotype

correlation, supported by a common pathogenic mechanism. Most

ADNP variants located in the nuclear bipartite localization domain

(BNL domain), play a critical role in transport to the nucleus: variants

in the first basic region of BNL domain, such as the p.(Tyr719*), con-

fine ADNP to the cytoplasm, whereas variants in the second region,

such as the p. (Arg730*), manage to import into the nucleus the

mutant ADNP form (Cappuyns et al., 2018; Ganaiem et al., 2022).

Despite these two variants result in different ADNP subcellular locali-

zation and perhaps functional effects, they both lead to the same

methylation profile. Therefore, the mechanisms resulting in the same

genome methylation defect remains to be investigated. We speculate

that class II ADNP variants and BIS-causing SMARCA2 variants disrupt

the chromatin remodeling activity of the BAF complexes, thus explain-

ing their functional overlap. ADNP directly binds genomic DNA and

mediates the recruitment of the BAF complex through its C-terminal

end. It has been hypothesized that the mutated protein still binds to

the DNA, but is no longer capable of recruiting the BAF complex,

leading to diminished functionality of the complex and ultimately to

deregulation of several genes (Helsmoortel et al., 2014).

ADNP has also been shown to interact with the chromatin-

remodeling gene CHD4 (D'Incal et al., 2023) and pathogenic variants

in CHD4 are responsible for a rare condition characterized by intellec-

tual disability, multiple congenital anomalies and dysmorphic facial

features including short palpebral fissures (Weiss et al., 2020).

Genome methylation studies on these cases have not been yet

F IGURE 3 Differentially methylated probes (DMPs) annotated in the context of CpG islands and genes. (a) DMPs in relation to genes. (b)
DMPs in CpG island. Promoter, 0–1 kb upstream of the transcription start site (TSS); Promoter+, 1–5 kb upstream of the TSS; CDS, coding

sequence; Intergenic, all other regions of the genome. Island, CpG islands; Shore, within 0–2 kb of a CpG island boundary; shelf, within 2–4 kb of
a CpG island boundary; Inter_CGI, all other regions in the genome. The Probes column in both (b,d) represents the background distribution
determined in the Levy et al. study of all array probes after initial filtering and used as input for DMP analysis. Abbreviations available in Table S3.
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performed, but it is tempting to hypothesize an overlap with HVDAS-

class II-ADNP and BIS-SMARCA2 cases.

By binding to chromatin remodelers (BAF and CHD complex),

ADNP controls chromatin accessibility and nucleosome configuration

(Sun et al., 2020). Therefore, ADNP defects could result in disrup-

tion of proper chromatin structure that might in turn result in aber-

rant DNA methylation. In conclusion, our findings confirm that

whole genome methylation profile analysis can improve disease

identification and classification, allowing more in-depth phenotyping.

These findings show evidence of a sensitive phenotype-specific epi-

signature biomarker shared across distinct genetic conditions that

also exhibit unique gene-specific episignatures and highlight the

utility of episignature biomarkers as diagnostic clinical biomarkers.

Evidence of the common episignatures and clinical features in

patients with ADNP class II variant and SMARCA2-BIS provides evi-

dence for common molecular pathophysiology that warrants further

investigation.
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