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De novo SMARCA2 variants clustered outside the helicase
domain cause a new recognizable syndrome with intellectual
disability and blepharophimosis distinct from
Nicolaides—Baraitser syndrome

A full list of authors and affiliations appears at the end of the paper.

Purpose: Nontruncating variants in SMARCA2, encoding a
catalytic subunit of SWI/SNF chromatin remodeling complex,
cause Nicolaides-Baraitser syndrome (NCBRS), a condition with
intellectual disability and multiple congenital anomalies. Other
disorders due to SMARCA2 are unknown.

Methods: By next-generation sequencing, we identified candidate
variants in SMARCA2 in 20 individuals from 18 families with a
syndromic neurodevelopmental disorder not consistent with
NCBRS. To stratify variant interpretation, we functionally analyzed
SMARCA2 variants in yeasts and performed transcriptomic and
genome methylation analyses on blood leukocytes.

Results: Of 20 individuals, 14 showed a recognizable phenotype
with recurrent features including epicanthal folds, blepharophimo-
sis, and downturned nasal tip along with variable degree of
intellectual disability (or blepharophimosis intellectual disability
syndrome [BIS]). In contrast to most NCBRS variants, all
SMARCA?2 variants associated with BIS are localized outside the

INTRODUCTION

Next-generation sequencing offers the unprecedented oppor-
tunity for unbiased screening in diagnosis of Mendelian
disorders and is rapidly changing the diagnostic work-up in
clinical genetics. The genotype-first approach is becoming the
method of choice overcoming traditional approaches based on
recognition of specific patterns of clinical anomalies."
Increasing use of exome sequencing (ES) for diagnosis of
intellectual disability (ID) and neurodevelopmental disorders
(NDD) has identified a large number of variants of unknown
significance (VUS). When VUS are the sole candidates
detected and arise de novo, they raise questions about
extension of the known disease spectrum or about previously
unrecognized new disorders.” Reverse phenotyping becomes
essential for interpretation of these variants.™”

Nicolaides-Baraitser syndrome (NCBRS) is a rare ID/
congenital malformation syndrome,’ whose main features
include ID, speech delay, seizures, microcephaly, coarse facial
features, and phalangeal abnormalities. NCBRS has a

helicase domains. Yeast phenotype assays differentiated NCBRS
from non-NCBRS SMARCA?2 variants. Transcriptomic and DNA
methylation signatures differentiated NCBRS from BIS and those
with nonspecific phenotype. In the remaining six individuals with
nonspecific dysmorphic features, clinical and molecular data did
not permit variant reclassification.

Conclusion: We identified a novel recognizable syndrome named
BIS associated with clustered de novo SMARCA2 variants outside
the helicase domains, phenotypically and molecularly distinct
from NCBRS.
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recognizable pattern of anomalies including ectodermal
anomalies, facial coarsening with thick nares, broad philtrum,
wide mouth and thin upper and thick lower vermillion, and
limb anomalies with prominent interphalangeal joints, broad
distal phalanges, and short metacarpals and/or metatarsals.”
More than 60 de novo heterozygous pathogenic variants in
SMARCA2 gene have been reported in NCBRS.”™ Genomic
deletions of 9p24.3-p23 region encompassing the whole
SMARCA?2 gene are also causative but reported phenotypes
are not consistent with NCBRS.'>!!

SMARCA2 encodes one of the two helicase-related catalytic
subunits of the superfamily II helicase group of the BRG1 and
BRM-associated factors (BAF) complex, the mammalian
homolog of switch/sucrose nonfermentable (SWI/SNF), a
chromatin remodeling complex that regulates expression of
several genes.*'> SMARCA2 canonical domains involved in
DNA binding and ATP hydrolysis are highly conserved from
unicellular eukaryotes (yeast) to human. ATP hydrolysis
provides energy to disrupt histone-DNA interactions and
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promotes nucleosome sliding and repositioning, resulting in
increased accessibility of DNA for transcription and replica-
tion. Variants causing NCBRS are mainly missense and rarely
in-frame exon deletions.” They all affect the ATPase domain
or nearby residues, in either Helicase ATP-binding or
Helicase C-terminal subdomains.””'*"** Disruption of BAF
complex in NCBRS was recently found to affect DNA
methylation.”* In most cases, SMARCA2 variants were
identified by targeted gene sequencing following clinical
suspicion of NCBRS. In this study, we identified missense
variants in SMARCAZ2 in 20 individuals through pan-genomic
sequencing without an a priori clinical diagnosis of NCBRS.
By reverse phenotyping and functional analyses, we deli-
neated a new recognizable syndrome in 14 of the 20
individuals who all harbored de novo pathogenic variants
located outside the helicase domains.

MATERIALS AND METHODS

Enroliment of subjects

Subjects were recruited through international collaboration
with the Matchmaker exchange initiative”> and the European
Reference Network (ERN) ITHACA. All subjects were
referred for clinical genetic evaluation of ID and/or behavioral
problems associated with dysmorphic features and congenital
anomalies. After a negative diagnostic work-up including
array comparative genomic hybridization (aCGH)-based
chromosomal studies, targeted sequencing, exome sequencing
(ES), or genome sequencing (GS) was proposed as part of the
diagnostic procedure. Targeted sequencing was performed in
subjects 2, 9, and 17 whereas all remaining cases were
analyzed by either TruSight One panel (Illumina, Inc.), exome
or genome sequencing as trios. Paternity was confirmed in all
cases except subject 18 (mother of subject 17). SMARCA2
variants were all confirmed by Sanger sequencing and parents
were available in all cases except subject 18. American College
of Medical Genetics and Genomics (ACMG) classification
was used for variant interpretation.*®

Ethics statement

The study was approved by Ethic committees at Federico II
University Hospital (protocol number 48/16) and University
Hospital Dijon Bourgogne (Comité de protection des
personnes Est I, Centre Hospitalier La Chartreuse—protocol
number 2016/38). Additional subjects were identified through
the Deciphering Developmental Disorders project (Cam-
bridge South REC reference 10/H0305/83, and Republic of
Ireland REC GEN/284/12), the 100,000 Genomes Project
(East of England—Cambridge South REC 14/EE/1112), and
the BUILD Study (London-Camden & Kings Cross REC
17/L0O/0981). All the participants or their families consented
to participation in the study. Consent for photograph
publication was obtained for all individuals shown in Fig. 1.

Yeast strains and assays
Yeast analyses were performed with strains derived from
Saccharomyces cerevisiae haploid strain BY4741. Primers and

GENETICS in MEDICINE | Volume 22 | Number 11 | November 2020

ARTICLE

double stranded DNA fragments, strains, and plasmids are
listed in Supplementary Tables S1-S3. SNF2 gene (YOR290C)
was edited at the genomic locus using markerless CRISPR/
Cas9 genome engineering, as previously described”” and as
reported in details in Supplementary Methods. Oligonucleo-
tides, plasmids, and donor DNA used to generate each strain
is summarized in Supplementary Table S4. Yeast growth
assays are also described in Supplementary Methods.

RNA extraction, qPCR analysis, and RNA sequencing

RNA was extracted with PAXgene® blood RNA kit from fresh
peripheral blood following manufacturer’s instructions. RNA
concentration and purity were measured using NanoDrop
ND1000 spectrometer. RNA integrity was evaluated by
Agilent Bioanalyser. RNA with RNA Integrity Number above
or equal to 7.0 were used for analysis. For RNA reverse
transcription, first-strand complementary DNA (cDNA) was
synthetized from 0.5 pg total RNA using iScript™ Reverse
Transcription Supermix (Bio-Rad®). In a final volume of 20 pl
the real-time polymerase chain reaction (PCR) mix contained
2 ng of reverse transcribed total RNA, 300 nM of forward and
reverse primers, and iTaq™ SYBR® Green supermix_Bio-
Rad®. Quantitative PCR (qPCR) was performed in triplicate
in 96-well plates on CFX96™ thermocycler (Bio-Rad®) using
HotStarTaq Plus DNA Polymerase (Qiagen®) according to
manufacturer’s protocol. Sequences of primers are listed in
Supplementary Table S1. SMARCA2 expression was normal-
ized using Human Ribosomal Protein Large PO (RPLPO).
Methods for RNA-seq alignment and differential expression
analysis, unsupervised clustering, and gene set enrichment
analyses are included in Supplementary Methods.

DNA methylation analysis

Methods for methylation experiment and DNA methylation
profiling and analysis are reported in Supplementary
Methods.

RESULTS
Reverse phenotyping of individuals carrying SMARCA2
variants
By sequencing a panel of ID-related genes, ES, or GS we
identified 20 subjects from 18 families carrying heterozygous
missense variants in SMARCA2 with 19 being de novo
(ACMG criterion PS2). All variants were absent in general
population databases (ACMG criterion PM2), affected evolu-
tionary conserved amino acids according to Genomic
Evolutionary Rate Profiling (GERP), and were predicted to
be damaging by multiple in silico tools (Supplementary
Table S5). No additional candidate variants were detected
in any of the subjects. For two amino acid changes
(p.[11e932Thr] and p.[Leu529Val]), variants of the same
codon were reported in ClinVar as VUS, but clinical
descriptions were unavailable. These variants were categorized
as likely pathogenic based on PS2, PM2, and PP3 (computa-
tional evidence in support of deleterious effect on the gene
and its product) criteria.”®
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Fig. 1 Facial appearance of individuals carrying SMARCA2 variants. (a) Pictures of subjects 1-13 at different ages are shown (pictures of subject 14
are not available). Note the striking similarities in facial appearance with blepharophimosis, epicanthal folds, highly arched and sparse eyebrows, sparse
eyelashes, broad nasal bridge, and downturned nasal tip. (b) Facial features of four individuals with de novo SMARCAZ2 variants without a recurrent pattern

of anomalies.

We first compared phenotypes of the 20 individuals and
clinicians specifically looked for NCBRS features.® Sparse hair
(6/20), coarse features (2/20), thick lower lip (6/20), or
prominent interphalangeal joints (2/20) were infrequently
observed (Supplementary Tables S6, S7). Although individuals
presented with isolated anomalies, none of them cumulated
enough findings supporting a diagnosis of NCBRS. Non-
specific clinical features were recurrent across all individuals.
Hypotonia was detected in 13/20, developmental delay and ID
of variable severity in most, postnatal onset microcephaly in
8/20, and behavioral problems in 13/20 individuals. Compar-
ison of facial features revealed that 14 subjects shared a
strikingly distinctive facial appearance (subjects 1-14) char-
acterized by blepharophimosis (14/14), epicanthal folds
(14/14), sparse eyebrows and lashes (11/14), highly arched
eyebrows (10/14), broad nasal bridge (10/14), and down-
turned nasal tip (8/14) (Fig. 1a, Table 1 and Supplementary
Table S6). Frontal bossing, hypertelorism, pinched nose,
hypoplastic alae nasi, tented upper lip vermillion, exaggerated
Cupid’s bow, and open mouth with U-shaped upper lip
vermillion were also frequently observed (Fig. 1a, Table 1 and
Supplementary Table S6). Besides blepharophimosis, features
distinct from NCBRS were the shape of the nose with
downturned tip in BIS rather than upturned and with large

1840

base as in NCBRS, and the absence of coarse features, thick
lower lip, or prominent interphalangeal joints that are all
typical NCBRS features. Moreover, abnormal dentition
(widely spaced teeth, enamel hypoplasia, and premature tooth
loss) were frequently detected (8/12). In addition, they
frequently had limb anomalies such as joint contractures,
and thin or tapered fingers. These facial, tooth, and limb
anomalies were rarely found in the other six individuals
(subjects 15-20, Fig. 1b, Table 1 and Supplementary Table S7).
These 14 individuals (subjects 1-14) sharing similar dys-
morphic features frequently had postnatal microcephaly
(6/14), hypotonia (9/12), and moderate to severe ID was
present in all cases. Speech abilities were severely delayed with
seven individuals speaking few or no words. Motor delay was
frequent and severe with walking age ranging from 22 months
to 8 years, but six individuals never achieved independent
ambulation and used wheelchair or assistive devices for
ambulation. Two individuals had limb spasticity. Abnormality
of vision with mostly refractive errors, respiratory problems
with recurrent infections, or gastrointestinal problems
comprising gastroesophageal reflux disease and feeding
difficulties were frequent (Supplementary Table S6). Because
of recurrent dysmorphic features and clinical findings in these
14 subjects, we hypothesized that they might be affected with

Volume 22 | Number 11 | November 2020 | GENETICS in MEDICINE
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Table 1 Summary of clinical features of subjects with SMARCA?Z variants.

ARTICLE

NCBRS?® BIS Nonspecific
Growth parameters
Low birth weight 33.3% 36% (5/14) 0% (0/5)
Short birth length 21.2% 29% (2/7) 20% (1/5)
Microcephaly (prenatal) 23.3% 30% (3/10) 0% (0/4)
Low weight (postnatal) 52.2% 29% (4/14) 17% (1/6)
Short stature (postnatal) 53.6% 25% (3/12) 0% (0/6)
Microcephaly (postnatal) 65.4% 43% (6/14) 40% (2/5)
Neurodevelopmental features
DD/ID 100% 100% (14/14) 83% (5/6)
Hypotonia 37.3% 75% (9/12) 80% (4/5)
Seizures 63.9% 21% (3/14) 17% (1/6)
Hearing loss 6.8% 0% (0/13) 17% (1/6)
Limb anomalies
Small distal phalanges 21% 17% (2/12) 0% (0/4)
Joint laxity 30.8% 25% (3/12) 80% (4/5)
Short metacarpals/metatarsals 40/10% 0/0% (0/14) 0/0% (0/5)
Prominent interphalangeal joints 84.5% 0% (0/12) 40% (2/5)
Prominent distal phalanges 67.8% 0% (0/12) 20% (1/5)
Delayed bone age 40% 17% (1/6) 50% (1/2)
Scoliosis 28.3% 25% (3/12) 0% (0/5)
Respiratory infections 271% 43% (6/14) 17% (1/6)
Congenital heart defects 9.8% 15% (2/13) 17% (1/6)
Feeding problems 46.9% 15% (2/13) 60% (3/5)
Genital anomalies 58.8% 33% (4/12) 33% (1/3)
Umbilical and/or inguinal hernia 45.6% 0% (0/14) 20% (1/5)
Ectodermal anomalies
Body hirsutism/hypertrichosis 44% 15% (2/13) 0% (0/5)
Increased skin wrinkling 54.1% 0% (0/13) 0% (0/5)
Fetal finger pads 41.5% 0% (0/13) 50% (2/4)
Low frontal hairline 69.7% 23% (3/13) 25% (1/4)
Synophrys 21.8% 29% (4/14) 25% (1/4)
Thick eyebrows 67.8% 7% (1/14) 75% (3/4)
Long eyelashes 86.2% 14% (2/14) 50% (2/4)
Nail a/hypoplasia of hands 6.1-17.6% 0% (0/11) 40% (2/5)
Nail a/hypoplasia of feet 6.1-17.6% 36% (4/11) 40% (2/5)
Facial features
Coarse face 76.6% 0% (0/14) 33% (2/6)
Ptosis 21.8% 14% (2/14) 0% (0/6)
Narrow palpebral fissures 15.8% 71% (10/14) 0% (0/6)
Broad nasal bridge 32.7% 71% (10/14) 0% (0/6)
Sparse scalp hair 96.7% 29% (4/14) 33% (2/6)
Broad nose 64.5% 29% (4/14) 17% (1/6)
Upturned nasal tip 66.7% 21% (3/14) 17% (1/6)
Thick and anteverted alae nasi 79.7% 0% (0/149) 67% (4/6)
Large mouth 78.3% 14% (2/14) 67% (4/6)
Thin upper vermillion 78.3 % 86% (12/14) 50% (3/6)
Thick lower vermillion 83.3% 0% (0/14) 100% (6/6)
Short philtrum 13% 29% (4/14) 17% (1/6)
Long philtrum 61% 42% (5/12) 33% (2/6)
Abnormal ears 28.8% 64% (9/14) 33% (2/6)

BIS blepharophimosis intellectual disability syndrome, DD developmental delay, /D intellectual disability, NCBRS Nicolaides—Baraitser syndrome.
2From Sousa et al.” Details on each subject are reported in Supplementary Table S6 (BIS) and S7 (nonspecific phenotype).
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a new disorder, which we proposed to name blepharophi-
mosis intellectual disability syndrome (BIS). Face-to-Gene
(FDNA Inc., Boston, Massachusetts; https://www.face2gene.
com) analysis®® of facial features of BIS and the nonspecific
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phenotype confirmed the differences in facial features among

these two groups and NCBRS (Supplementary Fig. S1).
Most NCBRS individuals carry variants spanning from

exons 15 to 25 with exon 25 being a hotspot.”® These exons
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Fig. 2 Schematic representation of SMARCA2 protein and localization of variants associated with Nicolaides—Baraitser syndrome (NCBRS),
blepharophimosis intellectual disability syndrome (BIS), and the nonspecific phenotypes. (a) Blue dots indicate variant harbored by NCBRS
individuals reported in previously published studies’~® (Table 1, Supplementary Tables S6 and S7). Purple dots indicate variants of the 14 individuals with BIS
(subjects 1-14, Table 1, Supplementary Table S6), yellow dots indicate variants in the nonspecific phenotype from this study (subjects 15-20, Supplementary
Table 57), and white dots indicate cases reported elsewhere.”>>° (b) Organization of human SMARCA?2 and yeast Snf2 proteins, highlighting the portion
of Snf2 presented in the structural representation. (c,d) Structural representation of yeast Snf2 and its ATPase domain (orange) and Helicase C-terminal (red)
bound to a nucleosome (gray) from the PDB file 5z3I. (e,f) Localization on the Snf2 structure of variants detected in NCBRS, BIS, and nonspecific phenotype.
Localization of NCBRS residues (cyan) is restricted to the ATPase catalytic domain while BIS variants cluster on an a-helix that defines an interaction surface
with other subunits of the SWI/SNF complex. Snf2-Leu977 (human SMARCA2-11e932) is positioned within the interface defined by BIS residues. The Snf2-
Lys1057 mutant (human SMARCA2-Lys1014) is likely to disrupt its interaction with DNA. Snf2-Leu762 (human SMARCA2-Leu719) is localized at the

periphery of the Snf2 structure.

<

encode SMARCA2 ATPase domain that is split into a helicase
ATP-binding domain and a Helicase C-terminal domain''
(Fig. 2a). The 14 BIS individuals harbored variants clustered in
exons 8 or 9 (p.[Arg505GIn], p.[Gly513Val], p.[Arg525His],
p-[Arg525Cys], p.[Leu529Val], p.[Asp534Asn]) corresponding
to the region between small helicase/SANT-associated domain
(HSA) and Helicase ATP-binding domain, or in exon 19
(p.[Glu929Val], p.[Arg937His], p.[Arg937Leu], p.[(Arg937Cys])
mapping to the linker region located between DExx Helicase
ATP-binding and Helicase C-terminal domains. Variants
affecting Arg525 and Arg937 residues were identified in four
and five cases, respectively. Among other individuals with a
nonspecific phenotype but still distinct from NCBRS, variants
were spread throughout the gene in exons 8 (p.[His484Asn],
p-[Asn486Lys]), 14 (p.[Leu719Pro]), 19 (p.[1le932Thr]), and 21
(p.[Lys1014Glu]) (Fig. 2a, Supplementary Table S7).

Structural analysis of SMARCA2 variants
Alignment of human SMARCA?2 and yeast Snf2 sequences
revealed that 50 of 57 positions carrying SMARCA2
pathogenic variants are either identical or highly similar from
human to yeast, respectively. Therefore, 87.7% of those
residues are conserved (Supplementary Table S8). We located
these residues on a molecular structure of yeast Snf2 bound to
a nucleosome (PDB 5z31)*° where we highlighted the helicase
domain with its ATP-binding pocket and helicase C terminus
(Fig. 2b-d). Amino acid residues affected in NCBRS and BIS
are clearly located in different parts of the Snf2 helicase
domain: NCBRS residues are within the core helicase domain
whereas BIS residues are on an alpha-helix that is likely at the
interface with other members of the SWI/SNF complex
(Fig. 2e, £).>°

Finally, residues affected in the nonspecific phenotype can
be discriminated based on their localization (Fig. 2f). Snf2-
Leu977 (SMARCA2-11e932) is positioned within the inter-
face defined by BIS residues, Snf2-Lys1057 (SMARCA2-
Lys1014) is likely to disrupt its interaction with DNA, and
Snf2-11e762 (SMARCA2-Leu719) is localized at the periph-
ery of Snf2. Snf2-His637 (SMARCA2-His484) and Snf2-
His639 (SMARCA2-Asn486) are at the interface between
the HSA domain and the actin-related protein (ARP)
module.’"*?

GENETICS in MEDICINE | Volume 22 | Number 11 | November 2020

Functional studies of SMARCA2 variants in yeast
Among residues involved in the 12 SMARCA2 variants reported,
9 were conserved in S. cerevisiae Snf2 protein and 2 were similar
(Supplementary Table S8). We selected SMARCA2-Asn486Lys,
SMARCA2-Glu929Val and SMARCA2-Arg937Leu variants and
generated the corresponding Snf2-Asn639Lys, Snf2-Glu974Val,
and Snf2-Arg982Leu mutants. We also introduced the Snf2-
Pro926Leu and Snf2-Pro824Arg mutations, corresponding to
SMARCA2-Pro883Leu’ and SMARCA2-Pro781Arg (Supple-
mentary Fig. S2) typical NCBRS variants, and the snf2A deletion
lacking the complete SNF2 open reading frame (Fig. 3a).
When grown on solid glucose medium, only snf2A strain
was clearly impaired. Other more stringent conditions
previously shown to affect snf2 mutant strains®’* were
investigated, including other fermentable (galactose, raffinose)
and nonfermentable (glycerol, acetate) carbon sources or HU-
containing medium, both in optimal growth temperature
(30°C) or under heat stress condition (37 °C). Under these
conditions, snf2A and Snf2-Pro926Leu mutants showed very
severe or severe growth defect respectively, while Snf2-
Glu974Val, Snf2-Arg982Leu, and Snf2-Asn639Lys were
growing like the wild-type strain (Fig. 3b). Results of
quantitative growth assay in liquid medium were consistent
with results on solid medium with Snf2-Glu974Val, Snf2-
Arg982Leu, and Snf2-Asn639Lys showing wild-type pheno-
type, and Snf2-Pro926Leu and snf2A displaying growth
defects (Fig. 3¢, d). Overall, S. cerevisiae strains modeling
typical NCBRS variants behaved macroscopically differently
from strains modeling BIS or the nonspecific phenotype.
However, this approach did not provide insights into the
molecular mechanisms differentiating NCBRS from BIS or
the nonspecific phenotype.

Transcriptomic signature differentiating SMARCA2 variants
To investigate the molecular mechanisms involved in
phenotypic differences among healthy individuals and
individuals with NCBRS, BIS, or the nonspecific phenotype,
we performed total RNA-seq from blood-derived RNA. RNA-
seq was performed on individuals with BIS (subjects 1, 9),
nonspecific phenotype (subjects 15, 17(IC), and 18(M)), two
NCBRS patients carrying pathogenic SMARCA2 variants
(included as positive controls), and three healthy individuals
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Fig. 3 Phenotypic effects of SMARCA2 (Snf2) variants in S. cerevisiae. (a) Schematic diagram of the human SMARCA2 protein and its S. cerevisiae
homolog Snf2 (Top) and alignment of SMARCA2 homologs from human, Mus musculus, Drosophila melanogaster, Caenorhabditis elegans, Schizo-
saccharomyces pombe, and S. cerevisiae (bottom). SMARCA2 variant positions and the corresponding residues in S. cerevisiae Snf2 used in this study are
indicated by dots. (b) Yeast growth assay on solid media containing various fermentable (glucose, galactose, raffinose) and nonfermentable (glycerol,
acetate) carbon sources, or containing 100 mM hydroxyurea (HU). Similar results were obtained for two additional biological replicates. (c) Yeast growth
assay in liquid media containing glucose or raffinose, incubated at 30 °C. Optical density (OD) at 595 nm was monitored over time and the average of four
biological replicates is plotted. (d) Growth rates were calculated from the plots; error bars indicate the standard deviation. ***Indicates a p value <0.01
determined in a two-sided Welch t-test and a difference of at least 10% compared with the wild-type (WT) sample.
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(negative controls). First, we performed several unbiased
RNA-seq clustering analyses to identify subgroups of
signatures that would help classifying individuals according
to their transcriptional profiles. Principal component analysis
of RNA-seq data revealed that the first principal component
(PC1), which represents 60% of total variation in the data,
separated two groups of individuals. These two groups
corresponded to (1) NCBRS and BIS individuals and (2)
nonspecific phenotype and negative control samples. The
second principal component (PC2), accounting for 13% of
total variation, barely distinguished NCBRS from BIS
individuals (Supplementary Fig. S3). These results were also
corroborated by consensus clustering analysis approach
(Fig. 4a). At cluster counts (k) ranging from 2 to 8, NCBRS
and BIS samples could not be separated from each other
without overfitting the model, indicating that these two
subgroups show the closest expression profile compared with
the remaining samples (Supplementary Fig. S4). Next, we
performed differential expression analysis searching for a
common molecular signature that would distinguish indivi-
duals carrying causative variants for NCBRS and BIS from the
other samples. Interestingly, we observed that SMARCA2
expression was significantly downregulated compared with
controls (log2FC = —0.74, adjusted P value = 0.0025) (Sup-
plementary Table S9). We independently validated this
finding by SMARCA2 real-time qPCR in the whole cohort
of available samples, i.e., 20 samples including the previously
described samples and 10 more samples comprising 7
additional controls, 2 additional BIS cases (variants p.
Leu529Val, and p.Arg937His), and 1 additional nonspecific
phenotype case (p.His484Asn). Again, SMARCA2 expression
was downregulated in NCBRS and BIS samples compared
with controls and nonspecific subjects carrying p.11e932Thr
and p.Lys1014Glu variants (Fig. 4b). Hierarchical clustering
analysis of the top 5000 differentially expressed genes in the
whole RNA-seq data set clustered samples into two main
groups: NCBRS and BIS individuals into one cluster, and
individuals with nonspecific phenotype and controls in the
other cluster. This analysis also showed that NCBRS and
BIS individuals could be subdivided into two subgroups,
suggesting that each has a distinctive expression profile
(Fig. 4c). Further analysis of differentially expressed genes
compared with control samples (|log2FC|=0.58 and
adjusted P value<0.01) (Fig. 4d, Supplementary Fig. S5)
resulted in 3051 (NCBRS versus control samples) and 1832
(BIS versus control samples) differentially expressed genes
(adjusted p value cutoff <0.01 and log fold changes > 0.58).
Among them, 1375 were shared between NCBRS and BIS,
whereas 1676 and 457, respectively, were specific to each
group (Fig. 4e and Supplementary Table S§9). This observa-
tion indicates that differentially expressed genes can
distinguish NCBRS and BIS. Interestingly, CAMERA
analysis on Gene Ontologies (GO) associated with differ-
entially expressed genes indicated that terms linked to
transcriptional regulation and protein translation were
significantly enriched in both classes of affected individuals
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(Supplementary Table S10), consistent with the role of
SMARCA? in regulating gene expression.

Methylation signature differentiating SMARCA2 variants
Individuals with NCBRS were previously found to have
aberrant genome methylation.”**> Therefore, we performed
genome-wide DNA methylation analysis in BIS individuals
(subjects 7, 11, 12, and 13) using Hlumina Infinjum EPIC
methylation arrays. We performed clustering analysis using
probes for CpG sites as previously reported”* and compared
NCBRS, BIS, and control samples. These probes completely
separated NCBRS and BIS samples from controls. However,
BIS cases also generated their own subcluster, distinct from
NCBRS. This indicated that BIS genomes have a DNA
methylation profile distinct form NCBRS (Fig. 4f). To identify
the BIS DNA methylation episignature, we compared DNA
methylation profiles of BIS cohort with 40 age- and gender-
matched healthy controls (as described previously™) that
identified a total of 163 CpG sites differentially methylated
between the two groups (methylation difference >10%,
multiple testing corrected P value <0.01, Supplementary
Table S11). When using this probe set for clustering analysis,
BIS clearly separated from controls and NCBRS (Fig. 4g).
These findings show that BIS and NCBRS have distinct DNA
methylation signatures, supporting the clinical findings and
indicating that these are separate conditions possibly due to
different underlying disease mechanisms.

DISCUSSION

We identified 20 individuals without features of NCBRS but
harboring SMARCA2 heterozygous missense changes that had
been previously classified as either VUS or likely pathogenic
according to ACMG criteria. By reverse phenotyping, we could
clinically identify 14/20 subjects with a highly overlapping
pattern of dysmorphic features suggesting the identification of
a new recognizable syndrome that we named BIS. Functional
yeast studies suggested a different molecular mechanism
underlying NCBRS, BIS, and a nonspecific phenotype due to
SMARCA2 variants. RNA-seq and genome methylation
confirmed the clinical and molecular stratification of the three
groups of individuals with SMARCA?2 variants. Altogether, this
study delineated at least a novel syndrome named as BIS and
provides a more precise classification of SMARCA2 missense
variants. However, further studies are needed to investigate the
pathogenicity of the variants detected in individuals with
the nonspecific phenotype (non-BIS and non-NCBRS). It is
possible that SMARCA?2 varjants might result in a spectrum of
phenotypes similar to ARIDIB gene, also part of the SWI/SNF
chromatin remodeling complex, that has been associated
with multiple conditions raging from nonsyndromic ID to
Coffin-Siris syndrome.”® If this is confirmed, additional
diagnostic approaches will be required to correctly interpret
the clinical significance of rare variants in SMARCA2,
particularly in individuals presenting with nonspecific ID.

The increasing use of pan-genomic sequencing for the
diagnosis of NDD is leading to the identification of a growing
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number of disease-causing genes. The de novo occurrence of a
variant is a strong argument of pathogenicity.”® Nevertheless,
despite being de novo, several missense variants remain of
unknown significance.”” The descriptions of recurrent
phenotypic similarities among individuals carrying de novo
variants in the same gene is of utmost importance to support
the existence of a new syndrome.””® Here, we describe 14
individuals with recurrent facial dysmorphisms consistent
with a novel and recognizable phenotype. BIS individuals
present with blepharophimosis, epicanthal folds, sparse
eyebrows and eyelashes, broad nasal bridge, NDD that is
most frequently severe, recurrent respiratory infections, and
gastroesophageal reflux disease. Typical features of NCBRS
especially facial dysmorphisms, ectodermal anomalies, and
limb anomalies have been carefully searched for in individuals
with BIS and the nonspecific phenotype but they were
minimally detected in all 20 individuals and even more rarely
in the 14 BIS individuals. Therefore, suspicion of mild NCBRS in
these individuals was also ruled out. The lack of ptosis,
epicanthus inversus, and limb abnormalities distinguishes BIS
from other recognizable conditions with blepharophimosis, such
as blepharophimosis—ptosis—epicanthus inversus.

To investigate genotype-phenotype correlation, we scrutinized
variant clustering in BIS. Interestingly, BIS variants were found
to affect the region between HSA and ATPase domain, or to
occur inside the P loop containing nucleoside triphosphate
hydrolase domain, located between helicase ATP-binding and
helicase C-terminal domains. Although few NCBRS variants in
the P loop” and two variants close to the ATPase domain'*"”
have been reported, variants outside the ATPase domain have
not been described in NCBRS. In contrast, most individuals with
BIS harbored SMARCA2 variants outside the ATPase. A case
carrying a p.Trp1283Cys variant, located between the ATPase
domain and the Bromodomain, was previously reported as a
mild NCBRS but convincing facial dysmorphism was lacking,
and only partil NCBRS DNA methylation signature was
detected.” In the same study, five individuals lacking the
NCBRS phenotype but harboring benign or VUS SMARCA2
variants proximal to the ATPase domain were described.”
Unfortunately, detailed phenotypic information was not
provided, and thus comparison with BIS individuals is not
possible. Conversely, a subject carrying a p.Glyl420Arg
variant in the bromodomain of SMARCA2, had facial
features that appear to at least partially overlap with BIS.”
Finally, an individual without NCBRS features was also
previously reported to carry a SMARCA2 variant in exon 9
[p.(Asp534Tyr)].”” Although pictures of this latter indivi-
dual were not provided, features were reportedly suggestive
of Cornelia de Lange or Hallerman-Streiff syndrome.

SMARCA?2 directly binds ADNP (MIM 611386), the gene
responsible for Helsmoortel-van der Aa syndrome.*’ Inter-
estingly, four individuals bearing variants within the bipartite
nuclear localization signal domain of ADNP did not show the
typical phenotype of Helsmoortel-van der Aa syndrome,
but instead presented with blepharophimosis and epicanthal
folds as the most striking facial features.’ This raises the
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hypothesis that clustered variants in ADNP and SMARCA2
cause an overlapping blepharophimosis-ID phenotype that
might be the dysmorphology signature of their molecular
interaction. Moreover, ADNP was found to interact with
several major proteins of the SWI/SNF complex.*” Tt is
tempting to speculate that pathogenic variants of SMARCA2
or ADNP result in partially shared phenotype because of
similar loss of function at the chromatin level. RNA-seq and
DNA methylation studies would be very attractive to
investigate whether Helsmoortel-van der Aa syndrome with
ADNP variants have a transcriptome and genome methylation
signatures overlapping with BIS.

In our study, yeast experiments could not differentiate BIS
variants from nonspecific individuals and controls. This result
might reflect that yeast does not reach the complexity of
human organisms despite high conservation of domain
organization, sequence, and architecture between SMARCA2
human protein and S. cerevisiae homolog Snf2.”*> As genome-
wide transcriptomic analyses were not available, it is not
possible to rule out that yeast mutants have differences at the
transcriptional level despite the lack of overt phenotypic
difference on the growth assays.

SMARCA2 encodes the core catalytic unit of SWI/SNF
complex involved in regulation of gene expression.® Because
of the consistent clinical phenotype across the 14 individuals
with BIS, we questioned about distinctive transcriptome
signatures to stratify individuals with de novo SMARCA2
variants. Although the number of RNA samples was small,
results suggest strong and reproducible consequences of BIS-
causing SMARCA?2 variants on transcriptome different from
other SMARCA?2 variants. Targeted quantitative PCR showed
that BIS variants affect SMARCA2 messenger RNA (mRNA)
levels, like NCBRS-causing variants. A shared pattern of
expression among NCBRS and BIS on differential gene
expression analysis is another evidence of pathogenicity.
Altogether, qPCR and gene expression analysis enable the
clustering of controls and nonspecific individuals on one side,
and NCBRS plus BIS individuals on the other.

Previous studies showed that DNA methylation on
peripheral blood cells identifies differentially methylated
regions (DMRs) corresponding to SMARCA2 dysfunction in
NCBRS versus other BAFopathies-associated genes.”* DMRs
were effective to reclassify SMARCA2 VUS in atypical cases.™
Consistent with these studies, a specific epigenetic signature
separated NCBRS from BIS cases, suggesting that this method
can be used as an additional diagnostic assay for classification
of VUS. Together with transcriptome signatures, these data
support clinical separation of NCBRS from BIS.

Apart from the 14 BIS subjects, 6 remaining individuals did
not show a recognizable phenotype (nonspecific phenotype).
Although some common facial features could be observed and
some of them were overlapping with BIS or NCBRS, their
phenotypes were neither suggestive of NCBRS nor of BIS.
Moreover, variants were spread throughout the gene, and
RNA-seq did not distinguished these individuals from
controls. Therefore, pathogenicity of SMARCA2 variants
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associated with the nonspecific phenotype remains uncertain.
As additional patients with NDD and VUS in SMARC?2 are
identified and undergo in-depth phenotyping, it is possible
that another, yet undescribed clinical entity could be
associated with SMARCA2 variants.

In conclusion, we propose that SMARCA2 missense
variants are responsible for at least two clinical entities: (1)
NCBRS and (2) a recognizable condition with blepharophi-
mosis, epicanthal folds, ID, and tooth anomalies herein
described and named BIS.

SUPPLEMENTARY INFORMATION

The online version of this article (https:/doi.org/10.1038/s41436-
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