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Methods: Clinical symptoms for 41 novel and 24 previously published affected individuals were
analyzed using the Human Phenotype Ontology. For genotype-phenotype correlations,
molecular data were standardized and grouped into non-truncating and likely gene-disrupting
(LGD) variants. Missense variant protein expression and BAF-subunit interactions were
examined using 3D protein modeling, co-immunoprecipitation, and proximity-ligation assays.
Results: Neurodevelopmental delay with intellectual disability, muscular hypotonia, and
behavioral disorders were the major manifestations. Clinical hallmarks of BAFopathies were
rare. Clinical presentation differed significantly, with LGD variants being predominantly
inherited and associated with mildly reduced or normal cognitive development, whereas non-
truncating variants were mostly de novo and presented with severe developmental delay.
These distinct manifestations and non-truncating variant clustering in functional domains
suggest different pathomechanisms. In vitro testing showed decreased protein expression for
N-terminal missense variants similar to LGD.

Conclusion: This study improved SMARCC?2 variant classification and identified discernible
SMARCC2-associated phenotypes for LGD and non-truncating variants, which were distinct
from other BAFopathies. The pathomechanism of most non-truncating variants has yet to be

investigated.

© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The BAF (BRG1/BRM-associated factor) complex is an
ATP-dependent chromatin remodeling complex that re-
positions nucleosomes and increases the accessibility of
regulatory DNA sequences.’ “BAFopathies” encompass a
spectrum of neurodevelopmental delay disorders (NDDs)
caused by germline pathogenic variants in BAF complex
subunit genes including SMARCA4, SMARCA2, ARIDIA/B,
SMARCBI/E1, DPF2, and ARID2. The most well-defined
BAFopathies with overlapping clinical presentations are
Coffin-Siris (CSS; MIM 135900) and Nicolaides-Baraitser
(NCBRS; MIM 601358) syndromes.z’7

Recent studies reporting affected individuals with mainly
de novo missense/in-frame and a few likely gene-disrupting
(LGD) pathogenic variants in another BAF subunit,
SMARCC2 (BAF170, MIM *601734), expanded the spec-
trum of BAF-related NDDs.*'? Machol et al. described a
cohort of 15 individuals with variable clinical manifesta-
tions resembling CSS and NCBRS.® The Online Mendelian
Inheritance in Man (OMIM) database now classifies the
SMARCC2-associated phenotype as Coffin-Siris syndrome 8
(MIM #601734). The described phenotype included neuro-
developmental delay (DD), mild to severe intellectual
disability (ID), profound speech delay, behavioral abnor-
malities, muscular hypotonia, and feeding disorders in in-
fancy. Recurrent dysmorphic facial features were thick
eyebrows, long eyelashes, anteverted nares, and thin upper
and thick lower lip vermilion.

SMARCC2 contains 4 well-described and highly
conserved functional domains, namely, the SWIRM (named
after the chromosomal proteins SWI3, RSC8, and MOIRA
in which it was discovered) domain, the SANT (named after
the initials of the proteins Swi3, Ada2, N-CoR, and TFIIIB)
domain, and 2 domains in a coiled-coil region, termed
dimerization (DR), and core assembly region (CAR) (see

Figure 1A). Constitutional abolition of Smarcc2 during
postnatal and adult hippocampal neurogenesis in mice
increased astrogenesis, resulting in an abnormal spatial
distribution of radial glial-like cells, ultimately linked to
behavioral and learning impairments.'* Additionally, intact
Smarcc2 expression determines cerebral cortex volume,
thickness, forebrain, and cortex development.]4’]5

To date, reports of SMARCC2 variants have been mostly
part of individual case reports or large NDD studies with
limited clinical information.”'*'® In an attempt to better
characterize the clinical and molecular spectrum of
SMARCC2-associated NDD, a large cohort of 65 affected
individuals was collected, including 41 novel individuals
with de novo or inherited variants, whose clinical and mo-
lecular findings were systematically described, and 24 pre-
viously published individuals, whose data were thoroughly
curated. Additionally, Human Phenotype Ontology (HPO)
and automated facial recognition were used to investigate
genotype-phenotype correlations between non-truncating
and LGD variants and structural modeling, as well as
functional assays to investigate missense variants.

Materials and Methods
Cohort and ethical considerations

A cohort of 65 individuals with SMARCC2 variants,
including 24 previously reported and 41 novel, was
collected (File S1 and S2). Two individuals (Ind-18;
c.172C>T p-(GIn58%), Ind-25; ¢.1094_1097del
p-(Lys365Thrfs*12); variants annotated to SMARCC2
reference transcript NM_003075.5 (GRCh37/hg19)) previ-
ously described in other publications, albeit with incomplete
clinical or molecular characterization, were included in
the novel series.””'” Novel SMARCC2 individuals were
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recruited using GeneMatcher'’ and an international collab-
orative network. This study follows the Declaration of
Helsinki. Genetic testing was done in routine diagnostic
settings (n = 30) or in research settings (n = 11) after ethical
review board approval. Legal guardians gave written
informed consent for genetic and clinical data, including
photos and brain images, to be published. See File S2 sheet
“clinical_table” for setting.

Genetic analysis

The majority of SMARCC2 variants was found by exome
sequencing (singleton n = 14, duo n = 4, and trios n = 20) in
the collaborating centers using different analysis platforms
based on BWA/GATK pipelines.'® (Li H. Aligning Sequence
Reads, Clone Sequences and Assembly Contigs with
BWA-MEM. Published Online; 2013. https://doi.org/
10.48550/ARXIV.1303.3997) Chromosomal microarray
revealed a complete SMARCC?2 gene deletion in Ind-12 (see
also File S1 “Genetic analysis”). Reverse transcriptase
polymerase chain reaction (RT-PCR) polymerase chain
reaction (PCR) for Ind-29 was performed using standard
methods. Quantitative real-time PCR (qRT-PCR) was used to
measure SMARCC?2 expression levels of Ind-19 (Fam-18).
See File S2 sheet “clinical_table” for genetic analyses and File
S1 for method details.

Variant annotation and scoring

Variants were standardized to the SMARCC2 reference
transcript NM_003075.5 (GRCh37/hg19) using Mutalyzer
3'” and annotated using the Ensembl Variant Effect Pre-
dictor.”” All SMARCC?2 variants were subsequently reclas-
sified based on the recommendations of the American
College of Medical Genetics and Genomics (ACMG)”! and
subsequent updates. An a priori and a posteriori classifica-
tion system was used based on either prior evidence or our
findings, such as new mutational hotspots, clustering in
functional domains, recurrence, and functional results sup-
porting pathogenicity. Compare File S2 sheets “clinical_
table” and “ACMG criteria.”

Clinical information

Clinical manifestations were systematically described and
standardized according to the Human Phenotype Ontology
terminology (File S2 sheet “clinical_table” and File S1
“Clinical reports™).”> Information on clinical abnormalities
and facial dysmorphic features, which were available for 58
SMARCC?2 subjects including all novel ones, were sum-
marized and compared (Tables 1, 2, and S1). When avail-
able, cranial magnetic resonance imaging (cMRI) data were
evaluated by an experienced pediatric neuroradiologist. The
composite facial gestalt of missense/in-frame and LGD
variant individuals shown in Figure 2 was generated by
applying the Face2Gene research application (FDNA Inc) to

a single 2D frontal facial photograph. A total of 24 images
of novel and previously published SMARCC?2 individuals
(10 with missense/in-frame and 14 with LGD variants) were
analyzed. Photos of individuals wearing glasses or carrying
a second pathogenic/likely pathogenic variant in another
NDD-related gene were excluded (Figure 2).

Fisher's exact test was used to calculate P values for
novel compared with reviewed and published affected in-
dividuals. Multiple testing was adjusted for using false
discovery rate (FDR with threshold < 0.05). Comparing the
groups with missense/in-frame and LGD pathogenic vari-
ants followed the same method. All computations were done
in R 4.1.3 using RStudio (Tables 1, 2, and S1).

Protein model analysis of missense variants

We used the published structures PDBDEV_00000056>*
(PDB-Dev) and 6LTH>* (protein data bank; PDB) to map
pathogenic variants of BAF complex subunits. We utilized
the published crystal structure of the SMARCCI N terminus
(6YXO25 ) to generate a homology model (File S4) of the
paralogous SMARCC2 region with PHYRE2”® (One-to-
One threading option), which we used to investigate path-
ogenic variants in this region. We used previously studied
missense variants in this N-terminal region extracted from
tumor samples in the cBioPortal/ COSMIC databases to
compare the effects and localization of variants identified in
our cohort.” Structures were visualized with the Pymol
software (OpenSource Version 2.5.0; Schrodinger, LLC).
Missense variants in other BAF base complex subunits (File
S2 sheet “missense_other BAF”) were reviewed from
published literature reports (Table S2), standardized to fit
the model transcript and used to analyze spatial proximity in
the BAF complex model.

Functional analyses of missense variants

FLAG-tagged SMARCC2 was obtained from Addgene
(plasmid #19142)”” and variants were introduced using the In-
Fusion HD Cloning Kit (Clontech). Seven mutants harboring
missense variants in different protein domains were gener-
ated: p.(Pro77Leu), p.(Thr214Ala) and p.(Phe248Ser) in the
N-terminal module, p.(Argd43Trp) in the SWIRM domain,
p-(Leu640Pro) in the SANT domain and p.(Ala868Pro), and
p.(Glu893Gly) in the CAR. Plasmids were transfected into
HEK?293T cells using JetPrime (Polyplus Life Science).
Immunofluorescence staining was performed as previously
described.”® Proximity ligation assay (PLA) was performed
using Duolink In Situ Reagents (Sigma). Co-
immunoprecipitation (ColP) was carried out as previously
described.” Protein stability was assessed by transiently co-
expressing FLAG-tagged SMARCC?2 variants together with
a different-sized control protein (HA-tagged TBX1), followed
by quantitative western blot analysis and normalization of
SMARCC2-FLAG to TBXI1-HA. File S1 “Supplemental
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Figure 1 SMARCC2 linear domain structure, distribution of pathogenic variants in the BAF complex and N-terminal variants
causing protein loss. A. Linear protein model of SMARCC?2 and its domains: an N-terminal module containing a MarR-like helix-turn-helix
domain (eggshell) with DNA-binding ability,25 as well as a BRCT domain (orange) with an inserted non-functional chromodomain (red), which
have been proposed to mediate protein-protein interactions.”” The SWIRM domain (magenta) mediates protein-protein interaction,’* the
SANT domain (berry) is the chromatin binding domain of the protein which was proposed to recognize unmodified histone tails, the
dimerization region (purple) and core assembly region (dark blue) are coiled-coil domains involved in the formation of the core BAF complex.
The first is necessary for heterodimerization with SMARCC1 and the latter interacts with SMARCD1 and SMARCEI, forming the base of the

36,37
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methods” contain experimental details, oligonucleotide se-
quences (Table S4), and antibodies (Table S5).

Results
Description of SMARCC2 variants

Of the 45 SMARCC?2 variants described in this study, 25 are
novel. Two alterations have been reported in both this and
previous studies.™'” Three novel missense substitutions
(c.2697G>T p.(Leu899Phe), c.640A>G p.(Thr214Ala), and
c.1327C>T p.(Argd43Trp)) and 1 previously described
splice variant (c.1651-2A>G p.?)"* could not be further
classified because of lack of conclusive evidence (no strong
segregation information, recurrence, or strong effects in
functional studies). Thus, Ind-03, Ind-06, Ind-40, and
Gofin_Subject 5 were excluded from further clinical anal-
ysis. The linear model (Figure 1A) shows the variants, and
File S2 sheet “clinical_table” and File S1 “clinical reports”
describe these individuals clinically.

The present study describes 27 probably non-truncating
variants, including 19 missense (11 novel), 3 in-frame (1
novel), and 5 splice (2 novel). All non-truncating variants
arose de novo. Segregation could not be determined for the
splice changes ¢.1651-2A>G and ¢.18334+1G>T. The splice
variants c.1311-1G>A, ¢.1651-2A>G, and ¢.1833+2T>C
were computationally predicted (http://autopvsl.genetics.
bgi.com™) to result in an in-frame deletion. RNA samples
were unavailable for further analysis. The splice donor
variant 1833+1G>T causes an in-frame deletion of exon 19,
creating an aberrant product that escapes NMD.*

Messenger RNA sequencing for the novel intronic
variant ¢.1834-7C>G revealed an aberrant transcript
with retention of the last 6 bp of intron 19
(r.1833_1834ins1834-6_1834-1, alternative designation
r.1833_1834inscaccag) and an in-frame insertion of 2
amino acids (p.Glu611_Ala612insHisGIn) that was less
stable (Figure S4A-C).

Seven previously reported missense/in-frame patho-
genic variants clustered in the highly conserved SANT
domain. Variant c.18334+2T>C has been reported in 2
unrelated individuals in a previous study® and once in the
present study. Each of the amino acid substitutions
¢.1829T>C p.(Leu610Pro) and c.1826T>C p.(Leu609Pro)
was detected in 2 different families in previous studies.
The clustering of pathogenic variants in this functional
domain was confirmed by the discovery of 4 novel non-
truncating variants, 2 missense, and 2 in-frame. Conse-
quently, de novo missense alterations in the SANT domain
could be classified a priori as likely pathogenic
(PS2_Supporting, PM2_Supporting, PP2_Supporting, and
PM1_Moderate) upon meeting the cutoffs for computa-
tional evidence (PP3).

Machol et al.” reported 2 non-truncating variants in the
CAR domain, classified here as a clustering hotspot because
of 4 new amino acid substitutions, 1 of which was found in
2 unrelated families (c.2678A>G p.(Glu893Gly)). De novo
non-truncating variants in this domain were classified as
likely pathogenic according to the PM1_Moderate criterion
if computational predictions (CADD PHRED v1.6 score
>28.1) indicated they were pathogenic. Variants in the DR
and SWIRM domains are rare and lack molecular/functional
evidence, thus classified as variants of uncertain significance
(VUS). N-terminal missense variants included 1 previously

BAF core module.” Circles above the protein model indicate novel heterozygous variants, whereas squares below the model indicate previously
described variants (beige: inframe; orange: missense; berry: splice; black: truncating). The size of the lollipop represents the number of affected
families with the variant, the number inside shows the number of individuals. The variant's scaled CADD (Combined Annotation Dependent
Depletion) scores”® are the lollipop segment length. Orange labeled variants were used for functional analysis. B. Left side with an overview of
the BAF complex as a cartoon model (based on PDBDEV_0000556). The BAF subunits constituting the base (core) module are colored
according to the legend, whereas the other subunits are shown in gray. Right side with a magnification of the base module displaying the fingers
submodule* with the characteristic 5-helix bundle formed by domains of SMARCC1, SMARCC2, SMARCDI1, and SMARCE] and the SANT
domain of SMARCC?2 constituting the “palm” submodule. The missense variants in SMARCC2 are shown in red, whereas the published
variants in other base modules are shown in magenta. The core assembly and SANT domains of SMARCC?2 are denoted by ellipses and contain
an appreciable cluster of missense variants in close proximity, emphasizing their functional significance. The close proximity of the variants in
the core assembly region to the alpha helices from other subdomains and variants in these (SMARCEI: p.(Arg251Gln); SMARCDI1:
p-(Argd446Gly)) suggests that the interaction between these and thus the formation of the base scaffold may be compromised. C. The homology
model of the N terminus of SMARCC2 with the MarR-like (green), BRCT (cyan), and chromodomain (blue) domains is depicted as a cartoon
on the left. The SMARCC?2 missense variants identified in this cohort are depicted in red, whereas synthetic variants previously identified in
tumors” are depicted in magenta. The right side depicts a surface rendering of the homology model, which reveals that the p.(Pro77Leu) hotspot
variant is in close proximity to p.(Phe248Ser) and the cancer-related variant p.(Glu250Lys). The other variants are distributed throughout the
globular N terminus. Missense3D>' predicts that both p.(Pro77Leu) and p.(Glu250Lys) are structurally damaging. D. SMARCC?2 protein
expression. Left panel: representative western blot image. TBX1-HA was used as transfection control, Histone H3 as loading control. Right
panel: quantification of SMARCC?2 protein levels. Wild-type and mutant SMARCC2-FLAG was normalized to TBX1-HA and the value of
wild-type SMARCC2-FLAG was set to 1 (marked by dashed line). Data stems from at least 6 independent experiments. Sample means are
depicted as bars with SEM, individual values as dots. P values were calculated using a 1 sample ¢ test (hypothetical mean = 1, significance
threshold < 0.05). ****P < .0001, ***P < .001. **P < .0l. Note significant protein expression loss for N-terminal variants ¢.230C>T
p-(Pro77Leu), c.743T>C p.(Phe248Ser), and c.748G>A p.(Glu250Lys).
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Table 1  Neurodevelopmental and neurological phenotypes
p-NvL
(FDR-  OR-NvL Missense/ p-MvT OR-MvT
Group Phenotype HPO Novel Cases Literature Cases corr.) (95% CI) Truncating Variant Inframe Variant  (FDR-corr.) (95% CI) All Cases
Intellectual  Global HP:0001263; 82%, (31/38) 94%, (16/17) 72%, (21/29) 100%, (26/26) 0.005 (0.033) Inf (1.82 - Inf) 85%, (47/55)
and social developmental HP:0001249
development  delay;
Intellectual
disability
mild GDD/ID HP:0011342; 42%, (16/38) 29%, (5/17) 55%, (16,/29) 19%, (5/26) 0.012 (0.051) 0.20 (0.05 - 38%, (21/55)
HP:0001256 0.74)
moderate/ HP:0011343; 39%, (15/38) 65%, (11/17) 17%, (5/29) 81%, (21/26)  0.000 (0.000) 18.65 (4.37 -  47%, (26/55)
severe HP:0002342; 100.44)
GDD/ID HP:0011344;
HP:0010864
Autistic HP:0000729  42%, (16/38) 17%, (3/18) 35%, (11/31) 32%, (8/25) 34%, (19/56)
behavior
Behavioral HP:0000708 61%, (23/38) 60%, (9/15) 62%, (18/29) 58%, (14/24) 60%, (32/53)
abnormalities
Neurological ~ Muscular HP:0001252 61%, (23/38) 88%, (15/17) 52%, (15/29) 88%, (23/26)  0.004 (0.033) 6.90 (1.56 -  69%, (38/55)
system hypotonia 43.80)
Brain imaging  HP:0410263 60%, (12/20) 62%, (8/13) 50%, (7/14) 68%, (13/19) 61%, (20/33)
abnormality
Visual HP:0000505 32%, (12/38) 36%, (5/14) 21%, (6/29) 48%, (11/23) 33%, (17/52)
impairment
Seizures HP:0001250 27%, (10/37) 29%, (5/17) 25%, (7/28) 31%, (8/26) 28%, (15/54)
EEG HP:0002353  21%, (6/29) 100%, (1/1) 20%, (4/20) 30%, (3/10) 23%, (7/30)
abnormality
Muscular HP:0001276 18%, (7/38)  25%, (4/16) 17%, (5/29) 24%, (6/25) 20%, (11/54)
hypertonia

p-NvL, P value novel versus literature cohorts; OR-NvL, odds ratio novel versus literature cohorts; p-MvT, P value missense versus truncating variant cohorts; OR-MvT, odds ratio missense versus truncating variant
cohorts; FDR-corr., corrected false discovery rate; (I, confidence interval
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Table 2  Other phenotype categories
p-NvL Missense/
Novel Literature (FDR- OR-NvL Truncating Inframe OR-MvT
Group Phenotype HPO cases cases corr.) (95% CI) Variant Variant (95% CI) All Cases
Craniofacial Abnormality HP:0000356  35%, (13/37) 100%, (7/7)  0.002 0.00 30%, (8/27)  71%, (12/17) 5.45 45%, (20/44)
anomalies of the (0.034) (0.00 - 0.46) (0.051) (1.28 - 27.12)
outer ear
Thin upper HP:0000219  41%, (15/37) 50%, (8/16) 48%, (14/29) 38%, (9/24) 43%, (23/53)
lip vermilion
Thick eyebrows HP:0000574 35%, (13/37) 44%, (7/16) 38%, (11/29) 38%, (9/24) 38%, (20/53)
Broad philtrum HP:0000289  22%, (8/37)  70%, (7/10)  0.007 0.13 28%, (8/29)  39%, (7/18) 32%, (15/47)
(0.077) (0.02 - 0.70)
Prominent HP:0011220  30%, (11/37) 43%, (3/7) 26%, (7/27)  41%, (7/17) 32%, (14/44)
forehead
Thick lower HP:0000179  22%, (8/37)  50%, (8/16) 24%, (7/29)  38%, (9/24) 30%, (16/53)
lip vermilion
Short philtrum HP:0000322  27%, (10/37) 36%, (4/11) 28%, (8/29)  32%, (6/19) 29%, (14/48)
Long eyelashes ~ HP:0000527  22%, (8/37)  47%, (7/15) 21%, (6/29)  39%, (9/23) 29%, (15/52)
Thick alae nasi HP:0009928  24%, (9/37)  36%, (5/14) 24%, (7/29)  32%, (7/22) 27%, (14/51)
Wide nose HP:0000445  22%, (8/37)  36%, (5/14) 24%, (7/29)  27%, (6/22) 25%, (13/51)
Downslanted HP:0000494  16%, (6/37)  36%, (4/11) 21%, (6/29)  21%, (4/19) 21%, (10/48)
palpebral
fissures
Phenotypical  Abnormal HP:0001999  46%, (17/37) 43%, (6/14) 36%, (10/28) 57%, (13/23) 45%, (23/51)
abnormalities facial
of body and shape
face Abnormality HP:0011842  31%, (11/35) 38%, (6/16) 26%, (7/27)  42%, (10/24) 33%, (17/51)
of skeletal
morphology
Abnormality HP:0001155  33%, (12/36) 25%, (4/16) 29%, (8/28)  33%, (8/24) 31%, (16/52)
of the hand
Decreased body ~ HP:0004325  26%, (9/35)  40%, (6/15) 11%, (3/27)  52%, (12/23) 8.31 30%, (15/50)
weight (0.024) (1.77 - 55.25)
Abnormality HP:0001760  29%, (10/35) 31%, (5/16) 26%, (7/27)  33%, (8/24) 29%, (15/51)
of the foot
Abnormality HP:0000478 16%, (6/37) 73%, (8/11)  0.001 0.08 8%, (2/26) 55%, (12/22) 13.51 29%, (14/48)
of the eye (0.029) (0.01 - 0.44) (0.008) (2.39 - 146.27)
Short stature HP:0004322  20%, (7/35)  33%, (5/15) 7%, (2/27)  43%, (10/23) 9.17 24%, (12/50)
(0.035) (1.61 - 98.29)
Skeletal Scoliosis HP:0002650  26%, (10/38) 31%, (5/16) 17%, (5/29)  40%, (10/25) 28%, (15/54)
anomalies
HP:0011024 17%, (6/36)  100%, (3/3) 12%, (3/24)  40%, (6/15) 23%, (9/39)

(continued)
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" = 5 reported® and 3 novel ones. The substitution ¢.230C>T
2 2 o N p.(Pro77Leu) in 3 unrelated families was post hoc inter-
et ~ . E s E g preted as likely pathogenic after considering variant recur-
< X =~ Ss rence and functional assays. The remaining N-terminal and
b © h § variants outside of SMARCC2 domains remained VUS
= 3 because of lack of evidence.
'é g 9 g % Overall, the 18 identified LGD variants were dispersed
JOREN < 2 across SMARCC2. Seven of these variants have been pre-
°2 J % viously reported (2 nonsense, 4 frameshifting, and 1 splice).
Z ; The remaining 11 variants were novel, consisting of 6
— - © nonsense, 3 frameshifting, and 2 splice. Most LGD alter-
ZT S £ S8 2 ations were inherited from unaffected parents. Four LGD
e~ e e .; variants were de novo, and 7 individuals had unknown in-
. = — |a heritance patterns. All LGD variants could be classified as
e R S N (likely) pathogenic (PVSI_VeryStrong, PM2_Supporting),
§§ g < = < E assuming loss-of-function (LOF) as disease mechanism.
£5> 2 2 = 8 Ind-12 had a microdeletion that included SMARCC2 and 14
” © o~ E other genes, including RPS26, which is linked to dominantly
o = = = i inherited Diamond-Blackfan anemia 10 (MIM #613309).
== Q§ N\ 9 (£ The splice variants ¢.3174+2T>A p.? and ¢.3135_3139dup
§ § @ 3 3 S p-[(Gly1047Alafs*16), p.?] were computationally predicted
== A N = |5 to cause out-of-frame effects. The latter is annotated as
- « o 2 frameshifting but affects the last base of exon 26 and is thus
| @ o % predicted to also affect splicing. qRT-PCR previously
= S g S g - 5 demonstrated that the variant c¢.1311-3C>G reduces
no': RS S S S £ SMARCC?2 expression.® Variants ¢.327C>G p.(Tyr109%),
=} S g c.574C>T p.(Argl92%*), ¢.805C>T p.(Arg269%*), and
. . E ¢.2059C>T p.(Arg687*) were each found in 2 unrelated
;’ S § g g % e individuals and variant c¢.3279del p.(Pro1094Hisfs*9) in 2
at3lss S o = siblings in the novel cohort. Variant c¢.3129del
. g p.(Gly1044Aspfs*17) was prior reported in a twin pair,'” as
o Q E ’uj Jg well as identified in 5 siblings (Fam-18) and 1 unrelated
= 3 ) S o o individual in the present cohort. Also, variant ¢.3129del
28 < < < |2 p.(Gly1044Aspfs*17) was the only LGD change of the
- S § :‘3, g combined SMARCC?2 cohort to be listed in gnomAD (7
— 2 heterozygous individuals). We used the well-characterized
. o 3 ~ g GeneDx cohort to examine the prevalence of this variant
% % S = < g K in individuals with diagnostic DD/ID indication (10/97.993)
= ° < < < S g and control individuals without DD/ID indication (13/
S S N k3 Y 215.378). The odds ratio (OR) was calculated using Fisher's
% b s exact test and showed no significant effect (OR: ~1.69, P
o Q0 s |3 € value ~0.259, 95% CI: 0.66-4.17). qRT-PCR on peripheral
E é' g § g E ~ blood from 1 affected individual (Ind-19) of Fam-18
+ 3 s S < : confirmed NMD with reduced SMARCC?2 expression level
= = = £E at nearly 68% (Figure S4D).
= 'g g Three individuals (8.5% of this cohort) carried a second
o é 2 - NE 3 (likely) pathogenic variant in an NDD-related gene (Ind-25,
sz g = £ 8 S 2 g ; Ind-33, Ind-34) (see also File S1 “Supplemental Results”
% ‘E 25 'E P E £ m% v g .'-g z = and File S2 sheet “clinical_table” for these and additional
f|5-o 885 52EE2EoE|8E Vus).
_g [SE = I =] E [SER = IR 8 T 4= 5 § b= ; §
5 < < - 2 |gs Linear and 3D protein model
I o O
c 4] = S
S - ks S S Annotation of variants on the linear gene model revealed
~ EE '3% =] L: that LGD variants were dispersed throughout SMARCC2,
2 g qé* % g ig whereas non-truncating variants clustered within the SANT
= 518 = 3 and core assembly domains (Figure 1A). Furthermore, a
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Figure 2
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Facial appearance and representative cMRIs of SMARCC?2 individuals. Facial features, facial overlay and images from hands

and feet of individuals with LGD (A) and non-truncating (B) SMARCC?2 variants. Ind-7 and Ind-8 carrying the missense variant ¢.230C>T
p-(Pro77Leu), which leads to SMARCC?2 protein loss, were grouped together with the LGD variant individuals. In addition to other
craniofacial anomalies, a triangular face with narrow chin is frequently depicted in photos of both groups. Also note the pronounced
coarseness of facial characteristics in individuals with non-truncating variants. C. Neuroimaging characteristics of SMARCC?2 individuals and
a control subject. Ind-02, Ind-09 and Ind-11 exhibit normal corpus callosum appearance. Corpus callosum hypoplasia (empty arrows) or
dysplasia with thinning of the corpus callosum splenium (thick arrows), may or may not be accompanied by anterior commissure hypoplasia/

agenesis (arrowheads) and small inferior cerebellar vermis (thin arrows).

correlation between these clusters and high computational
prediction scores for missense variants in the annotated
domains was found (Figure S1). Mapping of the amino acid
residues to the three-dimensional protein structure of the
BAF complex demonstrated that missense variants in the
core assembly domain are located in the 5-helix bundle of

the base module, which potentially impedes interaction with
other subunits forming the base scaffold (Figure 1B). The
homology model revealed that missense variants in the N-
terminal region, which is not covered in any of the 2
published BAF complex structures,””* are generally
dispersed throughout the globular domain, except variants
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p-(Pro77Leu) and p.(Phe248Ser), which are found in close
proximity to each other, as well as the cancer-related variant
p-(Glu250Lys) (Figure 1C). Exclusively the p.(Pro77Leu)
variant in the N terminus was predicted to cause structural
changes using  Missense3D’'  (File S3  sheet
“cohort_variants™).

Functional analysis of SMARCC2 missense variants

Because missense variants in other BAF subunits have been
linked to protein misfolding and aggregate formation, we
initially investigated cellular SMARCC2 protein localiza-
tion in a subset of missense alterations, but all of them
exhibited normal nuclear localization (Figure S5). We next
analyzed whether the missense variants affect the BAF
complex combinatorial assembly. Both PLA and quantita-
tive ColP showed no impairment of SMARCC?2 interaction
with the subunits ARID1B, SMARCA4, SMARCCI, and
SMARCE]1 (Figure S6). Co-immunoprecipitation experi-
ments showed a trend toward higher interaction of mutant
SMARCC2-FLAG with SMARCC1 compared with the
wild-type protein; however, this effect did not reach statis-
tical significance. Finally, we asked whether SMARCC2
variants affect protein stability. We included 3 cancer-
related missense alterations (p.(Ser89Pro), p.(Cys91Phe),
and p.(Glu250Lys)) located in close proximity to the herein
identified N-terminal variants. These were computationally
predicted to cause structural defects of the SMARCC2
protein in a previous study.” Although variants in other
protein regions did not adversely affect protein stability, 4 of
the investigated N-terminal variants showed an impact: the
recurrent variant p.(Pro77Leu) from this cohort and the
cancer variant p.(Glu250Lys) significantly reduced protein
levels (>80%). Likewise, cohort variant p.(Phe248Ser) and
cancer variant p.(Cys91Phe) each resulted in a 20% reduc-
tion of protein levels, although only the former was statis-
tically significant (Figure 1D).

Clinical presentation of SMARCC2 individuals

Global developmental delay (GDD) and/or ID was
described in 85% of SMARCC2 individuals, with 47% being
moderately/severely and 38% mildly affected, whereas 15%
had no cognitive or speech/motor deficits. Gross motor
delay and fine motor deficits in infancy and late childhood
were reported in 55%. Muscular hypotonia was found in
69% of the individuals, and behavioral abnormalities in
60%, with autistic behavior being the most common (34%).
Anxiety, aggression, attention deficit hyperactivity disorder,
fixations, tantrums, and obsessive-compulsive behaviors
were also frequent. Generalized, tonic, tonic-clonic, focal,
absence seizures, and Lennox-Gastaux syndrome were
diagnosed in 28% of the cohort. Visual defects, primarily
due to refraction anomalies, such as hypermetropia, hyper-
opia, astigmatism, and myopia, were present in 33% of the
individuals. Strabismus and ptosis were the most common

structural eye abnormalities (29%). Neuroimaging studies in
34 subjects (¢cMRI in 32 and CT in 2) revealed abnormalities
in 21 individuals (61%). Neuroimaging features included
non-specific white matter signal alterations, intracranial
arachnoid cysts and/or small inferior cerebellar vermis
(34%), corpus callosum hypoplasia and/or dysplasia (23%),
white matter volume loss and/or anterior commissure
agenesis/hypoplasia (14.7%), and enlargement of cerebro-
spinal fluid spaces (14.7%) (Figure 2C, File S2 sheet
“clinical_table,” and Figure S3).

Seven individuals had low birth weight and length,
whereas 7 had high birth weight and normal length. Two
individuals showed oligohydramnios and 6 intrauterine
growth retardation. Reduced body weight and short stature
were found in 30% and 24% of the individuals, respectively.
Clinodactyly, camptodactyly, brachydactyly, long fingers,
and persistent fingertip pads were found in 31% of subjects.
Notably, prominent interphalangeal joints were rare (4%)
and absent phalanges of the 5th finger were not reported.
Only Ind-43 presented with shorter distal phalanx and hy-
poplastic nail of the left thumb.

Pes planus was the most common foot deformity (29%),
whereas only 2 individuals had hypoplastic toenails (4%).
Ectodermal anomalies, such as sparse/thin scalp hair and
hypertrichosis, were noticed in 16% and 17% of individuals,
respectively. The most common skeletal malformation was
scoliosis (28%). Aside from genitourinary (22%) and
gastrointestinal abnormalities (23%), other congenital dis-
orders, such as heart defects, were relatively uncommon.
Feeding difficulties or failure to thrive were reported by half
of the cohort (51%). Finally, 21% of SMARCC?2 individuals
reported sleep disturbances, and 16% had recurrent in-
fections (Table 2 and Supplemental Table S1).

Facial dysmorphisms were observed in 45% of SMARCC2
individuals with outer ear malformations (45%), thin upper
lip vermilion (43%), thick eyebrows (38%), prominent fore-
head (32%), thick lower lip vermilion (30%), broad (32%)/
short (29%) philtrum, long eyelashes (29%), thick alae nasi
(27%), and wide nose (25%) being the most common
(Figure 2A and 2B, Tables 2 and S1, and File S2 sheet
“clinical_table”). Careful examination of available facial
images and Face2Gene analysis indicated additional frequent
features, a triangular face and a narrow chin (Figure 2A and
B). These were not noted by any of the referring clinicians,
but they should be taken into consideration in future clinical/
dysmorphology assessments of SMARCC?2 individuals. Apart
from structural eye and outer ear anomalies, the prevalence of
clinical and dysmorphic features between previous studies
and this report was consistent (see also Tables | and 2, File
S1 “Supplemental results”).

Genotype-phenotype correlation in LGD and non-
truncating variants

DD/ID was found in 100% of missense/in-frame and 72% of
LGD variant individuals. Missense/in-frame variants were
associated with moderate/severe DD/ID (81% vs 17%) with
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severe speech deficits and normal to moderately impaired
motor development. LGD individuals showed predomi-
nantly mild DD (55% vs 19%) with mild/borderline ID or
normal cognitive development, mild expressive/receptive
language deficits or unaffected speech development, and
motor abilities that were normal to mildly restricted in the
majority. Notably, behavioral disorders occurred at equal
frequency in both groups. Missense/in-frame variants more
frequently caused muscular hypotonia (88% vs 52%).
Compared with individuals with LGD variants, missense/in-
frame variant individuals more frequently had short stature
(43% vs 7%) and low body weight (52% vs 11%). Structural
eye (55% vs 8%) and outer ear (71% vs 30%) abnormalities
were more common in individuals with non-truncating al-
terations (Tables 1, 2, and S1). Facial recognition revealed
that coarse facial features were more pronounced in in-
dividuals with missense/in-frame variants (Figure 2A and
B).

Discussion

The present study provides novel insight into the
SMARCC2-associated phenotype, via a comprehensive
analysis of a large cohort of individuals with SMARCC2
variants, both known and novel. Functional assays revealed
reduced protein expression as a pathomechanism in a subset
of SMARCC2 N-terminal missense variants. Moreover, the
systematic characterization of clinical traits suggests that
non-truncating and LGD variants are associated with clin-
ical entities of variable severity.

SMARCC?2 is highly intolerant to non-truncating (Z-score
of 3.91) and LGD variants (pLI score of 1 in gnomAD). We
found that de novo missense/in-frame variants clustered
mainly in the SANT and the C-terminal CAR domains,
enabling their classification as (likely) pathogenic. SWIRM
and DR domain variants are rare. Nevertheless, considering
that computational analysis indicated high conservation and
constraint of amino acid substitutions for both regions
(Figure S1), future studies addressing non-truncating changes
in these domains could help identify additional clusters.

All LOF changes were (likely) pathogenic. We focused on
the pathogenicity of the c¢.3129del p.(Glyl1044Aspfs*17)
because this variant was the only one listed in public data-
bases, and exceeded the allele frequency cutoff (2 in gno-
mAD). RNA expression analysis in 1 affected individual with
this alteration in heterozygous state showed the expected
NMD, although it was incomplete. A suspected milder
impact of this alteration due to residual expression requires
protein analysis, but no further material from this individual
or others with LGD variants was available to compare
expression levels. In the GeneDx cohort, no significant effect
of this frameshifting variant on diagnostic indication for DD/
ID risk (OR ~ 1.69, p-Fisher ~ 0.259) was found. To exclude
the possibility that milder effects of this variant confounded
the genotype-phenotype analysis, clinical data were re-
analyzed after excluding all 8 affected individuals with this

alteration in this cohort and no deviations were detected
compared with the previous analysis of the non-truncating/
LGD group (Table S3). This suggests that the effect of this
variant does not differ from that of other LGD counterparts.

A subset of SMARCC? variants was dispersed across the N-
terminal module, whose function is not well defined to date. A
recent study on the SMARCC2 ortholog SMARCCI found
several structural domains in its N terminus, including a MarR-
like helix-turn-helix, chromo-, and BRCT domain, which
regulate transcription, histone modifications, and complex ac-
tivity, respectively.’”** Variants in this module were predicted
to cause protein folding defects and destabilization.”
SMARCC2’s N-terminal structure shares 66% homology
with SMARCCI, suggesting a similar domain composition.
3D protein modeling suggested a significant alteration
(contraction of the cavity encompassed by the BRCT and N-
terminal domains) only for the recurrent variant p.(Pro77Leu)
in this cohort. Functional analysis confirmed the pathogenicity
of p.(Pro77Leu) by showing significantly reduced protein
stability and almost complete SMARCC?2 protein loss, similar
to LGD variants. Notably, the synthetic variant p.(Glu250Lys),
previously suggested to cause a structural defect,” resulted in a
similar effect, whereas the variant p.(Phe248Ser) in this cohort,
which is structurally close to both, had a weaker effect. These
findings emphasize the structural importance of the N-terminal
region without, however, excluding the possibility that N ter-
minus variants that do not affect protein stability may modify,
disrupt, or attenuate other SMARCC?2 functions. A clustering
in this domain was not observed; thus, the remaining N-ter-
minal variants were classified as VUS because of lack of ev-
idence. Because the analysis confirmed a LOF effect for
p-(Pro77Leu), individuals with this variant were included in the
LGD group for genotype-phenotype analysis.

3D model analysis of SMARCC?2 interaction with other
BAF subunits indicated impairment due to missense variants
in SWIRM, SANT, and CAR domains, but this could not be
confirmed experimentally. Intriguingly, all mutants showed a
tendency for increased interaction with SMARCCI1, which,
although not significant, could indicate increased formation
of SMARCC1/SMARCC?2 heteroduplexes or altered BAF
complex assembly dynamics. No effect was seen on
SMARCC?2 protein localization or stability. These findings
suggest that alterations in these domains have a more com-
plex molecular pathomechanism, which is consistent with the
extreme compositional complexity of the BAF complex, with
over 1400 possible combinations.”* Further research is
needed to determine the molecular underpinnings and path-
omechanisms of missense variants in these regions.

NDD with cognitive impairment, speech and motor defi-
cits, behavioral disorders, muscular hypotonia, brain mal-
formations, feeding difficulties or failure to thrive, short
stature, and skeletal anomalies were the main clinical mani-
festations of the SMARCC2-related BAFopathy (Tables | and
2). Facial dysmorphisms were frequent among SMARCC2
individuals; yet, the facial gestalt was nonspecific. Despite
certain similarities to CSS and NCBRS.,® the overall clinical
and phenotypic manifestations of SMARCC?2 individuals
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appear to be non-recognizable and phenotypic hallmarks of
CSS and NCBRS, including finger-/toenail hypoplasia or
absence of Sth finger distal phalanges, and prominent inter-
phalangeal joints, respectively, were either absent or very
rare. Less than 20% of SMARCC?2 subjects had other frequent
findings such as microcephaly, sparse/thin scalp hair, and
hypertrichosis. The characteristic CSS brain anomaly, agen-
esis/dysgenesis of the corpus callosum, was also only found
in a small subset of this cohort (8/34) (Supplemental Table S|1
and File S2 sheet “clinical_table”). In summary, the
SMARCC2-associated phenotype has only minor resem-
blance to CSS and NCBRS, thus challenging the current
classification as CSS8 in OMIM. Moreover, such limited
resemblance makes it hard for clinicians and geneticists to
clinically suspect this BAFopathy without genetic testing.

The large number of pathogenic variants identified in this
study allowed the identification of 2 clinical patterns asso-
ciated with truncating and non-truncating variants, respec-
tively. Affected individuals carrying missense/in-frame
variants had a more severe phenotype, especially in neuro-
development (Table 1), growth parameters (Table 2), and
facial dysmorphisms (Figure 2A and B). The de novo
occurrence of the vast majority of non-truncating variants in
this cohort corroborates their severe effect. On the contrary,
the impact of LGD variants was milder, explaining their
frequent inheritance from a phenotypically healthy parent
and their possible presence in public databases (compare p-
MvT and OR-MvVT in Tables 1 and 2). This association is
further confirmed by the fact that the almost complete
SMARCC?2 protein loss, attributed to the missense variant
¢.230C>T, p.(Pro77Leu), was associated with milder clin-
ical symptoms in subjects Ind-7, Ind-8, and Ind-43. Overall,
these results support an incomplete penetrance of loss-of-
function SMARCC?2 variants, which is also found in other
rare monogenic developmental disorders.””

Three affected individuals (Ind-25, Ind-33, and Ind-34)
with SMARCC2 LGD variants deviated from the expected
clinical phenotypes. Their severe clinical presentations can
be explained by a second pathogenic variant identified in
other NDD-related genes. Our study suggests that loss of
SMARCC?2 alone cannot explain a severe phenotype. Thus,
clinicians should be alerted that a severely affected indi-
vidual with a SMARCC2 LGD alteration requires further
analysis for a possible second molecular diagnosis.

The 2 distinct neurodevelopmental presentations of
SMARCC2-related disease suggest that missense/in-frame
variants not affecting protein stability may follow a patho-
mechanism other than LOF. One possibility is that such var-
iants inhibit or attenuate interactions between SMARCC2 and
other BAF subunits or SMARCC2 targets. Because of their
clustering in evolutionarily conserved regions, these variants
may exert a dominant-negative, gain-of-function, or change-
of-function effect. A similar mechanism has been proposed
or shown for non-truncating variants in other BAF subunits
such as SMARCA4/A2, SMARCBI/EL, and DPF2.>"

This study demonstrates that large cohorts are essential
for improved characterization, standardized ascertainment of

disease-associated variants and genotype-phenotype corre-
lations in genetic diseases. SMARCC2 clustering hotspots
and recurrent variants allowed the reclassification of newly
and previously reported variants, improving genetic di-
agnostics. Functional studies showed that N-terminal
missense variants can destabilize SMARCC2 protein,
although further research is needed to identify the patho-
mechanism for variants in other domains. Overall, in-
dividuals with SMARCC2-NDD exhibit nonspecific clinical
manifestations and lack the defining clinical characteristics
of CSS and NCBRS, thus requiring genetic testing for
identification. By systematically analyzing and reviewing
clinical data, 2 distinct SMARCC2-associated phenotypes
were found: a more severe phenotype due to de novo non-
truncating variants and a milder phenotype due to predom-
inately inherited LGD variants with possibly incomplete
penetrance. In view of such a sharp contrast, the appropriate
nomenclature allowing to distinguish the 2 associated clin-
ical entities remains to be determined. The presented find-
ings also support 2 distinct disease pathomechanisms
underlying the corresponding clinical manifestations.

Data Availability

The data supporting this article are provided in the
supplementary files available in the online version of this
article at the publisher's website or in the online repository
Zenodo (Files S2, S3, and S4: https://doi.org/10.5281/
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