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ARTICLE

Genotype-Phenotype Correlation of Coffin-Siris
Syndrome Caused by Mutations in SMARCB1,
SMARCA4, SMARCE1, and ARID1A

TOMOKI KOSHO*, NOBUHIKO OKAMOTO, ano COFFIN-SIRIS SYNDROME INTERNATIONAL
COLLABORATORS

Coffin-Siris syndrome (CSS) is a rare congenital malformation syndrome, recently found to be caused by mutations
in several genes encoding components of the BAF complex. To date, 109 patients have been reported with their
mutations: SMARCB1 (12%), SMARCA4 (11%), SMARCET (2%), ARIDTA (7%), ARID1B (65%), and PHFE 2%).
We review genotype-phenotype correlation of all previously reported patients with mutations in SMARCBT,
SMARCA4, SMARCET, and ARIDTA through reassessment of their clinical and molecular findings. Cardinal features
of CSS included variable degrees of intellectual disability (ID) predominantly affecting speech, sucking/feeding
difficulty, and craniofacial (thick eyebrows, long eyelashes), digital (hypoplastic 5th fingers or toes, hypoplastic 5th
fingernails or toenails), and other characteristics (hypertrichosis). In addition, patients with SMARCBT mutations had
severe neurodevelopmental deficits including severe ID, seizures, CNS structural abnormalities, and no expressive
words as well as scoliosis. Especially, those with a recurrent mutation “p.Lys364del” represented strikingly similar
phenotypes including characteristic facial coarseness. Patients with SMARCA4 mutations had less coarse
craniofacial appearances and behavioral abnormalities. Patients with SMARCET mutations had a wide spectrum of
manifestations from severe to moderate ID. Patients with ARID1A also had a wide spectrum of manifestations from
severe ID and serous internal complications that could result in early death to mild [D. Mutations in SMARCBT,
SMARCA4, and SMARCET are expected to exert dominant-negative or gain-of-function effects, whereas those in
ARID1A are expected to exert loss-of-function effects. © 2014 Wiley Periodicals, Inc.

KEY WORDS: Coffin-Siris syndrome; BAF (MSWI/SNF) complex; SMARCBT; SMARCA4; SMARCET; ARID1A; intellectual disability (ID)
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INTRODUCTION after the first description by Coffin and ~ Medicine; Center for Human and

Coffin—Siris syndrome (CSS) (OMIM#
135900) is a rare congenital malforma-
tion syndrome characterized by devel-
opmental delay or intellectual disability
(ID), coarse facial appearance, feeding
difficulties, frequent infections, and
hypoplastic-to-absent fifth fingernails
and fifth distal phalanges [Levy and
Baraitser, 1991; Fleck et al., 2001;
Schrier et al., 2012]. In 2012, 42 years
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Sirisin 1970, the syndrome was found to
be caused by mutations in several genes
encoding components of the BRG1-
and BRM-associated factor (BAF)
complex, originally called as the mam-~
malian SWltch/sucrose nonfermentable
(mSWI/SNF)-like complex [Santen
et al., 2012a; Tsurusaki et al., 2012].
To date, three research groups (Depart-
ment of Human Genetics, Yokohama
City UanClSIty Graduate School of

Clinical Genetics, Leiden University
Medical Center; Institut flir Human-
genetik, Universititsklinikum  Essen,
Universitit Duisburg-Essen) have pub-
lished large series describing cohorts of
CSS patients with germline heterozy-
gous mutations in BAF complex-related
genes: SMARCBI mutations in 13
patients (12% of all mutated patients),
SMARCA4 mutations in 12 (11%),

SMARCE1 mutations in three (2%),
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ARID1A mutations in eight (7%),
ARID1B mutations in 71 (65%), and

In 2012, 42 years after the
first description by Coffin and
Siris in 1970 the syndrome
was found to be caused by
mutations in several genes
encoding components of the
BRG1- and BRM-associated
factor (BAF) complex,
originally called as the
mammalian SW1ltch/
sucrose nonfermentable
(mSW1/SNEF)-like
complex.

PHF6 mutations in two (2%) [Santen
et al, 2012a, 2013; Tsurusaki et al,
2012, 2014; Kosho et al., 2013; Wiec-
zorek et al., 2013].

In this review, we describe geno-
type-phenotype correlation of patients
with CSS caused by mutations in
SMARCB1, SMARCA4, SMARCE]1,
and ARID1A, based on reassessment
of clinical and molecular findings
of all previously reported patients.
Genotype-phenotype correlation of pa-
tients with CSS caused by mutations in
ARID1Band PHF6 s described in other
articles in this issue [Santen and Coffin-
Siris SIC, 2014; Wieczorek et al., 2014].

PATIENTS

All previously reported patients with
mutations in SMARCBI (@m=13),
SMARCA4 (n=12), SMARCE1 (n=23),
and ARIDIA (n=38) were enrolled
(Tables I and 1I) [Tsurusaki et al,
2012, 2014; Kosho et al., 2013; Santen
et al., 2013; Wieczorek et al.,, 2013].
Clinical information of all the patient,
except for two (Y37 and Y48), have
been collected again from coordinating
researchers (Dr. Miyake, Dr. Santen, and
Dr. Wieczorek) or directly from related
physicians, according to the common

format used throughout this issue, as well
as from previously published articles
[Santen et al., 2013; Wieczorek et al.,
2013]. Overall male ratio was 20/34
(59%): 5/11 (45%) in patients with
SMARCB1 mutations, 9/12 (75%) in
those with SMARCA4 mutations, 1/3
(33%) in those with SMARCE1 muta-
tions, and 5/8 (63%) in those with
ARID1A mutations. Overall median age
at the last observation was 9 years (range,
6 months—40 years): 9years in patients
with SMARCB1 mutations, 10years
in those with SMARCA4 mutations,
17 years in those with SMARCE1
mutations, and 5.5 years in those with
ARID1A mutations.

Genotypes

Mutations were confirmed to have
occurred de novo in all the patients
whose parental samples were available,
except L72 whose SMARCE1 mutation
was inherited from his affected mother.

SMARCB1 mutations were all

localized within exons 8 and 9 at the -

C-terminus of the protein, around the
highly conserved sucrose/non-ferment-
ing domain 5 (SNF5) (Fig. 1) [Tsurusaki
et al., 2012, 2014; Santen et al., 2013;
Wieczorek et al., 2013]. The mutation
“p.Lys364del” was the only recurrent
mutation, which was found in nine
patients from various ethnic back-
grounds. These patients had strikingly
similar manifestations as shown in
the following sections. The mutation
“p.Lys364del” as well as other described
missense mutations were non-truncat-
ing, implying that these mutations are
expected to exert dominant-negative or
gain-of-function effects (excluding hap-
loinsufficiency as a cause) [Tsurusaki
et al, 2012, 2014]. A heterozygous
missense mutation (c.110G > A; p.Ar-
¢37His) was found in a patient with
severe 1D, childhood hypotonia, hydro-
cephalus, and characteristic craniofacial
features (brachycephaly, midface hypo-
plasia, coarseness, hypertelorism, syn-
ophrys, short nose with anteverted
nostrils), whose clinical diagnosis was
Kleefstra syndrome (OMIM#610253)
[Kleefstra et al., 2012]. Fibroblast study
by Kleefstra et al. [2012] showed equal
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expression of SMARCB1 from wild-
type and mutant alleles, suggesting that
altered protein function might cause

SMARCBI1 mutations were
all localized within exons
8 and 9 at the C-terminus of
the protein, around the highly
conserved sucrose/
non-fermenting domain 5
(SNF5). The mutation
“p.Lys364del”’ was the only
recurrent mutation, which was
found in nine patients from
various ethnic backgrounds.
These patients had strikingly
similar manifestations as
shown in the following
sections.

the phenotype similar to SMARCBI-
related CSS patients [Kleefstra et al.,
2012]. Clinical difference between
SMARCB1-related CSS patients and
the patient with Kleefstra syndrome
might be related to the mutation site:
at the C-terminus in the former and
close to the N-terminus [Kleefstra et al.,
2012].

SMARCA4 mutations were local-
ized widely in the middle of the gene
including a helicase/SANT-associated
domain (HAS), a DEAD-like helicases
superfamily domain (DEXDc), and a
helicase superfamily c-terminal domain
(HELICc) (Fig. 1). The mutations were
all non-truncating (missense or in-frame
deletion), implying that they are ex-
pected to exert dominant-negative or
gain-of-function effects [Tsurusaki etal.,
2012, 2014, Santen et al., 2013].

SMARCE1 mutations were all
localized within a high-mobility group
domain (HMG) (Fig. 1). The mutations
were all non-truncating (missense),
implying that they are expected to exert
dominant—negative or gain-of-function
effects [Tsurusaki et al., 2012, 2014;
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TABLE I. Clinical Features of Patients with Mutations in SMARCB1, SMARCA4, SMARCE1, and ARID1A Genes (Mutation, Growth, Craniofacial Features, and
Skeletal-limb Features)

Mutation Growth Craniofacial features Skeletal-limb features
Prenatal (SD)  Postnatal (SD)  Sucking/ Thick Hypoplastic  Hypoplastic  Hypoplastic or Prominent
Amino Weight/ Weight/ feeding Sparse Eyeborws/ Upper  Lower or absent or absent absent nail  interphalangeal joint
Nucleotide acid Age’ Length/ Height/ difficulty  scalp hair/ long eyelashes/ Nasal lip lip Palatal  5th finger/ nail {other Jprominent distal
Patient 1D# change change Sex (years) OFC OFC (tube/GS)  hypertrichosis ptosis bridge  Phitrum  vermilionvermilionabnormalities  toe  (5th finger/toe) fingers/toes) phalanges Scoliosis
SMARCB1 mutations
L43 <.10896>T p-Lys363Asn F 13 —L3/NA/NA -23/-45/-3.0 Yes (NA) Yes/Yes Yes/Yes/No  Narrow  Normal Thin  Normal HP Yes/NA Yes No Yes/Yes Yes
L5 ¢.1091_1093del p.Lys364del F 6 —18/NA/NA 0.7/-4.8/~23 Yes (ube O) No/Yes Yes/Yes/No  Wide Long Thin  Normal No Yes/NA Yes No No/NA NA
L18 ¢.1091_1093del p-Lys364del F 9 —25/NA/NA -2.6/-4.6/-3.0 Yes (tube O)  Yes/Yes Yes/Yes/Yes Normal Broad, long Normal — Thick NA Yes/NA Yes Yes Yes/ Yes NA
L37 €.1091_1093del p-Lys364del M 10 —3.0/NA/NA —2.0/-3.0/—3.8 Yes (GS O)  yes/Yes Yes/Yes/Yes  Wide  Broad Thick  Thick HP No/NA Yes Yes No/Yes Severe
Y4 €.1091_1093del pLys364del F 21 -05/-02/0 -3.4/-84/-2.9 Yes (no) Yes/ Yes Yes/Yes/No  Wide  Broad Thin  Thick cpP Yes/Yes YesYes Ves/ Yes Yes/Yes Severe
Y21 €.1091_1093del p-Lys364del F 9 -30/-24/-19-3.0/—4.1/—4.3 Yes (G§ O)  Yes/Yes Yes/Yes/No  Wide Long Thin  Thick HP Yes/ Yes Yes/Yes Yes/Yes No/Yes es
Y22 ¢.1091_1093del p.Lys364del M 3 +02/NA/NA —23/-22/-3.4Yes (tube W)  Yes/Yes Yes/Yes/Yes  Wide Long Thin  Thick HP Yes/ Yes Wes/ Yes Yes/ Yes No/NA No
Y29 €.1091_1093del p.Lys364del M 9 —09/-22/-13-33/-51/=3.1 Yes (GS O)  Yes/No Yes/Yes/Yes Normal Broad, short  Thin  Normal No No/NA Yes/ Yes Yes/ Yes Yes/ Yes Yes
Y37 ¢.1091_1093del plys364del NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Y48 ¢.1091_1093del p.Lys364del NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
K2588 c1096c>T p-Arg366Cys M 1lm —0.6/-0.2/—1.0 NA/=2.6/~1.5 Yes (NA) Yes/No Yes/Yes/No  Flac Long Thin  Thick No CP No Yes/Yes No/No No/No No
K2426 c1121G>A p.Arg374GIn M 4 —0.9/-0.9/-0.4 NA/=3.4/=3.2 Yes (NA) Yes/Yes Yes/Yes/Yes  Flat Normal Thin Thick No CP Yes Yes/Yes Yes NA/No Yes
Yi1 ¢1130G> A p.Arg377His F 7 —18/-29/0 -3.1/-27/NA Yes (NA) Yes/No Yes/Yes/Yes  Wide NA NA Thick cp Yes/ Yes Yes NA NAMNA Yes
SMARCA4 mutations
Ld6 c.1349c> A p-Alad450Asp M 4 —13/NA/NA —1.3/-2.0/-2.5Yes (ube O) No/Yes  No/Yes/Yes NA Long  Normal Thick No Yes/NA Yes No No/No NA
Y32 c1372_1395del plysd58 Glud6del M 6m —2.1/-2.1/+0.2—3.7/~3.3/~2.2 Yes (NA) Yes/ Yes Yes/Yes/No  Flat  Normal NA Thick cp Yes/ Yes Yes NA NA No
Y9 ¢.1636_1638del p.Lys546del M 18 NA —-1.8/-2.3/NA No No/Yes Yes/Yes/Yes Nartow  Long  Everted Normal — SMCP Yes/NA Yes/NA NA No/Yes No
Y7 ¢.2576C>T p.Thr859Met M 20 -22/NA/NA —-02/-2.6/-38 Yes (GS) Yes/Yes Yes/Yes/Yes Narrow  Short Everted  Thick HP Yes/ Yes Yes/Yes Yes/No Yes/Yes NA
Y5 ¢2653C>T pArg885Cys M 9 —1.2/-0.9/-0.9—1.5/-3.2/=3.6Yes (tube W) No/Yes Yes/Yes/Yes Normal  Short  Everted  Thick cr No/Yes No/yes No/Yes No/Yes No
Y14 c2654G > A p-Arg885His F 8 —26/-27/-3.9-1.9/—1.8/-3.0 Yes (NA) No/Yes Yes/Yes/Yes  Flat Short Normal  Thick HP No/Yes No/Yes No/No No/NA No
Y16 c2761C>T p.Leu921Phe M 1t —1.7/-1.6/-0.6 —1.8/—-3.1/—2.9 Yes (tube W)  Yes/Yes Yes/Yes/Yes  Flat NA Thin Thick HP Yes/ Yes Yes/ Yes Yes/ Yes No/Yes No
Y25 ¢3032T>C pMet1011Thr  F 16 —1.0/-1.9/40.1-1.9/-1.9/-2.3 Yes (NA) No/Yes Yes/Yes/No  Flat Short Everted  Thick HP Yes/ Yes Yes/ Yes Yes/ Yes Yes/ Yes No
170 c3127C>T pArglO43Typ M 4 0.2/NA/NA  ~0.7/0.7/—1.1  Yes (NA) Yes/Yes No/Yes/No Normal  Long Normal  Thick No Yes/NA Yes Neo Yes/No No
L42 c.3380A>G p-Aspl127Gly  F 12 —1.0/NA/NA -2.3/-3.0/-3.7 Yes (NA) No/Yes  Yes/No/Yes Normal Broad, long  Thin  Normal HpP Yes/NA Yes No No/Na Yes
Y17 ¢3469C> G pAgl157Gly M 4 —1.1/-23/-13-3.0/—3.4/—-2.7 Yes (GS O)  Yes/Yes Yes/Yes/Yes  Flat Normal  Normal  Thick cp Yes/ Yes Yes/Yes YesYes No/No Ne
12 €.3608G > A p.Argl203His M 40 0.5/NA/NA  -23/-3.0/-3.7 Yes (NA) No/Yes  No/No/Yes Normal  Short Thin  Thick cp Yes/NA Yes No No/Neo No
SMARCE1 mutations
K2442 c218A>C p.Tyr73Ser 3  -23/-28/NA NA/-3.7/-4.6 Yes (NA) Yes/NA  Yes/Yes/Yes  Flat Short Thin  Thick NA Yes Yes/ Yes Yes NA/No No
Y24 c218A>G p-Tyr73Cys F 17 —24/-3.0/-42 —4.5/~58/NA Yes (GS W)  Yes/Yes No/No/No Narrow  Long Thin  Thick cp Yes/ Yes Yes/Yes Yes/ Yes No/No Severe
L72 c314G>A pAgl05GIn - M 19 ~0.8/-05/0 —2.0/-2.0/NA Yes (tube W) No/Yes  Yes/NA/No Normal NA Normal  Thick No Yes/NA Yes No Yes/Yes NA
ARID1A mutations
Y3 ¢.31_56del p-Serl1Alaf"91 M 27 —1.0/—~14/NA ~6.2/—8.9/-3.7 Yes (GS Oy Yes/Yes Yes/Yes/No  Wide Short NA "Thick cpP NA Yes Yes/Yes NA/NA NA
148 c.1113del p.GIn372Serfs* 19 F 1 —3.0/NA/NA -2.6/—17/-05 Yes (NA) NA/Yes Yes/Yes/Yes  NA  Broad, long Normal — Thick No Yes Yes No No/No No
Y6 c2758C>T p-Gin920* M 1% —06/-1.1/22 ~55/—~8.2/=3.1 Yes (tube O)  Yes/Yes Yes/Yes/No  Wide Broad, long  Thin Thick cp Yes/ Yes Yes/ Yes Yes/ Yes No/No No
126 c3679G>T p.Glu1227* F 8 —0.2/NA/NA 0/—2.0/0  Yes (tube W) NA/Yes No/Yes/Yes Wide Broad, long Thin Thick NA Yes Yes No No/No No
Y8 c4003C>T p.Argl335* M 10 NA 50th/3rd/50eh - Yes (GS Q) Yes/Yes Yes/Yes/No  Wide Long Normal  Thick HP Yes/ Yes Yes/Yes Yes/Yes No/Yes Kyphoscoliosis
K2435 ¢5965C>T p.Arg1989° M 9 NA NA/—1.6/-0.3 NA No/Yes  Yes/Yes/Yes  Flat Short  Normal Thick No CP No No/No Yes Yes/No No
133 c.6493G>T p2165* M 10 O/NA/NA  NA/—0.6/NA  Yes (ube)  NA/NA  Yes/NA/NA NA NA NA NA NA Yes NA/Yes? NA/Yes? NA/NA Severe
125 c.6532del  p.Asp2178Thefs*22 F 3 0/NA/NA  —03/-03/05 Yes (tube O) No/Yes  No/NA/No NA  Normal Thin  Normal No Yes Yes/Yes No/Yes NA/NA No

ey . according to the article by Tsurusaki et al. [2014], “L...” according to the article by Santen et al. [2013], and “K...” according to the article by Wieczorek et al. [2013].

Sage at the last observation.

Tdied CP, cleft palate; F, female; GS, gastrostomy; H, high palate; M, male; Mo, moderate; NA, data not available; O, tube feeding ongoing; OFC, occipitofrontal circumference; S, severe; SD,
standard deviation; SMCP, submucous cleft palate; W, tube feeding weaning off.
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TABLE II. Clinical Features of Patients with Mutations in sMarcB1, sMarcA4, sMARCE], and 4rip14 Genes (Complications, Neurology, Development, and Behavior)

Neurological features Development/intelligence
CNS Developmental Age of
Hearing Visual Ophthalmological ~ Frequent structural delay/intellectual independent Behavioral
Patient ID* Cardiovascular Gastrointestinal Genitourinary Hernia impairment impairment abnormalities infection Hypotonia Scizures abnormalities disability sitting/walking Speech abnormalities
SMARCB1 mutations
L43 No No No U Mo No NA Yes Yes No NA Mo-Se 11m/2y2m Sen Tan
L5 Dex, PS PyS HK NA Yes Yes My, Sph NA No Yes ACC Se NA NW NA
L18 ASD No No NA NA Yes My Yes Yes Yes ACC Se 3y/6y NwW NA
137 Dex GER, PyS Cr H,1 NA Yes Am Yes Yes Yes ACC Se No/No Sw HyAc
Y4 No v NA No Se NA NA NA Yes Yes NA Se 2y3m/7y NW Im, HyAc, SI
Y21 No GER No 1 Sc No NA Yes Yes Yes ACC Se No/No NW No
Y22 No PyS No 1 No No NA Yes Yes No ACC Se 2y/No NwW No
Y29 No GER VUR, HU, LU No No NA Yes Yes Yes ACC Se No/No Nw No
HN, VD
Y37 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Y48 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
K2588 No NA No U NA NA NA No No NA ACC Mi 7m/No Yes NA
K2426 ASD, VSD, PS PyS Cr NA Yes Yes NA Yes No Yes ACC Mo NA/2y6m NW HyAc
Y11 VSD No No D Mo Yes NA Yes Yes Yes CH, DWW Se No/No NW No
SMARCA4 mutations
L46 No PyS, GER CE Cr NA No No NA Yes Yes No DW, ACC Se 9m/2y9m SW SAS
Y32 No No No No Yes No NA No No No CH, DW, ACC Yes NA NA NA
Y9 No No No No No Yes My, As No Yes Yes NA Mi 10m/NA Sen NA
Y7 No GOS, Co No 1 Yes Yes My Yes Yes No NA Se 2y/6y SW HyAc, Iin
Y5 No Co Cr No Mo Yes NA No Yes No CH, ACC Se 1y3m/6y NW HyAc, HySe,
SI, Ob
Y14 Yes GER No LU No No NA Yes Yes No No Mo NA/2y6m Sen HyAc
Y16 VSDY, DU, Co No 1 No Yes oDc Yes No Yes NA Se NA/6y NwW No
PDA*, PR
Y25 No Co No No Yes Yes NA Yes Yes No ACC Mo 1y6m/2y8m Sen ReMo
L70 vSD No No No No No NA No Yes No NA Se 9m/1y6m NwW HyAc, SAS
L42 No Co No 1 No No NA Yes Yes No ACC Mo 1y/4y Sen Ob, SI
Y17 ASD, PDA, GER Cr Om No No NA Yes No No ACC Se No/No NW NA
MA, PA,
SRV,
L2 VSD, PS No No Yes No NA NA Yes NA No NA Mo 5m/3y Sen? NA
SMARCET mutations
K2442 Dex, ASD, PH NA NA NA NA NA NA Yes No No CH, DW, ACC Mo Ty6m/4y6m NW No
Y24 AS, TS, MS, CAA No NA No Se NA ONA No Yes Yes CH Se NA/NA NwW NA
L72 No PyS No No No Yes My Yes No Yes NA Mo NA/3y Sen? HyAc
ARID1A mutations
Y3 CoA, ASD, VSD PyS NA No No No NA NA Yes No ACC Se No/No NW NA
148 No No No No No Yes obpC No Yes No ACC Mo-Se 13m/No NwW? No
Y6 CoA, VSD, AA, RUF HSp, Cr No NA NA NA NA Yes No CH, DW, ACC Se No/No NW NA
AS, AVB,
126 No No No NA Mi Yes My, St Yes Yes No No Mi NA Sen Anx, Cm
Y8 ASD* 10, GER No I Mi NA St Yes No NA ACC Se 9m/No NW HyAc
K2435 No NA Cr NA No NA St No Yes Yes ACC Mi NA/>1y7m Yes HyAc
L33 No HD No NA NA NA NA NA Yes No ACC Se NA NW No
L25 No No No NA No Yes St Yes Yes Yes ACC NA NA Yes NA

Fey 7 according to the article by Tsurusaki et al. [2014], “L...” according to the article by Santen et al. [2013], and “K...” according to the article by Wieczorek et al. [2013].
*spontaneously closed; AA, anal atresia; ACC, abnormal corpus callosum; Am, amblyopia; Anx, anxiety; AS, aortic stenosis; As, astigmatism; ASD, atrial septal defect; AVB, AV block; CAA,
cervical arterial anomaly; CE calyceal fulness; CH, cerebellar hypoplasia; Cm, compulsive; CNS, central nervous system; Co, constipation; CoA, coarctation of aorta; Cr, cryptorchidism; D,
diaphragmatic hernia; Dex, dextrocardia; DU, duodenal ulcer; DW, Dandy-Walker malformation; GER, gastroesophageal regurgitation; GOS, gastric outlet syndrome; H, Hiatus hernia;
HD, Hirschsprung disease; HK, horseshoe kidney; HN, hydronephrosis; HSp, hypospadias; HU, hydroureter; HyAc, hyperactivity; HySe, hypersensitivity; I, inguinal hernia; Im,
impulsiveness; 1O, intestinal obstruction; MA, mitral atresia; Mi, mild; Mo, moderate; MS, mitral stenosis; My, myopia; N'W, no word; Ob, obsession; ODC, optic disc coloboma; Om,
omphalocele; ONA, optic nerve atrophy; PA, pulmonary atresia; PDA, patent ductus arteriosus; PH, pulmonary hypertension; PR, pulmonary regurgitation; PS, pulmonarey stenosis; PyS,
pyloric stenosis; ReMo, repetitive movement; RUE retrourethral fistula; SAS, short attention span; Se, severe; Sen, sentence; S, self-injury; Sph, spherophakia; SRV, single right ventricle; St,
strabismus; SW, several words; Tan, tantrum; TS, tricuspid stenosis; U, umbilical hernia; VD, vesical diverticulum; VSD, ventricular septal defect; VUR, vesicoureteral reflux.
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Figure 1. Previously reported mutations in each gene. A black circle indicates a
missense mutation, a black triangle indicates a inframe deletion, a black square indicates a
nonsense mutation, and a black X indicates a frameshift deletion. Specific domains are
shown as follows: sucrose/non-fermenting domain 5 (SNF5); Gln, Leu, Gln motif
(QLQ); helicase/SANT-associated domain (HAS); Brahma and Kismet domain (BRK);
DEAD-like helicases superfamily domain (DEXDc); helicase superfamily c-terminal
domain (HELICc); bromodomain (BROMO); highly-mobility group domain (HMG);

and ARID/BRIGHT DNA-binding domain (ARID).

Santen et al., 2013; Wieczorek et al,,
2013]. L72 was the only familial case in
this series, whose mutation (Arg105Gln)
was inherited from his mother with
phenotypic similarities [Santen et al.,
2013]. However, pathogenicity of this
missense variant should be proved
through detailed clinical evaluation of
L72 and his mother as well as functional
analysis.

ARID1A mutations were all trun-
cating (nonsense, frameshift), implying
that loss-of-function of the gene would
cause the phenotype (Fig. 1) [Tsurusaki
et al., 2012, 2014; Santen et al., 2013;
Wieczorek et al., 2013]. The mutated
transcripts from one of the nonsense
mutations (p.GIn920*) were found to be
subject to nonsense-mediated decay
[Tsurusaki et al., 2012]. Sanger sequenc-
ing results of two nonsense mutations
(L26 and L33) showed that they were
mosaic (clearly lower peaks of the variant
alleles than the normal alleles), and that

two frameshift mutations (L25 and 148)
were also suggested to be mosaic, though
it was less obvious [Santen et al., 2013].
There have been only eight patients
reported to have ARID1A mutations,
significantly fewer than those with
ARID1B mutations (71  patients)
[Santen et al.,, 2012a, 2013; Tsurusaki
et al., 2012, 2014; Kosho et al., 2013;
Wieczorek et al,, 2013], though the
pathogenic variants in both genes lead to
haploinsufficiency and size of the coding
region is comparable (6,855 bp in
ARID1A and 6,747 bp in ARID1B)
[Santen et al, 2013]. Furthermore,
heterozygous truncating variants in
ARID1A have been shown to be
embryonically lethal in mice, whereas
no ARIB1B-knockout mice have been
reported to date [Gao et al., 2008].
Therefore, truncating heterozygous
germline variants in ARID1A would
be embryonically lethal in human
[Santen et al.,, 2013].
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Growth and Feeding

Growth and feeding are listed in Table I
and summarized in Table III. Growth
was mildly impaired prenatally and more
severely impaired postnatally. Sucking/
feeding difficulty was observed in almost
all the patients, and the majority of them
whose data were available had tube
feeding, which could be weaned off in
approximately one-third of them.

Craniofacial Features

Craniofacial features are listed in Table I,
Hlustrated in Figure 2, and summarized
in Table III. The facial gestalt of patients
with mutations in each gene could be
described as follows: The facial gestalt

The facial gestalt of patients
with SMARCA4 mutations
appeared less coarse with
characteristic patterns of the
phitrum (short or long/broad)
and upper lip vermilion
(everted or thin) as well as
pointed chin especially
in older ages.

of patients with the recurrent mutation
“p.Lys364del” in SMARCBI1 repre-
sented characteristic coarseness (in early
childhood, round face with thick and
arched eyebrows, short nose with bul-
bous tip and anteverted nostrils, long
philtrum, small mouth, and micro-
retrognathia; later, broad nasal bridge
without anteverted nostrils, broad phil-
trum, large tongue, and protruding jaw).
The facial gestalt of patients with
SMARCA4 mutations appeared less
coarse with characteristic patterns of
the phitrum (short or long/broad) and
upper lip vermilion (everted or thin) as
well as pointed chin especially in older
ages. The facial gestalt of patients with
ARIDIA mutations represented some
coarseness with short nose and charac-~
teristic patterns of the phitrum (short
or long/broad) and lower lip vermilion
(thick, everted).
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TABLEIII. Compatison of Clinical Features of Patients Caused by Mutations in Each Gene (Growth, Craniofacial Features,
and Skeletal Features)

Genes SMARCBI1 SMARCA4 SMARCE1 ARID1A Total

Growth and feeding
Prenatal growth

Birth weight (mean SD score) —1.5 (n=11) —-1.2 n=11) —-1.8 n=3) —0.8 (n=6) —~1.3 (n=31)

Birth length (mean SD score) —1.5 n=¢6) -1.9 n=16) —2.1 (n=3) -13 @=2) -17 @=17)

Birth OFC (mean SD score) —0.8 n=6) —-1.1 (n=06) —21 (=2 22 n=1) —0.9 m=15)
Postnatal growth at the last observation

Weight (mean SD score) —24 (0=9) -1.9 a=12) —33 (n=2) —-29 a=5) —23 n=28)

Height (mean SD score) —4.1 (n=11) —2.4 (n=12) —-3.8 n=3) =33 @=7) =33 @n=33)

OFC (mean SD score) —3.1 (n=10) -29 m=11) —4.6 (n=1) —12@=6) —2.6 (n=28)
Sucking/feeding difficulty 100% (11/11) 92% (11/12) 100% (3/3) 100% (7/7) 99% (32/33)

Tube feeding 86% (6/7) 100% (5/5) 100% (2/2) 100% (6/6) 95% (19/20)

Weaned off tube feeding 17% (1/6) 67% (2/3) 100% (2/2) 20% (1/5) 38% (6/16)

Craniofacial features

Sparse sculp hair 91% (10/11) 42% (5/12) 67% (2/3) 60% (3/5) 65% (20/31)
Hypertrichosis 73% (8/11) 100% (12/12) 100% (2/2) 100% (7/7) 91% (29/32)
Thick eyebrows 100% (11/11) 75% (9/12) 67% (2/3) 75% (6/8) 82% (28/34)
Long eyelashes 100% (11/11) 83% (10/12) 50% (1/2) 100% (6/6) 90% (28/31)
Ptosis 55% (6/11) 75% (9/12) 33% (1/3) 43% (3/7) 58% (19/33)
Nasal bridge

Wide 55% (6/11) 0% (0/11) 0% (0/3) 80% (4/5) 60% (18/30)

Flat 18% (2/11) 45% (5/11) 33% (1/3) 0% (0/5)

Normal 18% (2/11) 36% (4/11) 33% (1/3) 20% (1/5) 27% (8/30)

Narrow 9% (1/11) 18% (2/11) 33% (1/3) 0% (0/5) 13% (4/30)
Philtrum

Long 40% (4/10) 27% (3/11) 50% (1/2) 14% (1/7) 30% (9/30)

Short 0% (0/10) 45% (5/11) 50% (1/2) 29% (2/7) 27% (8/30)

Normal 20% (2/10) 18% (2/11) 0% (0/2) 14% (1/7) 17% (5/30)

Broad/long 10% (1/10) 9% (1/11) 0% (0/2) 43% (3/7) 17% (5/30)

Broad 20% (2/10) 0% (0/11) 0% (0/2) 0% (0/7) 7% (2/30)

Broad/short 10% (1/10) 0% (0/11) 0% (0/2) 0% (0/7) 3% (1/30)
Upper lip vermilion

Thin 80% (8/10) 27% (3/11) 67% (2/3) 50% (3/6) 53% (16/30)

Normal 10% (1/10) 36% (4/11) 33% (1/3) 50% (3/6) 30% (9/30)

Everted 0% (0/10) 36% (4/11) 0% (0/3) 0% (0/6) 13% (4/30)

Thick 10% (1/10) 0% (0/11) 0% (0/3) 0% (0/6) 3% (1/30)
Lower lip vermilion

Thick 73% (8/11) 83% (10/12) 100% (3/3) 86% (6/7) 82% (27/33)

Normal 27% (3/11) 17% (2/12) 0% (0/3) 14% (1/7) 18% (6/33)
Palatal abnormalities

Cleft palate 20% (2/10) 33% (4/12)* 50% (1/2) 33% (2/6) 30% (9/30)

Skeletal-limb features

Hypoplastic 5th fingers or toes 73% (8/11) 100% (12/12) 100% (3/3) 86% (6/7) 88% (29/33)
Hypoplastic 5th fingernails or toenails 100% (11/11) 100% (12/12) 100% (3/3) 88% (7/8) 97% (33/34)
Hypoplastic other fingernails and toenails 70% (7/10) 50% (5/10) 67% (2/3) 75% (6/8) 65% (20/31)
Prominent interphalangeal joints 44% (4/9) 27% (3/11) 50% (1/2) 20% (1/5) 33% (9/27)
Prominent distal phalanges 75% (6/8) 50% (5/10) 33% (1/3) 20% (1/5) 50% (13/26)
Scoliosis 78% (7/9) 10% (1/10) 50% (1/2) 29% (2/7) 39% (11/28)

SD, standard deviation.
*Submucous cleft palate was observed in another patient.
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Figure 2.

Craniofacial features of patients with mutations in SMARCB1, SMARCA4, SMARCE1, and ARID1A. SMARCBI1: L5
(a-1,2); L37 (b); Y4 at age 2 months (c-1), 6 years (c-2), and 18 years (c-3); Y21 in the neonatal period (d-1), at age 2 years (d-2), and 7 years
(d-3); Y29 (e); and K2426 (f). SMARCA4: 146 (g); Y32 (h); YO at age 18 years (i); Y7 at age 2 years (j-1) and 20 years (j-2); Y5 at age
4 months (k-1) and 5 years and 1 month (k-2); Y14 (I); Y16 in the neonatal period (m); L42 (n); Y17 at age 3 years and 7 months (o).
SMARCET1: Y24 atage 14 years (p). ARID1A: L48 (q); L26 (r); Y8 atage 10 years (s); K2435 (t); and L33 (u). [Figure d-2, m, and s, originally
published in Tsurusaki et al. [2012], in Nature Genetics; Figure ¢-1, 2, and 3, d~1 and 3,1, j-1 and 2, k-1 and 2, 0, and p, originally published in
Kosho et al. [2013], in American_Journal of Medical Genetics Part A; Figure a, b-1 and 2, g, n, q, r, and u, originally published in Santen et al.
[2013], in Human Mutation; Figure f and t, originally published in Wieczorek et al. [2013], in Human Molecular Genetics by permission of
Oxford University Press; Figure e, h, and 1, originally published in Tsurusaki et al. [2014], in Clinical Genetics]

Skef:t\aT-limb Features

Skeletal-limb features are listed in
Table I, illustrated in 3-5, and summa-
rized in Table III. Most of the patients
had both hypoplastic 5th fingers/toes
and hypoplastic 5th fingernails/toenails.

Interestingly, 5th toes and toenails were
affected but 5th fingers and fingernails
were not affected in Y5 (Fig. 4h-1, 2)
and Y14 (3g and 4i) with SMARCA4
mutations. Other fingernails and/or
toenails were affected but 5™ fingers/
fingernails and toes/toenails were not
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affected in K2435 (3p and 4r). Frequen-
cy of scoliosis is significantly high in
patients with SMARCBI mutations
(severe in Y4 and L33) (Fig. 5), though
severe scoliosis was also observed in Y24
with a SMARCE1 mutation and L33
with an ARID1A mutation.
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Figure 3.

Tsurusaki et al. [2014], in Clinical Genetics)

SMARCE1

Digital features (hands) of patients with mutations in SMARCB1, SMARCA4, SMARCE1, and ARID1A. SMARCB1: Y4
atage 21 years (a-1, 2), Y29 (b), and K2426 (c). SMARCA4: Y32 (d), Y9 at age 18 years (e-1, 2), Y7 at age 20 years (f), Y14 (g), Y16 in the
neonatal period (h), Y25 at age 8 years (i), L42 (j), and Y17 atage 3 years and 7 months (k-1, 2). SMARCE1: Y24 atage 14 years (-1, 2), and
K2442 (m). ARID1A: Y6 in the neonatal period (n-1, 2), Y8 at age 10 years (o), and K2435 (p). [Figure h, originally published in Tsurusaki
etal. [2012], in Nature Genetics; Figure a-1, 2, ¢, £,1,k-1, 2,1-1, 2,n-1, 2, and o, originally published in Kosho et al. [2013], in American _Journal
of Medical Genetics Part A; Figure j, originally published in Santen et al. [2013], in Human Mutation; Figure ¢, m, and p, originally published in
Wieczorek et al. [2013], in Human Molecular Genetics by permission of Oxford University Press; Figure b, d, and g, originally published in

Internal Complications

Internal complications are listed in
Table II and summarized in Table IV.
Respiratory complications included lar-
yngomalacia in three patients with

SMARCA4 mutations (L46, Y16,
L42, and Y17) and two patients with
ARIDIA mutations (Y8 and L25),
bronchomalacia in two patients with
SMARCA4 mutations (Y14 and Y17),
and chronic lung disease with bronchi-
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ectasis in a patient with a SMARCB?
mutation (L37). Cardiovascular compli-
cations included a single defect or
multiple defects. The most frequent
complication was ventricular septal de-
fects (VSD) in seven patients, followed
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Figure 4. Digital features (toes) of patients with mutations in SMARCB1, SMARCA4, SMARCE1, and ARID1A. SMARCB1: L37
(a), Y4 at age 21 years (b-1, 2), Y21 at age 5 years (c-1, 2), Y29 (d), and K2426 (e). SMARCA4: Y32 (f), Y7 at age 20 years (g), Y5 at age
9 years and 10 months (h-1, 2), Y14 (i), Y16 in the neonatal period (-1, 2), Y25 atage 8 years (k), and Y17 at age 3 years and 7 months (-1,
2). SMARCET: Y24 atage 14 years (m-1, 2), and K2442 (n). ARID1A: Y6 in the neonatal period (0-1, 2), Y8 at age 10 years (p-1, 2), L33
(q), and K2435 (r). [Figure h-2, m-2, originally published in Tsurusaki et al. [2012}], in Nature Genetics; Figure b-1, 2, ¢-1, 2, g, h-1,j-1, 2, k,
-1, 2, m-1, 0-1, 2, p-1, 2, originally published in Kosho et al. [2013], in American _Journal of Medical Genetics Part A; Figure a and g, originally
published in Santen et al. [2013), in Human Mutation; Figure, e, n, and 1, originally published in Wieczorek et al. [2013], in Human Molecular
Genetics by permission of Oxford University Press; Figure d, £, and i, originally published in Tsurusaki et al. [2014], in Clinical Genetics)

ventricular septal defects dextrocardia in three,
Cardiovascular complications (VSD) in seven patients, coarctation of aorta (CoA)
included a single defect or followed by atrial septal in two, and aortic stenosis
multiple defects. The most defects (ASD) in six patients, (AS) in two.
frequent complication was pulmonary stenosis in three,

— 284 —



ARTICLE AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS) 271

Figure 5. Severe scoliosis in Y4 at age 14 years (a) and 21 years (b, ¢).

by atrial septal defects (ASD) in six (AS) in two. VSD and patent ductus  tricular block and cardiac decompensa-

patients, pulmonary stenosis in three, arteriosus in Y16 and ASD in Y8 were  tion leading to death at age 1 year and
dextrocardia in three, coarctation of  spontaneously closed. Y6, having VSD, 1 month, although CoA was repaired
aorta (CoA) in two, and aortic stenosis CoA, and AS, suffered from atrioven- surgically at age 20 days. The most

TABLE IV. Comparison of Clinical Features of Patients Caused by Mutations in Each Gene (Complications, Neurology,
Development, and Behavior)

Genes SMARCB1 SMARCA4 SMARCE1 ARID1A Total

Internal complications
Cardiovascular 45% (5/11) 42% (5/12) 67% (2/3) 38% (3/8) 44% (15/34)
Gastrointestinal 70% (7/10) 67% (8/12) 50% (1/2) 57% (4/7) 65% (20/31)
Genitourinary 45% (5/11) 25% (3/12) 0% (0/1) 29% (2/7) 32% (10/31)
Hernia 88% (7/8) 55% (6/11) 0% (0/2) 25% (1/4) 56% (14/25)
Hearing and vision
Hearing impairment 75% (6/8) 33% (4/12) 50% (1/2) 33% (2/6) 46% (13/28)
Visual impairment 56% (5/9) 45% (5/11) 100% (1/1) 75% (3/4) 56% (14/25)
Immunology
Frequent infection 89% (8/9) 67% (8/12) 67% (2/3) 60% (3/5) 72% (21/29)
Neurology
Hypotonia 73% (8/11) 73% (8/11) 33% (1/3) 88% (7/8) 73% (24/33)
Seizures 80% (8/10) 17% (2/12) T 67% (2/3) 29% (2/7) 44% (14/32)
Structural CNS abnormalities 100% (9/9) 86% (6/7) 100% (2/2) 88% (7/8) 92% (24/26)

Development and intelligence
Developmental delay and ID

Severe 73% (8/11) 55% (6/11) 33% (1/3) 57% (4/7) 59% (19/32)
Moderate to severe 9% (1/11) 0% (0/11) 0% (0/3) 14% (1/7) 6% (2/32)
Moderate 9% (1/11) 36% (4/11) 67% (2/3) 0% (0/7) 22% (7/32)
Mild 9% (1/11) 9% (1/11) 0% (0/3) 29% (2/7) 13% (4/32)
Speech impairment
No words 80% (8/10) 36% (4/11) 67% (2/3) 83% (5/6) 63% (19/30)
Several words 10% (1/10) 18% (2/11) 0% (0/3) 0% (0/6) 10% (3/30)
Sentences 10% (1/10) 45% (5/11) 33% (1/3) 17% (1/6) 27% (8/30)
Bahavior
Bahavioral abnormalities 50% (4/8) 88% (7/8) 50% (1/2) 60% (3/5) 65% (15/23)

CNS, central nervous system; ID, intellectual disability.
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frequent gastrointestinal complications
were pyloric stenosis and gastroesopha~
geal reflux both in seven patients,
followed by constipation in five. The
most frequent genitourinary complica-
tion was cryptorchidism in seven pa-
tients. The most frequent type of hernia
was inguinal in nine patients, followed
by umbilical in four.

Malignancy

Only a patient with an ARIDIA
mutation (Y3) had malignancy. He was
found to have hepatoblastoma because
of abdominal distension at age 1 year and
10 months. The tumor had arisen from
the right lobe, progressed with increased
levels of liver transaminases, and led him
to death at 2 years and 3 months because
of paralytic ileus.

There has been increasing evidence
to suggest the BAF complex genes to
play a significant role in tumor suppres-
sion. Overall mutation spectrum in
SMARCB1, SMARCA4, SMARCE1,

There has been increasing
evidence to suggest the BAF
complex genes to play a
significant role in tumor
suppression. Overall mutation
spectrum in SMARCBI,
SMARCA4, SMARCEI,
and ARID1A has similarities
and differences between
malignancies/tumor
predisposing syndromes
and CSS.

and ARID1A has similarities and differ-
ences between malignancies/tumor pre-
disposing syndromes and CSS. Germline
and somatic truncating/missense muta-
tions in SMARCBI (the “p.Arg377His”
was found in Y11 and also found as a
somatic mutation in four meningiomas
[Schmitz et al., 2001]), germline trun-
cating mutations and somatic missense

mutations in SMARCA4, somatic trun-
cating mutations in SMARCEI, and
somatic truncating/missense mutations
in ARID1A were found in malignan-
cles/tumor  predisposing  syndromes,
whereas germline missense mutations
in  SMARCBI, SMARCA4, and
SMARCET and germline truncating
mutations in ARID1A were found in
CSS [Santen et al., 2012b]. Santen et al.
[2012b] published an extensive review
focusing on the link between occur-
rence of ID and tumorigenesis associated
with the BAF complex gene alterations.
The link between ID and malignancies
might be explained by the involvement
of the BAF complex in tissue differenti-
ation. Impaired neuronal differentiation
would cause ID and erroncous tissue
differentiation could lead to aberrant
growth and then tumor formation.
The link might also be explained by
the involvement of epigenetic factors.
Germline mutations in some epigenetic
modifier genes, such as NSD1 and
ASXL1, were identified in ID syn-
dromes, whereas somatic mutations in
the same genes were found in malignan-
cies. Presence or absence of tumor
predisposition in patients with CSS
caused by mutations in the BAF com-
plex genes and necessity of tumor
surveillance in these patients remain to
be clarified.

Hearing and Vision

Hearing or visual impairment is listed in
Table IT and summarized in Table IV.
Hearing impairment was severe in
three patients, moderate in three,
and mild in two. The most frequent
ophthalomological abnormality was
myopia in six patients, followed by
strabismus in three and optic disc
coloboma in two.

Immunology

Frequent infection included respiratory
tract infection and urinary tract infec-
tion, listed in Table Il and summarized in
Table IV. L37 was diagnosed with
immunodeficiency requiring intrave-
nous antibiotics every two weeks.
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Neurology

Neurological abnormalities included
hypotonia, seizures, and structural ab-
normalities in the central nervous system
(CNS), listed in Table IT and summarized
in Table IV. Efficacy of antiepileptic
drugs was described in three patients
(Y4, Y21, and Y24): carbamazepine for
Y4, carbamazepine and valproic acid for
Y24. The most frequent abnormality
was abnormal corpus callosum (hypo-
plasia or agenesis of corpus callosum) in
22 patients, followed by cerebellar
hypoplasia in six and Dandy-Walker
malformation in five.

Development and Intelligence

Developmental delay and ID were
observed in all the patients, as listed in
Table 1T and summarized in Table IV
Independent sitting was not possible in a
total of 7/23 (30%) patients older than
6months old: in 4/9 (44%) with
SMARCB1 mutations, in 1/9 (11%)
with a SMARCA4 mutation, in 0/1
(0%) with a SMARCET mutation, and
in 2/4 (50%) with ARID1A mutations.
Assuming that these patients would
accomplish independent sitting after
the last observation of this study,
the overall median age of indepen-
dent sitting was 18 months (n=23):
36 months in patients with SMARCBI1
mutations (n=29), 12months in those
with SMARCA4 mutations (n =9), and
12.5 months in those with ARID1A
mutations (n = 4). Independent walking
was not possible in a total of 9/25 (36%)
patients older than 1year old: in 5/9
(56%) with SMARCB1 mutations, in 1/
10 (10%) a SMAR CA4 mutation, in 0/2
(0%) with a SMARCE1 mutation, and
in 3/4 (75%) with ARID1A mutations.
Assuming that these patients would
accomplish independent walking after
the last observation of this study, the
overall median age of independent
walking was 36months (n=27):
78 months in patients with SMARCB1
mutations (n=10), 42 months in those
with SMARCA4 mutations (n=10),
45months in those with SMARCE1
mutations (n=2), and 19 months in
those with ARID1A mutations (n=5).
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Speech impairment was observed in
all patients. Despite speaking no words,
Y4 understood simple commands in
daily life and express herself with
gestures. Y11 distinguished her family
members from others and smiled when
called by her name. Y16 understood
language and communicated to others
with gestures. Among those who spoke
several words, Y7 understood simple
commands. Among those who spoke
sentences, Y9 understood almost every-
thing necessary for daily life, Y25 made
simple conversation and read “hiragana”
(Japanese cursive characters), and L2
could read and write words.

Behavior

Behavioral abnormalities are listed in
Table II and summarized in Table IV.
The most frequent abnormality was
hyperactivity in 10 patients, followed
by self-injurious behavior in three, short
attention span in two, and obsession in
two. L43 was described to have autistic
traits and Y5 was diagnosed with autism
spectrum disorder.

Summary of Clinical and
Molecular Characteristics of
Patients With Mutations of Each
Gene

In this review, all previously reported
patients with a clinical diagnosis of
CSS and mutations in SMARCBI,
SMARCA4, SMARCE1, or ARIDIA
have been evaluated; and clinical and
molecular characteristics of patients
mutated in each gene could be revised
from description in previous series by
Tsurusaki et al. [2012], Kosho et al.
[2013], Santen et al. [2013], Wieczorek
et al. [2013], and Tsurusaki et al. [2014]
as follows.

SMARCB1 Mutations

Thirteen patients have been reported.
Growth impairment was mild prenatally
and moderate to severe postnatally, and
sucking/feeding difficulty was always
(100%) observed. They always had thick
eyebrows and long eyelashes, usually
(70-90%) had sparse scalp hair, hyper-

trichosis, wide or flat nasal bridge, thin
upper lip vermilion, and thick lower lip
vermilion; sometimes (40-50%) had
ptosis and long philtrum, and occasion-
ally (20-30%) had cleft palate. They
always hypoplastic 5™ fingernails or
toenails, usually had hypoplastic 5%
fingers or toes, hypoplastic other finger-
nails or toenails, prominent distal pha-
langes, and scoliosis; and sometimes had
prominent interphalangeal joints. They
usually had gastrointestinal complica-
tions and hernia and sometimes had
cardiovascular and genitourinary com-
plications. They usually had hearing
impairment and frequently (around
60%) had wvisual impairment. They
were usually prone to infection. They
always had structural CNS abnormali-
ties, and usually had hypotonia and
seizures. They usually had severe devel-
opmental delay/ID, only sometimes
walked independently, and usually spoke
no words. They sometimes had behav-
ioral abnormalities. The mutations,
localized around SNF5 domain, are
expected to exert dominant-negative
or gain-of-function effects. “p.Lys364-
del”, the only recurrent mutation
known in this series, represented strik-
ingly similar phenotypes including char-
acteristic facial coarseness (in early
childhood, round face with thick and
arched eyebrows, short nose with bul-
bous tip and anteverted nostrils, long
philtrum, small mouth, and micro-
retrognathia; later, broad nasal bridge
without anteverted nostrils, broad
philtrum, large tongue, and protruding
jaw), severe developmental delay/ID,
but relatively mild
complications.

internal  organ

SMARCA4 Mutations

Twelve patients have been reported.
Growth impairment was mild prenatally
and mild to moderate postnatally, and
sucking/feeding difficulty was almost
always observed. They always had
hypertrichosis, usually had thick eye-
brows, long eyelashes, ptosis, and thick
lower lip vermilion; sometimes had
sparse scalp hair, flat nasal bridge, and
short philtrum; and occasionally had
everted upper lip vermilion and cleft
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palate. Facial coarseness was not evident
and pointed chin in older ages was
noted. They always had hypoplastic 5%
fingers or toes and hypoplastic 5th
fingernails or toenails, sometimes had
hypoplastic other fingernails or toenails,
and occasionally had prominent inter-
phalangeal joints and prominent distal
phalanges. They often had gastrointesti-
nal complications and hernia, sometimes
had cardiovascular complications, and
occasionally had genitourinary compli-
cations. They occasionally had hearing
impairment and sometimes had visual
impairment. They were often prone to
infection. They usually had hypotonia
and structural CNS abnormalities, and
occasionally had seizures. They some-
times had severe developmental delay/
ID, usually walked independently, and
occasionally spoke no words. They
usually had behavioral abnormalities.
The mutations, localized widely in the
middle of the gene including HAS,
DEXDc, and HELICc domains, are
expected to exert dominant-negative
or gain-of-function effects.

SMARCE1 Mutations

Only three patients have been reported.
Growth impairment was mild to mod-
erate prenatally and moderate to severe
postnatally, and sucking/feeding diffi-
culty was always observed. They always
had hypertrichosis and thick lower lip
vermilion, frequently had sparse scalp
hair, thick eyebrows, and thin upper lip
vermilion; sometimes had long eye-
lashes, long philtrum, and cleft palate;
and occasionally had ptosis. They always
had hypoplastic 5 fingers or toes and
hypoplastic 5™ fingernails or toenails,
often had hypoplastic other fingernails
or toenails, sometimes had prominent
interphalangeal joints and scoliosis, and
occasionally had prominent distal pha-
langes. They often had cardiovascular
complications and sometimes had gas-
trointestinal complications. They some-
times had hearing impairment and
always had visual impairment. They
were often prone to infection. They
always had structural CNS abnormali-
ties, frequently had seizures, and
occasionally had hypotonia. They
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occasionally had severe developmental
delay/ID, always walked independently,
and frequently spoke no words. They
sometimes had behavioral abnormalities.
The mutations, localized within HMG
domain, are expected to exert dominant—
negative or gain-of-function effects.

ARID1A Mutations

Eight patients have been reported.
Growth impairment was mild prenatally
and mild to severe postnatally, and
sucking/feeding difficulty was always
observed. They always had hypertricho-
sis and long eyelashes, usually had thick
eyebrows, wide nasal bridge, and thick
lower lip vermilion; frequently had
sparse scalp hair; sometimes had ptosis,
broad/long philtrum, and thin upper lip
vermilion; and occasionally had cleft
palate. Some facial coarseness with short
nose was also noted. They usually had
hypoplastic 5% fingers or toes, hypoplas-
tic 5% fingernails or toenails, and
hypoplastic other fingernails or toenails,
sometimes had prominent interphalan-
geal joints and prominent distal phalan-
ges, and scoliosis. They often had
gastrointestinal complications, occasion-
ally had cardiovascular and genitouri-
nary complications and hernia, and
malignancy in one, resulting in two
early deaths (cardiac decompensation,
hepatoblastoma). They occasionally had
hearing impairment and usually had
visual impairment. They were often
prone to infection. They usually had
hypotonia and structural CNS abnor-
malities, and occasionally had seizures.
They frequently had severe develop-
mental delay/ID, and only occasionally
walked independently, and frequently
spoke no words, whereas mild ID
patients were also present occasionally.
They frequently had behavioral abnor-
malities. The mutations, all truncating
and probably mosaic, are expected to
exert Joss-of-function effects.

Limitation

Although this is the largest series
addressing clinical and molecular char-
acteristics of patients with mutations in

SMARCB1, SMARCA4, SMARCE1,
or ARID1A, inevitable biases in data

collection could be included because of
(1) still small number of patients espe-
cially those with SMARCE 1 mutations,
(2) possible incomplete clinical assess-
ment especially examinations for inter-
nal organs, (3) changing phenotypes
according to age especially craniofacial
features, and (4) recruitment of patients
with a clinical diagnosis of CSS.

CONCLUSION

Clinical and molecular features of pa-
tients with CSS caused by mutations in
SMARCB1, SMARCA4, SMARCE1,
or ARID1A have been
through reassessment of all reported
cases. Cardinal features of CSS included

reviewed

Patients with SMARCET1
mutations had a wide
spectrum of manifestations
from severe to moderate ID.
Patients with ARID1A also
had a wide spectrum of
manifestations from severe ID
and serious internal
complications that could vesult
in early death to mild ID.

variable degrees of ID predominantly
affecting speech, sucking/feeding diffi-
culty, and craniofacial (thick eyebrows,
long eyelashes), digital (hypoplastic 5th
fingers or toes, hypoplastic 5th finger-
nails or toenails), and other character-
istics  (hypertrichosis). In  addition,
patients with SMARCBI mutations
had severe neurodevelopmental deficits
including severe ID, seizures, CNS
structural abnormalities, and no expres-
sive words as well as scoliosis. Especially,
those with a recurrent mutation
“p.Lys364del” represented strikingly
similar phenotypes including character-
istic facial coarseness. Patients with
SMARCA4 mutations had less coarse
craniofacial appearances and behavioral
abnormalities. Patients with SMARCE1
mutations had a wide spectrum of
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manifestations from severe to moderate
ID. Patients with ARIDIA also had a
wide spectrum of manifestations from
severe ID and serious internal compli~
cations that could result in eatly death to
mild ID. Mutations in SMARCBI,
SMARCA4, and SMARCE1 are ex-
pected to exert dominant-negative or
gain-of-function effects, whereas those
in ARID1A are expected to exert loss-
of-function effects. To obtain compre-
hensive understanding of the clinical
spectrum caused by mutations in the
BAF complex genes, next generation
sequencing-based genetic screening for
all related genes on a larger cohort, such
as ID with/without physical features not
specific to CSS, would be needed.
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who obtained clinical information of the
patients (Dr. Yoko Imai, Dr. Hirofumi
Ohashi, Dr. Albertien M. van Eerde,
Dr. Krystyna Chrzanowska, Dr. Jill
Clayton-Smith, Dr. Helen Kingston,
Dr. Francesca Mari, Dr. Shagun Aggar-
wal, Dr. David Mowat, Dr. Norio
Niikawa, Dr. Yoko Hiraki, Dr. Naoya
Matsumoto, Dr. Yoshimitsu Fukushima,
Dr. Dragana Josifova, Dr. John Dean,
Dr. Robert Smigiel, Dr. Satoru Saka-
zume, Dr.  Margherita  Silengo,
Dr. Sigrid Tinschert, Dr. Hiroshi Ka-~
wame, Dr. Shoji Yano, Dr. Takanori
Yamagata, Dr. Bregje W.M. van Bon,
Dr. Dr. Anneke T. Vulto-van Silfhout,
Dr. Tawfeg Ben-Omran, Dr. Stefania
Bigoni, Dr. Yasemin Alanay) and the
coordinating researchers (Dr. Noriko
Miyake, Dr. Yoshinori Tsurusaki,
Dr. Naomichi Matsumoto, Dr. Gijs W.E.

Santen, Dr. Dagmar Wieczorek,
Dr. Bernd Wollnik, and Dr. Raul
C.M. Hennekam).
ACKNOWLEDGMENTS

We thank all the patients and their
families for participating in this study.
Figures 2f, 2t, 3¢, 3m, 3p, 4e, 4n, and 4r
are reused from an article by Dagmar
Wieczorek, Nina Bégershause, Filippo
Beleggi et al. entitled “A comprehensive
molecular study on Coffin-Siris and
Nicolaides-Baraitser syndromes identi~
fies a broad molecular and clinical



ARTICLE

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS) 275

spectrum converging on altered chro-
matin remodeling” in Hum Mol Genet 22
(25):5121-5135, 2013, courtesy of Ox-
ford University Press. This work was
mainly supported by Research Grants
from the Ministry of Health, Labour and
Welfare, Japan.

REFERENCES

Coffin GS, Siris E. 1970. Mental retardation with
absent fifth fingernail and terminal phalanx.
Am ] Dis Child 119:433-439.

Fleck BJ, Pandya A, Vanner L, Kerkering K,
Bodurtha J. 2001. Coffin-Siris syndrome:
Review and presentation of new cases from a
questionnaire study. Am ] Med Genet 99:1-7.

Gao X, Tate P, Hu P, Tjian R, Skarnes WC, Wang
Z.2008. ES cell pluripotency and germ- layer
formation require the SWI/SNF chromatin
remodeling component BAF250a. Proc Natl
Acad Sci U S A 105:6656-6661.

Kleefstra T, Kramer JM, Neveling K, Willemsen
MH, Koemans TS, Vissers LE, Wissink-
Lindhout W, Fenckova M, van den Akker
WM, Kasri NN, Nillesen WM, Prescott T,
Clark RD, Devriendt K, van Reeuwijk J, de
Brouwer AP, Gilissen C, Zhou H, Brunner
HG, Veltman JA, Schenck A, van Bokhoven
H. 2012. Disruption of an EHMT1-associated
chromatin-modification module causes intel-
lectual disability. Am J Hum Genet 91:73—
82.

Kosho T, Okamoto N, Ohashi H, Tsurusaki Y,
Imai Y, Hibi-Ko Y, Kawame H, Homma T,
Tanabe S, Kato M, Hiraki Y, Yamagata T,
Yano S, Sakazume S, Ishii T, Nagai T, Ohta T,
Niikawa N, Mizuno S, Kaname T, Naritomi
K, Narumi Y, Wakui K, Fukushima Y,
Miyatake S, Mizuguchi T, Saitsu H, Miyake
N, Matsumoto N. 2013. Clinical correlations
of mutations affecting six components of the

SWI/SNF complex: Detailed description of
21 patients and a review of the literature. Am
J Med Genet A 161A:1221-1237.

Levy P, Baraitser M. 1991. Coftin-Siris syndrome. J
Med Genet 28:338-341.

Santen GW, Aten E, Sun Y, Almomani R, Gilissen
C, Nielsen M, Kant SG, Snoeck IN, Peeters
EA, Hilhorst-Hofstee Y, Wessels MW, den
Hollander NS, Ruivenkamp CA, van Om-
men GJ, Breuning MH, den Dunnen JT, van
Haeringen A, Kriek M. 2012a. Mutations in
SWI/SNF chromatin remodeling complex
gene ARID1B cause Coffin-Siris syndrome.
Nat Genet 44:379-380.

Santen GW, Kriek M, van Attikum H. 2012b.
SWI/SNF complex in disorder. Epigenetics
7:1219-1224.

Santen GW, Aten E, Vulto-van Silfhout AT,
Pottinger C, van Bon BW, van Minderhout
IJ, Snowdowne R, van der Lans CA,
Boogaard M, Linssen MM, Vijfhuizen L,
van der Wielen M], Vollebregt MJ. Coffin~
Siris consortium. Breuning MH, Kriek M,
van Haeringen A, den Dunnen JT, Hoischen
A, Clayton-Smith J, de Vries BB, Hennekam
RC, van Belzen MJ, 2013. Coffin-Siris
syndrome and the BAF complex: Geno-
type-phenotype study in 63 patients. Hum
Mutat 34:1519-1528.

Santen GW. Coffin-Siris Syndrome International
Collaborators. 2014. Genotype-phenotype
correlation -ARID1B-related CSS and
ARID1B-related ID syndrome. Am | Med
Genet Part C (in press).

Schmitz U, Mueller W, Weber M, Sévenet N,
Delattre O, von Deimling A. 2001. INI1
mutations in meningiomas at a potential
hotspot in exon 9. Br ] Cancer 84:199-201.

Schrier SA, Bodurtha JN, Burton B, Chudley AE,
Chiong MA, D’avanzo MG, Lynch SA,
Musio A, Nyazov DM, Sanchez-Lara PA,
Shalev SA, Deardorff MA. 2012. The
Coffin-Siris syndrome: A proposed diagnos-
tic approach and assessment of 15 over-
lapping cases. Am ] Med Genet A 158A:
1865-1876.

— 289 —

Tsurusaki Y, Okamoto N, Ohashi H, Kosho T,
Imai Y, Hibi-Ko Y, Kaname T, Naritomi K,
Kawame H, Wakui K, Fukushima Y,
Homma T, Kato M, Hiraki Y, Yamagata T,
Yano S, Mizuno S, Sakazume S, Ishii T, Nagai
T, Shiina M, Ogata K, Ohta T, Nitkawa N,
Miyatake S, Okada I, Mizuguchi T, Doi H,
Saitsu H, Miyake N, Matsumoto N. 2012.
Mutations affecting components of the SW1/
SNF complex cause Coffin-Siris syndrome.
Nat Genet 44:376-378.

Tsurusaki Y, Okamoto N, Ohashi H, Mizuno S,
Matsumoto N, Makita Y, Fukuda M, Isidor
B, Perrier ], Aggarwal S, Dalal AB, Al-Kindy
A, Liebelt J, Mowat D, Nakashima M, Saitsu
H, Miyake N, Matsumoto N. 2014. Coffin-
Siris syndrome is a SWI/SNF complex
disorder. Clin Genet 85:548-554.

Wieczorek D, Bogershausen N, Beleggia E
Steiner-Haldenstitt S, Pohl E, Li Y, Milz E,
Martin M, Thiele H, Altmiiller ], Alanay Y,
Kayserili H, Klein-Hitpass L, Bohringer S,
Wollstein A, Albrecht B, Boduroglu X,
Caliebe A, Chrzanowska K, Cogulu O,
Cristofoli F Czeschik JC, Devriendt K,
Dotti MT, Elcioglu N, Gener B, Goecke
TO, Krajewska-Walasek M, Guillén-
Navarro E, Hayek J, Houge G, Kilic E,
Simsek-Kiper PO, Lépez-Gonzilez V,
Kuechler A, Lyonnet S, Mari F Marozza
A, Mathieu Dramard M, Mikat B, Morin G,
Morice-Picard F Ozkinay E Rauch A,
Renieri A, Tinschert S, Utine GE, Vilain
C, Vivarelli R, Zweier C, Niirnberg P,
Rahmann S, Vermeesch J, Lidecke HJ,
Zeschnigk M, Wollnik B. 2013. A compre-
hensive molecular study on Coffin-Siris and
Nicolaides-Baraitser syndromes identifies
a broad molecular and clinical spectrum
converging on altered chromatin remodel-
ing. Hum Mol Genet 22:5121-5135.

Wieczorek D, Zweier C. Coffin-Siris Syndrome
International Collaborators. 2014. Geno-
type-phenotype correlation —PHF6-related
CSS and Borjeson-Forssman-Lehmann syn-
drome. Am J Med Genet Part C (in press).



American Journal of Medical Genetics Part C (Seminars in Medical Genetlcs) 166C:241-251 (2014)

INTRODUCTION

Coffin-Siris Syndrome and Related Disorders
Involving Components of the BAF (mSWI/SNF)
Complex: Historical Review and Recent Advances Using
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This issue of Seminars in Medical Genetics, American Journal of Medical Genetics Part C investigates the human
diseases caused by mutations in the BAF complex (also known as the mammalian SWI/SNF complex) genes,
particularly focusing on Coffin-Siris syndrome (CSS). CSS is a rare congenital malformation syndrome
characterized by developmental delay or intellectual disability (ID), coarse facial appearance, feeding difficulties,
frequent infections, and hypoplasia/aplasia of the fifth fingernails and fifth distal phalanges. In 2012, 42 years
after the first description of CSS in 1970, five causative genes (SMARCBT, SMARCET, SMARCA4, ARIDIA,
ARID1B), all encoding components of the BAF complex, were identified as being responsible for CSS through
whole exome sequencing and pathway-based genetic screening. The identification of two additional causative
genes (PHF6, SOX11) followed. Mutations in another BAF complex gene (SMARCAZ2) and (TBC1D.24) were found
to cause clinically similar conditions with ID, Nicolaides—Baraitser syndrome and DOORS syndrome, respectively.
Also, ADNP was found to be mutated in an autism/ID syndrome. Furthermore, there is growing evidences for
germline or somatic mutations in the BAF complex genes to be causal for cancer/cancer predisposition syndromes.
These discoveries have highlighted the role of the BAF complex in the human development and cancer formation.
The biology of BAF is very complicated and much remains unknown. Ongoing research is required to reveal the
whole picture of the BAF complex in human development, and will lead to the development of new targeted
therapies for related disorders in the future. © 2014 Wiley Periodicals, Inc.
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Siris [1970], the syndrome was identified
to be caused by mutations in several
genes encoding components of the
BRG1- and BRM-associated factor
(BAF) complex, originally called the
mammalian SWltch/sucrose nonfer-
mentable (mSWI/SNF)-like complex
[Santen et al., 2012a; Tsurusaki et al.,
2012]. The importance of the BAF
complex in the human neuronal devel-
opment and cancer occurrence has
emerged through the recent discoveries
that mutations in their subunit genes
and related genes implicated in several
ID syndromes including Nicolaides—
Baraitser syndrome [NCBRS] as well
as CSS, non-syndromic ID, sporadic
autism, schizophrenia, and amyotrophic
lateral sclerosis [Santen et al., 2012b; Son
and Crabtree, 2014] as well as in sporadic
cancers/cancer predisposing syndromes
[Santen etal., 2012b; Biegel et al., 2014].

Here, we present a special issue of
Seminars in Medical Genetics, American
Journal of Medical Genetics Part C,
dedicated to Coffin—Siris syndrome
and related disorders involving compo-
nents of the BAF complex. Included are
the newest reviews written by cutting-
edge clinical and basic researchers all
over the world, on the history of CSS,
recent breakthroughs in finding the
causative genes of CSS and related
disorders using next generation se-
quencing, the clinical consequences of
each gene defect, and the biological roles
of the BAF complex.

HISTORICAL REVIEW OF
COFFIN-SIRIS SYNDROME

In 1970, the original paper describing
CSS was published by Drs. Grange S.
Coffin and Evelyn Siris from Sonoma
State Hospital in San Francisco [Coffin
and Siris, 1970]. They described three
girls with growth impairment, severe
developmental delay, and lack of the nail
and terminal phalanx of the fifth fingers
(Figs. 1 and 2). Another patient was
reported in the same year by Bartsocas
and Tsiantos [1970]. In 1973, two other
patients were reported by Weiswasser
et al. [1973] who proposed that these
patients represented a specific clinical
entity designated as “Coffin~Siris syn-

drome”. Carey and Hall [1978] estab-
lished the clinical entity, describing five
new patients (Figs. 1 and 2), as well as the
five previously reported by Bartsocas and
Tsiantos [1970], Coffin and Siris [1970]
and Weiswasser et al. [1973]. Constant
(100% frequency)
variable degrees of ID, nail hypoplasia
or absence with predominantly fifth
digit involvement, hypotonia, feeding
problems in infancy, and retarded bone
age. Frequent features (75-90%) includ-
ed postnatal growth deficiency, micro-
cephaly, wide nasal tip and mouth,
prominent lips, eyebrow/eyelash hyper-
trichosis, and scalp hair hypotrichosis.
Significant but less frequent findings
included short philtrum (50%), scoliosis
(40%), decreased fetal activity (40%),
small gestational age (30%), and con-
genital heart defects (30%). They found
the craniofacial phenotype to be mild in
the young infant, but progressively more
pronounced with increasing age.

In 1991, Levy and Baraitser pub-
lished a review of 31 previously reported
patients, in addition to two new patients
[Levy and Baraitser, 1991]. The main
features included growth and develop-
mental delay, sparse scalp hair, bushy
eyebrows, wide mouth with prominent
or thick lips (especially the lower lip),
hypertrichosis, and absent or hypoplastic
nails of the fifth fingers and toes with
absent or hypoplastic phalanges. The
mode of inheritance was suggested to be
autosomal recessive. Fleck et al. [2001]
presented a review of the literature
(62 patients from 30 reports) and
described 18 new patients based on a
survey administered to the international
parent support group of the syndrome.
These authors proposed that the mini-
mal criteria for the diagnosis of CSS
included some degree of developmental
delay, coarse facial appearance, hyper-
trichosis, hypoplastic or absent fifth
fingernails or toenails, and hypoplastic
or absent fifth distal phalanges. Addi-
tional findings that would support the
diagnosis included feeding difficulties,
frequent infections, delayed dentition,
and heart defects. Fleck et al. [2001] also
detailed the average ages of develop-
mental milestones (e.g., walked alone at
age 22.8 months [n=13], first word at

features included
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23.7 months [n=10}], toilet trained at
6.1 years [n=06]). However, diagnosis
was still difficult because of variability of
the phenotype and the existence of the
disorder as a specific diagnosis had been
debated [Schrier et al., 2012]. Schrier
et al. [2012] reviewed all 80 reported
patients for common and discriminating
features. All patients displayed both
hypo/aplasia of the fifth digit phalan-
ges/nails as well as some degree of ID
and/or developmental delay. Addition-
ally, a variety of features that were
broadly categorized into ectodermal,
constitutional, and organ-based anomaly
categories were described. They also
categorized facial features into two
types; “classic” CSS, with coarse appear-
ance, bushy eyebrows, and thick lips and
“variant” CSS, with less coarse appear-
ance, thinner eyebrows, and thin ver-
milion border of the lips. A diagnostic
algorithm for CSS including differential
diagnoses (e.g., NCBRS, DOORS
syndrome) was proposed. In this current
issue, Schrier and Deardorft [2014]
present a clinical review of the syndrome
including historical aspects and health-
care recommendations.

GENE IDENTIFICATION OF
COFFIN-SIRIS SYNDROME

As the majority of CSS cases have a
sporadic etiology and as this trait is not
usually transmitted to the next generation
due to the severe phenotype, it was
difficult to identify the causative gene(s)
by the traditional positional cloning
approaches. As is now known, CSS
is genetically heterogeneous, which
made gene identification more difficult.
Following the development of next
generation sequencing, comprehensive
analyses using whole exome sequencing
allowed the identification of de novo
heterozygous mutations in various genet-
ic diseases [Ng et al, 2010]. In April,
2012, the same issue of Nature Genetics
published two papers, demonstrating
germline heterozygous mutations in
six BAF complex genes (SMARCBI1
at 22q11.23, SMARCA2 at 9p24.3,
SMARCA4 at 19p13.2, SMARCET at
17q21.2, ARIDI1A at 1p36.11, and
ARID1B at 6g25.3) in patients affected
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Figure 1.

(g) were the same patient.

Facial features of patients with Coftin—Siris syndrome. A 6-year-old girl (a), a 7-year-old girl (b), and an 8~year-old gitl (c),
described in the original paper by Coffin and Siris [1970]. A 10-month-old girl (d), a 2-year-old boy (e), an 18-year-old girl (f), and a 17-
year-old girl (g), described in the paper that established the disorder [Carey and Hall, 1978). The 8-year-old girl (c) and the 17-year-old girl

by CSS [Santen et al., 2012a; Tsurusaki
et al,, 2012]. In the same year, haploin-
sufficiency of ARIDIB was identified
in individuals with ID, using copy
number analyses and mutation searches
for the genes involved [Hoyer et al,
2012]. The same issue of Nature Genetics
also published a paper, demonstrating
SMARCA2 as the causative gene for
NCBRS (OMIM#601358) [Van Houdt
et al, 2012]. NCBRS has clinical
resemblance to CSS, but is a distinct
entity characterized by sparse hair, short
stature, microcephaly, brachydactyly, in-
terphalangeal joint swellings, epilepsy,
and ID [Nicolaides and Baraitser, 1993;
Sousa et al, 2009]. A patient with a
- SMARCAZ2 mutation was diagnosed as
CSS in the original paper [Tsurusaki
et al., 2012], but was diagnosed again as
NCBRS through reassessment of clinical
features [Kosho et al., 2013; Tsurusaki
et al, 2014b]. Later on, mutations in
PHF6 at Xq26.2, which were originally
identified in X-linked mental retardation
syndrome Borjeson—Forssman—Lehmann

syndrome  (BFLS, OMIM#301900)
[Lower et al., 2002], were identified in
patients with CSS [Wieczorek et al.,
2013]. Interestingly, the PHF6 protein is
associated with chromatin remodeling
process [Todd and Picketts, 2012] and is
known to play an important role in
neurogenesis downstream of Pax6-BAF
complex in mice [Ninkovic et al., 2013].
This year, DOORS syndrome (deafness,
onychodystrophy, osteodystrophy, men-
tal retardation, and seizure syndrome,
OMIM#220500), an autosomal recessive
condition, has been found to be caused
by biallelic mutations in TBC1D24 at
16p13.3 [Campeau et al, 2014a]. Al-
though TBC1D24, regulating Rab pro-
teins, has no apparent relationship to the
BAF complex, the syndrome has sub-
stantial clinical overlaps to CSS and
constitutes one of the most important
differential diagnoses of CSS [Schrier
et al., 2012]. Actually, a heterozygous
mutation in SMARCBI has been identi-
fied in two patients with the syndrome
[Campeau et al.,, 2014b]. Furthermore,
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heterozygous mutations in ADNP at
20q13.13, encoding a transcription factor
involved in the BAF complex, have been
identified in patients presenting with
dysmorphic facial appearance, autism,
ID, hypotonia, and congenital heart
defects [Helsmoortel et al., 2014]. Very
recently, heterozygous mutations in
SOX11 at 2p25.2 have been reported
to cause a mild CSS phenotype [Tsur-
usaki et al, 2014a]. SOX11 is the
downstream transcription factor of the
Pax6-BAF complex, and this discovery
shows the importance of the BAF
complex and SOX11 transcription net-
work in brain development. This series of
gene discoveries sheds new light on the
role of the BAF complex in human
development and the associated diseases,
as reviewed elsewhere in this issue
[Miyake et al., 2014].

GENOTYPE-PHENOTYPE
CORRELATION

In this issue, the genotype-phenotype
correlation in SMARCB1, SMARCAA4,
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Figure 2.

the same patient.

Digital features of patients with Coffin—Siris syndrome. A 6-year-old giil (a), a 7-year-old gitl (b), and an 8-year-old girl
(c), described in the original paper by Coffin and Siris {1970]. A 10-month-old girl (d, g), an 18-year-old gitl (e, h), and a 17-year-old girl
(£, 1), described in the paper that established the disorder [Carey and Hall, 1978]. The 8-year-old girl (c) and the 17-year-old girl (£, i) were

SMARCET1, and ARID1A-related CSS
is reviewed by Kosho et al. [2014], in
ARID1B-related CSS and ID syndrome
by Santen and Clayton-Smith, [2014], in
SMARCB2-related NCBRS by Sousa
et al. [2014], in PHF6-related CSS
and Borjeson—Forssman—-Lehmann syn-
drome by Zweier et al. [2014], in
ADNP-related autism syndrome by
Vandeweyer et al. [2014], and in mainly
TBC1D24-related DOORS syndrome
by Campeau et al. [2014b]. Clinical
features of patients caused by mutations
in each gene are summarized as follows
(also in Table I), although generalization
would be difficult because the sample
sizes were too small and patients were

collected from selected cohorts (such as
clinical diagnosis as CSS or NCBRS).

SMARCBI1

Heterozygous SMARCBI mutations
have been reported in 13 patients with
CSS [Tsurusaki et al, 2012, 2014b;
Kosho et al., 2013; Santen et al., 2013;
Wieczorek et al., 2013], in two patients
called DOORS syndrome [Campeau
et al., 2014a], and in a patient diagnosed
as Kleefstra syndrome [Kleefstra et al.,
2012]. The mutations, all non-truncat-
ing (missense or in-frame deletions), are
predicted to exert dominant-negative
or gain-of-function effects. Usually
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(70-90%), patients have severe develop-
mental delay or ID and speak no words.
Growth impairment is mild prenatally
and moderate-to-severe postnatally, and
difficulty in sucking/feeding is always
observed. Typical facial features include
sparse scalp hair, thick eyebrows, long
eyelashes, wide or flat nasal bridge, thin
upper lip vermilion, and thick lower lip
vermilion. Hypertrichosis is always ob-
served. Patients always have hypoplastic
fifth fingernails or toenails, and usually
had hypoplastic fifth fingers or toes,
hypoplastic other fingernails or toenails,
prominent distal phalanges, and scoliosis.
Usually, patients have complications of
the internal organs, hearing impairment,



