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Table 1. Continued

Subject ID P1 P2 P3 P4 Ps ré P7 P8 P9 P10 P11 P12
Hip dislocation - - - + - + - - - + + +
Clubfeet - - - - - + - - + + -
Muscular hypotonia - - + - - - - - + . En et
Skin and Hair
Doughy skin ND ND + - - - + - S+ + +
Hyperextensibility ND ND + - - - + - ++ + -
Cutis laxa ND ND - - - - - - + - +
Sparse hair ND ND - - - - - - + + + -
Others MR, DD camptodactyly DD pectus
excavatum
Radiological Features
Platyspondyly < < +¢ + + + + + + +
Anterior beak of vertebral + - (4 years) — (5 years) -+ + + - + +
body®
Short ilia + + + + + + + + + + +
Prominent lesser trochanter  + + + - + + +
Metaphyseal flaring + + + — + +
Epiphyseal dysplasia of - - - - + - - - - + +
femoral head
Elbow malalignment ND ND + + + + + + +
Advanced carpal ossification® - (9 years) ND ~ (12 years)  + + ND + ~ (7 years) - - (5 years)
Carpal fusion ND ND - - - - - - - - -
Metacarpal shortening ND ND + + + + -+ - - + -
Overtubulation - - - - - - - - + + + +

Abbreviations are as follows: SEMD-JL1, spondyloepimetaphyseal dysplasia with joint laxity type 1; EDS-PF, Ehlers-Danlos syndrome, progeroid form; ND, no data; MR, mitral regurgitation; DD, developmental delay.

At last presentation.

PAge at medical attention provided in parentheses.

“Absent at age 20 years in P1 and P2 and at age 12 years in P3.




Figure 1. Enzymes Involved in Biosyn-
thesis of the Glycosaminoglycan Linker
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Region and Summary Features of
Diseases Caused by Their Defects Based
on a Conventional Concept for the
Diseases

The biosyntheses of GAGs start with the
formation of a common tetrasaccharide
linker sequence covalently attached to
the core protein. The linker region
synthesis involves a single linear path-
way composed of four successive
steps catalyzed by distinctive enzymes.
Abbreviations are as follows: XYLT, B-xylo-
syltransferase; B4GALT7, xylosylprotein
B1,4-galactosyltransferase, polypeptide 7
(B1,4-galactosyltransferase-I); B3GALTS,
UDP-Gal, BGal B1,3-galactosyltransferase
polypeptide 6 (B1,3-galactosyltransferase-
II); B3GAT3, B-1,3-glucuronyltransferase
3 (glucuronosyltransferase I); Ser-O, the
serine residue of the GAG attachment
site on the proteoglycan core protein;

Xyl, xylose; Gal, galactose; GlcUA, D-glucuronic acid; CS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; EDS,
Ehlers-Danlos syndrome; SEMD-JL1, spondyloepimetaphyseal dysplasia with joint laxity type 1.

from peripheral blood, saliva, or Epstein-Barr virus-immor-
talized lymphocyte of the individuals with SEMD-JL1 and/
or their parents after informed consent. The study was
approved by the ethical committee of RIKEN and partici-
pating institutions. We captured the exomes of the seven
subjects as previously described.’” In brief, we sheared
genomic DNA (3 pg) by Covaris S2 system (Covaris) and
processed with a SureSelect All Exon V4 kit (Agilent Tech-
nologies). We sequenced DNAs captured by the kit with
HiSeq 2000 (lumina) with 101 base pair-end reads. We
performed the image analysis and base calling by HiSeq
Control Software/Real Time Analysis and CASAVA1.8.2
(Ilumina) and mapped the sequences to human genome
hg19 by Novoalign. We processed the aligned reads by Pic-
ard to remove PCR duplicate. The mean depth of coverage
for reads was 132.8%, and, on average, 91.0% of targeted
bases had sufficient coverage (20x coverage) and quality
for variant calling (Table S1 available online). The variants
were called by Genome Analysis Toolkit 1.5-21 (GATK)
with the best practice variant detection with the GAKT
v.3 and annotated by ANNOVAR (2012 February 23).
Based on the hypothesis that SEMD-JL1 is inherited in an
autosomal-recessive fashion, we filtered variants with the
script created by BITS (Tokyo, Japan) according to following
conditions: (1) variants registered in ESP5400, (2) variants
found in our in-house controls (n = 274), (3) synonymous
changes, (4) rare variants registered in dbSNP build 135
(MAF < 0.01), and (5) variants associated with segmental
duplication. After combining variants selected by the
homozygous mutation model and the compound hetero-
zygous mutation model, we selected genes shared by indi-
viduals from three or more families. The analysis of the
next-generation sequencing identified possible compound
heterozygous variants in B3GALT6 in individuals from
three families (Table S2). In addition, two other subjects
had possible causal heterozygous variants of B3GALT6.

B3GALT6 (RefSeq accession number NM_080605.3) is a
single-exon gene on chromosome 1p36.33. It encodes
UDP-Gal:BGal B1,3-galactosyltransferase polypeptide 6
(or galactosyltransferase-II: GalT-II), an enzyme involved
in the biosynthesis of the glycosaminoglycan (GAG) linker
region.® The biosyntheses of dermatan sulfate (DS), chon-
droitin sulfate (CS), and heparin/heparan sulfate (HS)
GAGs start with the formation of a tetrasaccharide linker
sequence, glucuronic acid-B1-3-galactose-p1-3-galactose-
B1-4-xylose-pl (GlcUA-Gal-Gal-Xyl), which is covalently
attached to the core protein. The linker region synthesis
involves a single linear pathway composed of four succes-
sive steps catalyzed by distinctive enzymes (Figure 1). The
first step is the addition of xylose to the hydroxy group of
specific serine residues on the core protein by xylosyltrans-
ferases from UDP-Xyl, followed by two distinct galactosyl-
transferases (GalT-I and II) and a glucuronosyltransferase
from UDP-Gal and UDP-GIcUA, respectively. The next
hexosamine addition is critical because it determines
which GAG (i.e., CS, DS, or HS) is assembled on the linker
region. GalT-II encoded by B3GALT6 functions in the third
step of the linker formation (Figure 1).

To confirm the results obtained by the next-generation
sequencing, we examined the seven subjects used for the
next-generation sequencing and an additional subject
from a Vietnamese family (F7) by direct sequence of the
PCR products from genomic DNAs using 3730x] DNA
Analyzer (Applied Biosystems). The Sanger sequencing
confirmed all B3GALT6 mutations found by the next-gen-
eration sequencing and identified additional B3GALT6
mutations. The results indicated that B3GALT6 mutations
were found in all subjects (Tables 2 and S1). All but P4 from
F3 were compound heterozygotes of missense mutations.
In P4, only a heterozygous c.1A>G (p.Metl?) mutation
was found, although we searched for a BSGALT6 mutation
in the entire coding region, 5’ and 3’ UTRs, and flanking
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Table 2. B3GALT6 Mutations in Spondyloepi h I

a4
Dysplasia with Joint Laxity Type 1 and Ehlers-Danlos Syndrome,
Progeroid Form

Nucleotide Amino Acid

Family Clinical Diagnosis Change Change

F1 SEMD-JL1 c.1A>G p-Met1?
C.694C>T p-Arg232Cys

F2 SEMD-JL1 c.1A>G p-Met1?
C.466G>A p-Aspl56Asn

F3° SEMD-JL1 c.1A>G p-Met1?

F4 SEMD-JL1 c1A>G p-Met1?
C.694C>T p.A1g232Cys

ES SEMD-JL1 C.694C>T p.Arg232Cys
¢.899G>C p.Cys300Ser

F6 SEMD-JL1 c.1A>G p-Met1?
c.193A>G p.Ser65Gly

F7 SEMD-JL1 ¢.200C>T p.Pro67Leu
C.694C>T p.Arg232Cys

F8 EDS-PF c.353delA p-Asp118Alafs*160
c.925T>A p.Ser309Thr

F9 EDS-PF ¢.588delG p.Arg197Alafs*81
C.925T>A p-Ser309Thr

F10 EDS-PF c.16C>T p.Arg6Trp
c.415_423del p-Met139Alal41del

The nucleotide changes are shown with respect to B3GALTé mRNA sequence.
The corresponding predicted amino acid changes are numbered from the
initiating methionine residue.

“Only a heterozygous mutation was found.

regions of B3GALT6. Most of the mutations are predicted
to be disease causing by in silico analysis. The c.1A>G
(p-Met1?) mutation was found in individuals from five of
the seven families.

Although mutations affecting initiation codons have
been reported to be pathogenic in several diseases,® the
effects of initiation codon mutations on the encoded
protein are variable among the genes. We therefore inves-
tigated the effect of the ¢.1A>G (p.Met1?) mutation on the
protein by using C-terminally FLAG-tagged B3GALT6 with
and without the mutation expressed in HeLa cells (RIKEN
Cell Bank). We detected the mutant B3GALT6 protein with
a molecular weight ~4 kD lower compared with the wild-
type (WT) protein (Figure 2A). These results suggest that
translation initiation at the second ATG of the coding
sequence, at position ¢.124, would become the initiation
codon because of the mutation, probably resulting in an
N-terminal deletion of 41 amino acids (p.Met1_Ala41del),
in the same open reading frame that contains the
transmembrane domain. We then examined the sub-
cellular localization of the mutant B3GALT6 protein by
immunocytochemistry. The immunofluorescence for WT-
B3GALT6 was observed in a perinuclear region overlapping

B FLAG  Mannpsigese !l Hlesge napl

WT |

S 3 g
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Figure 2, Analyses of B3GALT6 Missense Mutant Proteins Iden-
tified in Individuals with SEMD-JL1 In Vitro

(A) Immunoblot analysis of lysates from HeLa cells expressing
transfected wild-type (WT) and mutant (c.1A>G) B3GALT6. The
mutant B3GALT6 yields a shortened protein. The difference of
the molecular sizes between WT and mutant proteins is approxi-
mately ~4 kD.

(B) Subcellular localization of B3GALT6. Hela cells were trans-
fected with WT and mutant (c.1A>G) B3GALT6. Cells were stained
with anti-FLAG (green), anti-a-mannosidase II (red), and 4/,6-dia-
midino-2-phenylindole (DAPI; blue). WT was expressed in the
Golgi, but the mutant was found in cytoplasm and nucleus.

(C) Decreased enzyme activities of the missense mutant pro-
teins (p.Ser65Gly, p.Pro67Lys, p.Aspl56Asn, p.Arg232Cys, and
p-Cys300Ser). p.Glul74Asp is a common polymorphism in the
public database. The GalT-II activity is measured by incorporation
of PH]Gal into Galp1-O-2naphthyl (pmol/ml/hr) and represents
the averages of three independent experiments performed in
triplicate. Empty and mock indicate the GalT-II activity obtained
with the conditioned medium transfected with or without an
empty vector. *p < 0.0001 versus WT (one-way analysis of variance
with Dunnett’s adjustment).

with that for e¢-mannosidase II, a marker of the Golgi as
previously reported.® In contrast, the immunofluorescence
for the mutant B3GALT6 protein was observed in the
nucleus and cytoplasm (Figure 2B). Therefore, the mutant
protein can be considered to be functionally null because
of the mislocalization.

To investigate the causality of other B3GALT6 missense
mutations, we also examined the subcellular localization
of the mutant B3GALT6 proteins by immunocytochem-
istry. c.193A>G (p.Ser65Gly), c.200C>T (p.Pro67Leu),
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and c.694C>T (p.Arg232Cys) mutants showed mislocali-
zation, whereas ¢.466G>A (p.Asp156Asn) and ¢.899G>C
(p.Cys300Ser) mutants showed normal localization
(Figure S1). To investigate whether the B3GALT6 missense
mutations affect the enzyme function, the GalT-II activ-
ities of soluble FLAG-tagged proteins for WT and mutant
B3GALT6 proteins were assayed. The GalT-II activities of
p-Ser65Gly-, p.Pro67Leu-, p.Aspl56Asn-, p.Arg232Cys-,
and p.Cys300Ser-B3GALT6 were significantly decreased
compared with WT-B3GALT6 (Figure 2C), indicating
that these mutations resulted in a loss of enzyme func-
tion. On the other hand, there were no significant differ-
ences in the GalT-II activities between WT-B3GALT6
and p.Glul74Asp-B3GALT6, a common polymorphism
(rs12085009) in the public database (Figure 2C).

All SEMD-JL1 individuals with the B3GALT6 mutation
had the characteristic skeletal abnormalities, including pla-
tyspondyly, short ilia, and elbow malalignment (Table 1
and Figure $2); however, some had a range of extraskeletal
and connective tissue abnormalities that overlapped with
those seen in Ehlers-Danlos syndrome, progeroid form
(EDS-PF [MIM 130070]). EDS-PF is an autosomal-recessive
connective tissue disorder characterized by sparse hair,
wrinkled skin, and defective wound healing with atrophic
scars.'® In addition, skeletal abnormalities so far reported
in EDS-PF are limited to generalized osteopenia and radial
head dislocation, which are in contrast with the severe
generalized dysplasias of the axial and appendicular skel-
eton observed in SEMD-JL1. Thus, both disorders at first
glance appear as separate clinical entities, although they
share the clinical features of short stature, joint laxity
and dislocation, and facial dysmorphism. In two families
with individuals with EDS-PF, recessive mutations of
B4GALT7 (MIM 604327) have been found.'*'? B4GALT7
(RefSeq NM_007255.2) encodes an enzyme, xylosylated
protein B-1,4-galactosyltransferase, that catalyzes the sec-
ond step of the GAG linker region biosynthesis (Figure 1).
Therefore, we speculated that B3GALT6 and B4GALT7
deficiencies might show similar phenotypes. We then
examined B3GALT6 in four additional individuals (P9-
P12) who had phenotypes compatible with EDS-PF (Table
1 and Figure S3) but in whom no B4GALT7 mutations
had been found. Sanger sequencing of the EDS-PF-like
subjects revealed that all were compound heterozygotes
for B3GALT6 mutations (Table 2). There were two frame-
shift mutations and one missense mutation (c.925T>A
[p.Ser309Thr]) common in two families (F8 and F9). We
investigated the enzyme function of the missense muta-
tion by using the same assay for SEMD-JL1 missense muta-
tions. The GalT-II activities of p.Ser309Thr-B3GALT6 were
significantly decreased (Figure S4).

Collectively, 11 different mutations in individuals from
10 families were identified in B3GALT6 by a combination
of exome and targeted sequencing (Table 2 and Figure S5).
None of these mutations were detected in more than
200 ethnicity-matched controls or in public databases,
including the 1000 Genomes database, indicating that

they are unlikely to be polymorphisms. SEMD-JL1 and
EDS-PF-like individuals had no common mutations
(Table 2). The individuals with B3GALT6 mutations were
short at birth and their short stature worsened with age.
Their common clinical features were a flat face with
prominent forehead and kyphoscoliosis (Table 1). Kypho-
scoliosis was noticed in infancy in most cases and even
in utero in severe cases. Although skeletal changes were
essentially the same, craniofacial and skin abnormalities,
joint laxities, and muscular hypotonia were variable
among the individuals with B3GALT6 mutations. Com-
mon radiographic features were platyspondyly that
becomes less conspicuous with age, short ilia, and elbow
malalignment (Table 1). Prominent lesser trochanters and
metaphyseal flaring were seen in most cases. No individ-
uals showed generalized osteoporosis. The disease pheno-
type was very variable between families (mutations), but
in two familial cases, phenotypes were similar between
the pair of the sibs. As a corollary, our results indicate
that EDS-PF is genetically heterogeneous, with a propor-
tion of cases being caused by mutations in B4GALT7 and
another in B3GALTS.

Diseases caused by defects in enzymes involved in the
biosynthesis of the GAG linker region are categorized as
the GAG linkeropathy. The first member of GAG linkerop-
athy has been identified to arise from an EDS-PF/B4GALT7
deficiency. B4GALT7 mutations have been identified in
homozygous ¢.808C>T (p.Arg270Cys)'? and compound
heterozygous (c.557C>A [p.Alal86Asp] and c.617T>C
[p.Leu206Pro])** states. Another member of GAG linkerop-
athy manifests itself as Larsen-like syndrome, B3GAT3 type
(MIM 245600). A family with individuals harboring a ho-
mozygous B3GAT3 (MIM 606374; RefSeq NM_012200.3)
mutation (c.830G>A [p.Arg227GIn]) has been identified.
The clinical features of five affected individuals of the
family are characterized by dislocation and laxity of joints
and congenital heart defects.'’ The former considerably
overlaps with the phenotypes of SEMD-JL1 and EDS-PF,
two other GAG linkeropathies; however, the association
of heart defects has critically differentiated this disease
from the others (Figure 1).

Given that the linker region biosynthesis is nonparallel
and that the defects in the three enzymes simply affect
the amounts of the linker region available to form GAGs
(CS, HS, DS), phenotypic similarijties of the three diseases
are quite understandable. The quantitative difference of
the phenotypes (severity of the diseases) most probably re-
sults from the difference in the degree of enzyme defects
resulting from mutations. On the other hand, qualitative
differences of the three diseases (e.g., scoliosis caused by
the B3GALT6 mutation, heart disease caused by the
B3GAT3 mutation, etc.) suggest other explanations. Tissue
expression patterns of the three genes do not entirely
explain the differences. We examined their mRNA expres-
sion in various human tissues, including cartilage, bone,
and connective tissues by quantitative real-time PCR
(Figure S6). We detected strong expression of B3GALT6 in
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Table 3. The Amount of GAGs in the Lymphoblastoid Cells from
Individuals with Spondyloepi lasia with Joint
Laxity Type 1

GAG (Disaccharides/mg Acetone Powder)” [pmol]

I physeal Dysj

Subject  CS/DS cs DS HS
Control 62 48 29 128
SEMD-JL1

1 313 295 118 15
P2 345 175 60 21
P3 270 162 28 20

Calculated based on the peak area in chromatograms of digests with a mixture
of chondroitinases ABC and AC-Hl (CS/DS), chondroitinases AC-l and AC-1I (CS),
chondroitinase B (DS), and heparinases | and !l (HS).

cartilage and bone but only weak expression in skin, liga-
ment, and tendon. B4GALT7 expression was stronger in
cartilage than B3GALT6 and also weak in skin and liga-
ment. B3GAT3 expression was not specific to heart. The
qualitative difference may result from the difference in
the effects of the three genes on GAG formation.

To examine how B3GALT6 mutations affects the prod-
ucts of GAGs in vivo, we measured the amounts of CS
and HS chains at the surface of lymphoblastoid cells
from the subjects by flow cytometry by using CS-stub
and HS-stub antibodies as previously described.'*'* In
brief, purified GAG fractions were treated individually
with a mixture of chondroitinases ABC and AC-II, a
mixture of chondroitinases AC-I (EC 4.2.2.5) (Seikagaku
Corp.) and AC-II (EC 4.2.2.5) (Seikagaku Corp.), chondroi-
tinase B (EC 4.2.2.19) (IBEX Technologies), or a mixture of
heparinases-I and -III (IBEX Technologies) for analyzing
the disaccharide composition of CS/DS, CS, DS, and HS,
respectively. The digests were labeled with a fluorophore
2-aminobenzamide (2AB) and aliquots of the 2AB deriva-
tives of CS/DS/HS disaccharides were analyzed by anion-
exchange HPLC on a PA-03 column (YMC Co.). The
HS-stub antibody (3G10) showed a markedly reduced
binding to the epitopes on the subjects’ cells (Figure S7).
The relative numbers of the HS chains presented as the
mean fluorescence intensity (MFI) of the cell population
stained with the antibody for P1, P2, and P3 were 26%,
56%, and 35% of the control, respectively. On the other
hand, the CS-stub antibody (2B6) showed a similar bind-
ing to the epitopes on the subjects’ cells relative to those
of the control (Figure S7). The MFI for P1, P2, and P3
were 114%, 104%, and 106% of the control, respectively.
Furthermore, we measured disaccharide of GAG chains
from lymphoblastoid cells by using anion-exchange
HPLC after digestion with chondroitinase and heparinase.
The amounts of the disaccharide from HS chains were
significantly decreased, whereas CS and DS chains were
~5 times higher than those in the control (Table 3).

Previous biochemical studies on EDS-PF with B4GALT7
mutations show a reduction in the synthesis of DS
chains.’®?” The c.830G>A (p.Arg227Gln) mutation in

B3GAT3 causes a drastic reduction in GIcAT-I activity in
fibroblasts of the individual with SEMD-JL1 and numbers
of CS and HS chains on the core proteins at the surface
of the fibroblasts are decreased to about half of the
controls.'* Cultured lymphoblastoid cells from individuals
with a ¢.419C>T (p.Pro140Leu) mutation in B3GAT3 show
that defective synthesis is more pronounced for CS than
for HS.'! Taken together with our results, these findings
suggest that the effects of the deficiencies of the three
enzymes on GAG synthesis are not identical. A possible
explanation for the qualitative phenotypic differences
may be that the biosynthesis of the GAG linker region is
not a simple step-by-step addition but involves parallel
processing and/or alternative pathways. Other glycosyl-
transferases may have similar biochemical functions to
these three enzymes and thus complement their deficient
activities to variable degrees in cell- and/or tissue-specific
manners, leading to differences in the amount of GAGs
in the tissues. It is known that B3GALT6 and B4GALT7
have several homologs.'® It must be noted that all
biochemical studies so far have been performed in vitro
or in cultured cells, and therefore there is a severe limita-
tion to our understanding of the pathogenesis at tissue
and organ levels.

By exome sequencing, we identified loss-of-function
mutations in B3GALT6 in 12 individuals from 10 families.
The mutations produced a spectrum of connective tissue
disorders characterized by lax skin, muscle hypotonia,
joint dislocation, and skeletal dysplasia and deformity,
which include phenotypes previously known as SEMD-
JL1 and EDS-PEF (Figures S1 and S2). The pleiotropic pheno-
types of B3GALT6 mutations indicate that B3GALT6 plays
critical roles in development and homeostasis of various
tissues, including skin, bone, cartilage, tendons, and liga-
ments. Biochemical studies that used lymphoblastoid cells
of the individuals with B3GALT6 mutations showed a
decrease of HS and a paradoxical increase of CS and DS
of the cell surface. Further clinical, genetic, and biological
studies are necessary to understand the pathological mech-
anism of the diseases caused by enzyme defects involved in
the biosynthesis of the GAG linker region and roles of the
region in GAG metabolism and function.

Supplemental Data

Supplemental Data include seven figures and two tables and can
be found with this article online at http://www.cell.com/AJHG/.
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Abstract

The vascular type of Ehlers—Danlos syndrome (VEDS)
is a rare inherited disease of the connective tissues,
and is caused by abnormal type III collagen resulting
from heterogeneous mutations of the type III collagen
COL3AI gene. We herein report the case of a vVEDS
patient who developed a sigmoid colon perforation and
was given a definitive diagnosis by a genetic and biomo-
lecular assay. The patient demonstrated clinical manifes-
tations caused by tissue weakness such as frequent
pneumothorax events and a detached retina. During the
operation, we noticed easy bruising and thin skin with
visible veins on the patient’s abdominal wall. Finally, a
diagnosis was confirmed by the reduction of type III
collagen synthesis and by the identification of a muta-
tion in the gene for type III collagen. We conclude that
it is difficult to diagnose a vVEDS patient without clinical
experiences and specialized genetic methods. Further-
more, all organs must be treated gently during therapy,
because the tissues of VEDS patients are extremely
fragile.

Key words Ehlers-Danlos syndrome - Vascular type -
Perforation - Type 111 collagen - COL3AI

Introduction

The vascular type of Ehlers—Danlos syndrome (VEDS,
Ehlers-Danlos syndrome type IV) is a rare, autosomal
dominant disease of the connective tissues caused by
abnormal type III collagen resulting from heteroge-
neous mutations of the type III collagen COL3AI

Reprint requests to: H. Omori
Received: November 15,2009 / Accepted: February 22,2010

gene."™ VEDS is characterized by four clinical criteria:
easy bruising, thin skin with visible veins, characteristic
facial features, and the rupturing of arteries and
organs.™ In addition, classic EDS patients exhibit
hypermobility of the large joints and hyperextensibility
of the skin.” Typically, Ehlers-Danlos syndrome (EDS)
is divided into six types, and vVEDS patients follow a
particularly poor clinical course caused by complica-
tions from tissue weakness.'” Twenty-five percent of
vEDS patients develop one or more complications asso-
ciated with tissue weakness by 20 years of age, and 80%
develop some complications by 40 years. Pepin et al.
reported that the calculated median survival time of
vEDS patients was 48 years of age.' We herein present
a case report of a vVEDS patient who was clinically and
genetically diagnosed following a sigmoid colon perfo-
ration, and review the pertinent literature.

Case Report

A 20-year-old male patient was admitted to our hospital
with severe abdominal pain. The patient’s abdominal
wall was very hard, and muscular guarding was pal-
pated. Enhanced computed tomography was performed
immediately, and revealed free air and stool containing
barium in the abdominal cavity, because the patient’s
colon had been examined 2 days prior for causal ascites
and abdominal pain by a barium enema (Fig. 1A,B). As
soon as we diagnosed the patient with generalized peri-
tonitis due to colon perforation, an emergency opera-
tion was performed. During the operation, the patient’s
abdominal skin was observed to be markedly thin, with
visible veins. After we decided that the sigmoid colon
perforation was the cause of the generalized peritonitis,
the lesion was removed and Hartmann’s procedure was
performed. In addition, it was revealed that the patient
suffered from frequent spontaneous pneumothorax
events in the past, and that his creatine kinase levels
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Fig. 1A,B. Enhanced computed tomography at the sigmoid
colon perforation. Free air (black arrows) and stool containing
barium (white arrows) were observed in the abdominal cavity

were increased to severalfold higher than in normal
subjects. Although a paralytic ileus developed as a com-
plication, the patient was discharged from our hospital
1 month after the operation. However, 3 days after dis-
charge, he was readmitted due to his eighth spontaneous
pneumothorax and a detached retina in his left eye.
Because many complications caused by tissue weakness
had developed over such a short period, very rare vVEDS
was diagnosed according to the four clinical criteria:
easy bruising, thin skin with visible veins, characteristic
facial features, and rupture of the arteries and organs.
To confirm this diagnosis, the patient’s skin and blood
samples were sent to Dokkyo Medical University, and
were examined by genetic and molecular biological
assays. Accordingly, the diagnosis of VEDS was con-
firmed by the reduction of type III collagen synthesis in
cultured skin fibroblasts and by the identification of a
mutation in the gene for type III collagen (COL3AI).
The synthesis of type I collagen in this patient was the
same as in controls. However, the synthesis of type III
collagen was reduced by approximately 22.7% com-
pared with normal controls (Fig. 2). A skip in exon 24
of COL3A1,which codes for collagen type III, was iden-
tified by genetic analysis of the complementary DNA
from cultured fibroblasts (Fig. 3). Furthermore, the
region near the genomic DNA was amplified by poly-
merase chain reaction (PCR) for the analyses of genomic
DNA,; the result revealed a G-to-A transition at the
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Fig. 2. Production of type I or type III collagen in the patient’s
cultured fibroblasts. The synthesis of type I collagen in this
patient was the same as in controls. However, the synthesis
of type III collagen was reduced by approximately 22.7%
compared with the normal control values (inside circle). N,
normal control; P, patient with vascular type of Ehlers~Danlos
syndrome
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Fig. 3. Genetic analysis of the complementary DNA from the
patient’s cultured fibroblasts. A skip in exon 24 of COL3AI,
which encodes collagen type III, was identified by the genetic
analyses of the complementary DNA from the cultured
fibroblasts

donor splice-site +1 of intron 24 (IVS 24 G+1 to A) of
the COL3AI gene (Fig. 4). Because the mother of the
present patient also demonstrated characteristic facial
features and easy bruising of the skin, we genetically
examined her blood samples to determine the genetic
background of this patient. Consequently, we were able
to confirm that the mother had the same mutation in
COL3AI gene.

Less than 6 months after the sigmoid colon perfora-
tion, the patient was admitted with a developing
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Fig. 4. Sequence analysis of genomic DNA from the patient’s
blood cells. The region near the genomic DNA was amplified
by polymerase chain reaction for the analysis of genomic
DNA. The results revealed a G-to-A transition at the donor
splice site +1 of intron 24 (IVS 24 G+1 to A) of the COL3AI
gene

Fig. 5. Resected specimen of the jejunum from the second
operation. The seromuscular layer of the patient’s jejunum
was torn throughout, and the entire layer of the intestine had
become partly necrotic

adhesive ileus. Although conservative therapy was
appropriated because there was no ischemic change
of the intestine at admission, an emergency operation
was performed because of the sudden onset of severe
abdominal pain, which was not relieved by analgesic
drugs. The operative and histopathological findings
revealed the seromuscular layer of his jejunum to be
torn, thus resulting in partial necrosis of this entire layer
of the patient’s intestine (Fig. 5). Therefore, we per-
formed a partial resection of the small intestine, and the
colostomy was not closed.

Methods of Genetic Examination

Dermal fibroblasts were obtained from the patient’s
skin and were cultured.”” The protein synthesis of type
I and type III collagen were assessed as described previ-
ously.”® After RNA was extracted from the cultured

735

fibroblasts, complementary DNA was synthesized by
reverse transcription from the RNA as a template. The
complementary DNA was amplified by PCR, and ana-
lyzed by electrophoresis on polyacrylamide gels to iden-
tify the abnormal fragments. Abnormal DNA fragments
were directly sequenced by an ABI PRISM 3100 genetic
analyzer (ABI Advanced Biotechnologies, Columbia,
MD, USA)>*® Furthermore, genomic DNA was
extracted from the blood cells, and all mutations were
confirmed in the genomic DNA of COL3AI by a
sequence analyzer.”*

Discussion

Ehlers-Danlos syndrome (EDS) is a rare inherited
disease of the connective tissue."” Most surgeons gener-
ally consider EDS to be a dermatologic disease.”™
However, patients who are affected by EDS, particu-
larly the vascular EDS type (VEDS), develop complica-
tions associated with tissue weakness, and surgical or
interventional therapy is often required.**" Until
genetic and biochemical testing was sufficiently devel-
oped, a considerable number of patients who died unex-
pectedly could not be diagnosed as having vEDS. In the
present case, the reason for the colonic perforation was
unclear after a histopathological examination, and 6
months passed until the diagnosis of VEDS could be
made by genetic and biomolecular assays. Even if we
suspected the possibility of VEDS based on the patient’s
clinical symptoms, the genetic and biomolecular assays
could not be easily performed in most hospitals. Fortu-
nately, we obtained advice from an authority in genetics
and had technical support with the genetic and biomo-
lecular assays. If this patient had not been definitively
diagnosed, it is likely that the patient and his family
might have lost any hope. Our belief is that a system for
diagnosing rare inherited diseases, such as VEDS, should
therefore be established as expeditiously as possible in
Japan.

In general, most surgeons encounter VEDS patients
who are affected by perforative peritonitis and perform
surgery by creating an intestinal stoma, because the
abdominal cavity is polluted with stool and the patient’s
tissues are very fragile. Furthermore, the intestinal
stoma helps in the management of constipation, which
these patients often experience to a severe extent.’ The
existence of an intestinal stoma is also preferable in
order to prevent high intestinal pressures. However,
patients who receive a colostomy creation are typically
frustrated by the limited lifestyle. Therefore, while we
understand why a patient may prefer bowel reconstruc-
tion, it is difficult to proceed down this path. It is neces-
sary to consider the future of the vEDS patients, as it
may be safer not to remove the intestinal stoma to
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prevent high intrabowel pressure that causes constipa-
tion and adhesive ileus. It is an important to note that
complications and tissue weakness increase in VEDS
patients after the age of 20 years."” Several authors have
recommended that the perforative lesion and its distal
colon should be removed at the same time to prevent
reperforation in the sigmoid colon and rectum.'® Other
authors have also recommended a subtotal colectomy
as a reasonable treatment because of the high rate of
reperforation in VEDS patients.”” Although these sug-
gestions have validity and are based on a safety-first
concept, we were unable to perform a subtotal colec-
tomy for the present vEDS patient at the time of the
first operation, when a definitive diagnosis had not yet
been determined. Moreover, it is difficult for us to
perform both a partial resection of the small intestine
and a subtotal colectomy, even at a second operation,
because of the risk of short bowel syndrome and anas-
tomotic leakage. It appears that a unique procedure for
perforation of the colon in VEDS patients cannot be
standardized, because individual patients have widely
divergent background factors, such as age, performance
status, accuracy of the diagnosis, frequency of perfora-
tion, and medical expertise in their country.

We recommend a therapeutic approach for the ileus
in VEDS patients based on the clinical course of the
present VEDS patient. vVEDS patients who are affected
by ileus must be surgically treated before too many fis-
sures develop in the intestine, regardless of the presence
of ischemic changes. In general, patients who are diag-
nosed with a paralytic ileus or adhesive ileus after prior
operations are conservatively treated by decompression
with a nasogastric tube or a Miller—Abbott tube.
However, we were unable to treat our vEDS patient
conservatively, because the wall of his small intestine
was easily torn and became necrotic under high pres-
sure. The timing for a surgical operation must be care-
fully considered, and a massive bowel resection should
always be prevented if at all possible.

H. Omori et al.: S-Colon Perforation Induced by vEDS
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Mutations affecting components
of the SWI/SNF complex cause
Coftin-Siris syndrome

Yoshinori Tsurusaki!, Nobuhiko Okamoto?, Hirofumi Ohashi?,
Tomoki Kosho?, Yoko Imai®, Yumiko Hibi-Ko®, Tadashi Kaname®,
Kenji NaritomiS, Hiroshi Kawame”%, Keiko Wakui®,

Yoshimitsu Fukushima#, Tomomi Homma®, Mitsuhiro Kato!9,
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By exome sequencing, we found de novo SMARCBT mutations
in two of five individuals with typical Coffin-Siris syndrome
(CSS), a rare autosomal dominant anomaly syndrome.

As SMARCBT encodes a subunit of the SWltch/Sucrose
NonFermenting (SWI/SNF) complex, we screened 15 other
genes encoding subunits of this complex in 23 individuals
with CSS. Twenty affected individuals (87 %) each had a
germline mutation in one of six SWI/SNF subunit genes,
including SMARCB1, SMARCA4, SMARCA2, SMARCET,
ARID1A and ARID1B.

Chromatin remodeling factors regulate the gene accessibility and
expression by dynamic alteration of chromatin structure. SWI/SNF
complexes have important roles in lineage specification, maintenance
of stem cell pluripotency and tumorigenesis!~%. These complexes are
composed of evolutionarily conserved core subunits and variant sub-
units. Brahma-associated factor (BAF) and Polybromo BAF (PBAF)
complexes constitute two major subclasses!~. It has been suggested
that the BAF complex is similar to the yeast SWI/SNF complex and
that the PBAF complex is more like the chromatin remodelling
complex (RSC) in yeast, which is required for cell cycle progression
through mitosis®. However, several subunits that are common

to both BAF and PBAF complexes are predicted to be related to the
regulation of lineage- and tissue-specific gene expression.

Coffin-Siris syndrome (MIM 135900) is a rare congenital anomaly
syndrome characterized by growth deficiency, intellectual disability,
microcephaly, coarse facial features and hypoplastic nail of the fifth
finger and/or toe (Fig. 1 and Supplementary Table 1)”. The majority
of affected individuals represent sporadic cases, which is compatible
with an autosomal dominant inheritance mechanism. The genetic
cause for this syndrome has not been elucidated.

To identify the genetic basis of CSS, we performed whole-exome
sequencing of five typical affected individuals (Supplementary
Methods). Taking into account our model that assumes that an abnor-
mality in a causal gene would be shared in two or more subjects,
51 variants were identified as candidates (Supplementary Table 2).
All the variants were also examined by Sanger sequencing of PCR prod-
ucts amplified using genomic DNA from the five affected individuals
and their parents. Nine variants were found to be false positives,
40 were inherited from either the father or mother, and 2 de novo hetero-
zygous mutations of SMARCBI were found in 2 affected individuals
(c.1130G>A (p.Arg377His) and ¢.1091_1093del AGA (p.Lys364del))
(Table 1, Supplementary Fig. 1 and Supplementary Methods).
Two de novo coding-sequence mutations occurring within a spe-
cific gene is an extremely unlikely event®, supporting the idea that
SMARCBI is a causative gene in CSS. Next, we screened SMARCBI
in 23 individuals with CSS by high-resolution melting analysis® and
identified the mutation encoding the p.Lys364del alteration in two
additional individuals, including one of Arab descent (subject 22)
(Table 1 and Supplementary Fig. 1). As the mutation detection rate
was relatively low (4 of 23, only 17.4%), we screened 15 additional
genes encoding other SWI/SNF subunits (Supplementary Table 3).
Unexpectedly, four other subunits, SMARCA4 (also known as BRGI),
SMARCEI1, ARIDIA and ARIDIB were also found to be mutated
(Table 1 and Supplementary Figs. 2-5). In subject 10, a, c.2144C>T
mutation in ARIDIB (encoding p.Pro715Leu) was found in addition
to the ¢.5632delG mutation in ARIDIB. RT-PCR products that were
amplified from total RNA from this subject’s lymphoblastoid cells
were cloned into the pCR4-TOPO vector. The two mutations were
present on different alleles, according to sequencing of clones con-
taining each allele (data not shown). As the ¢.5632delG mutation is
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ARID1B

Subject 1 Subject 15 Subject 23

very likely to be deleterious (as it results in a truncated protein), the
¢.2144C>T mutation is likely to be a rare polymorphism. Of note,
subject 12, who presented an atypical facial appearance and indis-
tinct hypoplastic nails, had two interstitial deletions at 6q25.3-q27
involving ARID1B, as detected by a SNP array
(Supplementary Fig. 6 and Supplementary
Methods). Furthermore, subject 14 was found

~ BRIEF COMMUNICATIONS

Figure 1 Photographs of individuals with Coffin-Siris syndrome. The
faces (left) and hypoplastic-to-absent nail of the fifth finger or toe (right)
of affected individuals are shown with the color-coded names of the
corresponding mutated genes. The green arrow indicates the absence

of the distal phalanx in the fifth toe. No obvious hypoplastic nails were
observed in subjects 12 or 19. Consent for all the photographs was
obtained from the families of the affected individuals.

in mice!®. However, in humans, abnormalities in both SMARCA4 and
SMARCA?2 are found in CSS, indicating that the in-frame partial deletion
of the gene encoding BRM in subject 19 has a specific mutational effect
different from that of simple inactivation in mice. These data support the
idea that abnormalities in the BRG1-BAF and BRM-BAF complexes can
cause the abnormal neurological development in CSS.

All the mutated genes found in CSS, except for SMARCEI, have been
reported to be associated with tumorigenesis’?. Among the 23 subjects
with CSS, only subject 3 with an ARID1A mutation presented with hepato-
blastoma. To our knowledge, haploinsufficiency and/or homozygous
inactivation of ARID1A have been found in several types of cancer but
not in hepatoblastoma. Malignancies were not detected in any of the
other subjects with CSS examined here. It remains to be seen whether
malignancies are robustly associated with CSS.

Given the fact that all the mutations in ARIDIA and ARIDIB in
CSS were predicted to cause protein truncation, we proposed that
haploinsufficiency of these two genes must be able to cause CSS.
cDNA analysis of lymphoblastoid cell lines from subjects 1, 6 and 23
indicated that the mutated transcripts were subject to nonsense-
mediated mRNA decay (Supplementary Fig. 8). In subject 10, the
ARIDIB mutation associated with the creation of a premature stop
codon in the last exon did not result in nonsense-mediated mRNA
decay as expected (Supplementary Fig. 8).

In regard to the other mutated genes, germline heterozygous trun-
cation mutations in SMARCBI and SMARCA4 have been reported

Table 1 Mutations in individuals with Coffin-Siris syndrome

to have an interstitial deletion of SMARCA2

Control allele

by a SNP array (Supplementary Fig. 7 and Subject ID Gene Mutation Alteration Type frequency?
Supplementary Methods). No other copy- 4 SMARCB1 ¢.1091_1093del AGA p.Lys364del De novo 0/502
number Changes involving genes encoding 11 SMARCBI c.1130G>A p.Arg377His De novo 0/500
SWI/SNF complex components were found 21 SMARCBI ~ ¢.1091_1093del AGA  p.Lys364del NC 0/502
in subjects 2, 14 or 18 by array analysis. The 22 SMARCBI  ¢.1091_1093del AGA p.Lys364del NC 0/502
overall mutation detection rate was 87%. In 9 SMARCA4 c.1636_1638del AAG p.lLysb46del De novo 0/350
total, 20 of the 23 subjects had a mutation 7 SMARCA4 c.2576C>T p.Thr859Met De novo 0/368
affecting one of the six SWI/SNF subunits. 5 SMARCA4  ¢.2653C>T p-Arg885Cys De novo 0/368
Mutations in CSS were identified in the BAE- 16 SMARCA4 c.2761C>T p.Leu921Phe De novo 0/368
speciﬁc subunits ARID1A and ARID1B but not 25 SMARCA4 ¢.3032T>C p.Metl011Thr NC 0/372
. . . 17 SMARCA4 €.3469C>G p.Argl157Gly De novo 0/368
in PBAF-specific subunits (BRD7, ARID2 and 19 SMARCAZ  Partial deletion De novo -
P BRM1) (S.“Ppleme’fmy,Tabl.e 3). In addi- SMARCEI  ¢.218A>G p.Tyr73Cys De novo 0/368
tion, mutations were identified in SMARCA4 3 ARIDIA c.31_56del p.Serl 1Alafs*91 NG 0/330
(BRGI) as well as in SMARCA2 (BRM) ¢ ARIDIA  c.2758CsT p.GIN920* NC 01376
(Supplementary Table 3). The BRG1 and ARIDIA .4003C>T p.Argl335* De novo _
BRM proteins are mutually exclusive Catalytic ARIDIB c.1678_1688del p.1le560Glyfs*89 De novo -
ATP subunits in mammalian SWI/SNF com- 15 ARIDIB ¢.1903C>T p.GIn635* De novo -
plexes. Of note, the majority of heterozygous 23 ARIDIB ¢.3304C>T p.Argl102* De novo _
Smarca4-null mice survive with susceptibility 10 ARID1B €.2144C>T p.Pro715Leu NC 0/368
to neoplasia, with a minority dying after birth 10 ARIDIB c.5632del G p.Asp1878Metfs*96  NC 0/374
because of exencephaly, whereas homozygous 12 ARID1B Microdeletion NC -

Smarca2-null mice are viable and fertile. In
Smarca2-null mice, Brgl is upregulated, sug-
gesting that Brgl can functionally replace Brm

NC, not confirmed because parental samples were unavailable.

aThe numbers indicate the observed allele frequency (alleles harboring the change/total tested alleles) in Japanese controls. None of the
mutations was found in dbSNP132, the 1000 Genomes database or the National Heart, Lung, and Blood Institute (NHLBI) GO
exomesequencing project database. —, not tested.
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BRIEF COMMUNICATIONS

in individuals with rhabdoid tumor predisposition syndromes 1
(RTPS1; MIM 609322) and 2 (RTPS2; MIM 613325)!112, and vari-
ous types of SMARCBI mutations (missense, in-frame deletion, non-
sense and splice site) have been found in the germline of individuals
with familial and sporadic schwannomatosis (MIM 162091)314,
Furthermore, mice with heterozygous knockout of Smarca4 or
Smarch] were prone to tumor development®. All the mutations
in SMARCA4 and SMARCBI in individuals with CSS were non-
truncating (either missense or in-frame deletions), implying that
they exert gain-of-function or dominant-negative effects (excluding
haploinsufficiency as a cause). It is noteworthy that comparable
germline mutations in SMARCBI have such different phenotypic
consequences in their association with the phenotypes of CSS and
schwannomatosis. The SMARCBI mutations in CSS and those in
schwannomatosis are indeed different according to the Human Gene
Mutation Database. With regard to the SMARCA?2 interstitial deletion
in CSS, the change maintained the coding sequence reading frame
but removed exons 20-27 that encode the HELICc domain. RT-PCR
analysis confirmed the deletion of exons 20-27 at the cDNA level
(Supplementary Fig. 7). These data suggest the importance of the
HELICc domain in the SMARCAZ2 protein.

The various types of mutations in the genes encoding different
SWI/SNF components resulted in similar CSS phenotypes. This
suggests that the SWI/SNF complexes coordinately regulate chro-
matin structure and gene expression. This is the first report, to our
knowledge, of germline mutations in SWI/SNF complex genes asso-
ciated with a multiple congenital anomaly syndrome, highlighting
new biological aspects of SWI/SNF complexes in humans. Similarly,
genes encoding SNF2-related proteins, which are implicated as
chromatin remodeling factors outside of SWI/SNF complexes,
are mutated in different syndromes, including in o-thalassaemia/
mental retardation syndrome X-linked (ATRX; ATRX mutations)
and in coloboma, heart defect, atresia choanae, retarded growth and
development, genital abnormality and ear abnormality (CHARGE)
syndrome (CHD? haploinsufficiency)?. We expect that more muta-
tions affecting chromatin remodeling factors will be found in dif-
ferent human diseases.

URLs. Human Gene Mutation Database, https://portal.biobase-inter
national.com/cgi-bin/portal/login.cgi.

Note: Supplementary information is available on the Nature Genetics website.
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Coffin—Siris syndrome
complex disorder

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

Clin Genet 2013. © John Wiley & Sons A/S. Published by John Wiley &
Sons Ltd, 2013

Coffin—Siris syndrome (CSS) is a congenital disorder characterized by
intellectual disability, growth deficiency, microcephaly, coarse facial
features, and hypoplastic or absent fifth fingernails and/or toenails. We
previously reported that five genes are mutated in CSS, all of which
encode subunits of the switch/sucrose non-fermenting (SWI/SNF)
ATP-dependent chromatin-remodeling complex: SMARCBI, SMARCA4,
SMARCE] , ARIDIA, and ARIDIB. In this study, we examined 49 newly
recruited CSS-suspected patients, and re-examined three patients who did
not show any mutations (using high-resolution melting analysis) in the
previous study, by whole-exome sequencing or targeted resequencing. We
found that SMARCBI, SMARCA4, or ARIDIB were mutated in 20
patients. By examining available parental samples, we ascertained that 17
occurred de novo. All mutations in SMARCBI and SMARCA4 were
non-truncating (missense or in-frame deletion) whereas those in ARIDIB
were all truncating (nonsense or frameshift deletion/insertion) in this study
as in our previous study. Our data further support that CSS is a SWI/SNF
complex disorder.

Conflict of interest

None of the authors have any conflicts of interest to disclose.

— 308 —

© 2013 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd
CLINICAL GENETICS
doi: 10.1111/cge.12225

is a SWI/SNF

Y Tsurusaki®, N Okamoto®,

H Ohashi®, S Mizuno9,

N Matsumoto®, Y Makitaf,

M Fukuda¥, B Isidor", J Perrier,
S Aggarwall, AB Dalal¥,

A Al-Kindy', J Liebelt™,

D Mowat", M Nakashima?,

H Saitsu?, N Miyake?

and N Matsumoto?

aDepartment of Human Genetics,
Yokohama City University Graduate
School of Medicine, Yokohama, Japan,
bDivision of Medical Genetics, Osaka
Medical Center and Research Institute for
Maternal and Child Health, Izumi, Japan,
°Division of Medical Genetics, Saitama
Children’s Medical Center, Saitama,
Japan, ¢Department of Pediatrics,
Central Hospital, Aichi Human Service
Center, Kasugai, Japan, ®Department of
Pediatrics, Asahikawa Medical University,
Asahikawa Medical University,
Asahikawa, Japan, fEducation Center,
Asahikawa Medical University,
Asahikawa, Japan, Department of
Pediatrics, St. Marianna University School
of Medicine, Kawasaki, Japan, "CHU
Nantes, Service de Génétique Médicale,
Nantes, France, \CHU Nantes, Service de
Pédiatrie, Nantes, France, IDepartment of
Medical Genetics, Nizam’s Institute of
Medical Sciences, Hyderabad, India,
Diagnostics Division, Centre for DNA
Fingerprinting and Diagnostics,
Hyderabad, India, 'Department of
Genetics, Sultan Qaboos University
Hospital, Muscat, Oman, ™South
Australian Clinical Genetics Service, SA
Pathology at Women's and Children’s
Hospital, North Adelaide, Australia, and
"Department of Medical Genetics,
Sydney Children’s Hospital and the
School of Women'’s and Children’s
Health, University of New South Wales,
Sydney, Australia

Key words: Coffin—Siris syndrome —
ARID1B - SMARCA4 - SMARCBT -
SWI/SNF ATP-dependent
chromatin-remodeling complex



Y. Tsurusaki et al.

Coffin—Siris Syndrome (CSS; MIM 135900), first
described by Coffin and Siris in 1970, is a congen-
ital disorder characterized by intellectual disability
(ID), growth deficiency, microcephaly, coarse facial
features, and hypoplastic or absent fifth finger-
nails and/or toenails (1). Recently, we identified
mutations in six genes encoding subunits of the
switch/sucrose  non-fermenting (SWI/SNF) ATP-
dependent chromatin-remodeling complex: SMARCBI ,
SMARCA4, SMARCA2, SMARCEI, ARIDIA, and
ARIDIB (2). Simultaneously, SMARCA2 mutations
were frequently found in patients with a similar syn-
drome, Nicolaides—Baraitser syndrome (NCBRS; MIM
601358) (3, 4). In fact, our patient with a SMARCA2
mutation was clinically re-evaluated and recategorized
as NCBRS (personal communication with Professor
Raoul CM Hennekam of University of Amsterdam),
removing SMARCA?2 as a causative gene for CSS.

Chromatin structure is important for the accessi-
bility of DNA to transcription factors and for gene
expression. The SWI/SNF complex modulates chro-
matin structure and plays important roles in transcrip-
tion, cell differentiation, DNA repair, and tumor sup-
pression (5, 6). The complexes contain a single ATPase
subunit (SMARCA2 or SMARCA4), core subunits con-
sisting of SMARCB1, SMARCCI, and SMARCC2, and
form two major subclasses in mammals: BRG1/hBRM-
associated factors (BAF) and polybromo-associated
BAF (PBAF) complexes. ARIDIA and ARID1B sub-
units are mutually exclusive and are only present in
BAF complexes, whereas PBRM1, ARID2, and BRD7
subunits are PBAF-specific (7, 8). In our previous study,
we identified CSS-related mutations in the BAF-specific
subunits ARID1A and ARIDIB (2).

In this study, we examined 49 newly recruited
patients and re-examined three patients who did not
show any mutation (by high-resolution melting analy-
sis) in the previous study.

Materials and methods
Subjects and DNA preparation

We collected patients with suspected CSS showing
most of core clinical features including ID, growth
deficiency, coarse facial features, and hypoplas-
tic/absent fifth fingernails and/or toenails (Fig. 1,

2
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Table 1). NCBRS, a similar condition to CSS (9), is
excluded in this study. Genomic DNA of peripheral
blood leukocytes was extracted by conventional meth-
ods. Detailed clinical information was obtained after
written informed consent was secured from the family
members (Table1). The institutional review board
of Yokohama City University School of Medicine
approved this study.

Whole-exome sequencing and targeted resequencing

We performed whole-exome sequencing (WES) for
44 patients as previously described (10) and targeted
resequencing in eight patients using a HaloPlex Tar-
get Enrichment System (Agilent Technologies, Santa
Clara, CA) according to the manufacturer’s protocol. A
probe library was designed with oligonucleotide probes
targeting 21 genes encoding SWI/SNF complex sub-
units (ACTB, ACTL6A4, ACTL6B, ARIDIA, ARIDIB,
ARID2, BRD7, DPF1, DPF2, DPF3, PBRMI, PHFIO0,
SMARCA2, SMARCA4, SMARCBI, SMARCCI, SMAR
CC2, SMARCDI, SMARCD2, SMARCD3, and SMA
RCEI).

Priority scheme

Out of all variants within exons or +2bp from the
exon—intron boundaries, those registered in dbSNP135,
the 1000 Genomes Project, and the National Heart
Lung and Blood Institute Exome Sequencing Project
Exome Variant Server (NHLBI-ESP 5400), our in-
house databases (408 exomes) or located within seg-
mental duplications were removed.

Sanger sequencing

Variants were confirmed as true positives by Sanger
sequencing on an ABI3500xl or ABI3130xl autose-
quencer (Life Technologies, Carlsbad, CA). Sequencing
data were analyzed with Sequencher software (Gene
Codes Corporation, Ann Arbor, MI). Parental sam-
ples were also confirmed (when available) to check the
inheritance of variants.

Results

By WES, the mean coverage of RefSeq coding
sequence was 49.6—175.6 reads, with 72.0-93.2%
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Coffin—Siris syndrome is a SWI/SNF complex disorder

Fig. 1. Photographs and brain magnetic resonance imaging findings in patients with Coffin—Siris syndrome. (a) Faces (top) and nails of the fingers
(middle) or/and toes (bottom) of patients, with the mutated gene indicated. Red asterisks indicate the fifth finger/toe. (b) T1-weighted midline
sagittal magnetic resonance images. The individuals showed agenesis of the corpus callosum (arrows).

being covered by 20 or more reads. By tar-
geted resequencing, the mean coverage of coding
sequence in the target genes was 496.1-541.0 reads,
with 96.5-97.2% being covered by 20 or more
reads.

Mutations were discovered in SMARCBI (3 of 52
patients, 5.8%), SMARCA4 (2 of 52 patients, 3.8%), and
ARIDI1B (15 of 52 patients, 28.8%); all were confirmed
by Sanger sequencing. We ascertained that a total of 17
mutations (among 20 patients) occurred de novo. No
other pathological variants were found. In our previous
study, mutations were found in SMARCBI (4 of 22
patients, 18.2%), SMARCA4 (6 of 22 patients, 27.3%),

ARIDIB (5 of 22 patients, 22.7%), ARIDI1A (3 of 22
patients, 13.6%), and SMARCEI (1 of 22 patients,
4.5%). In this and our previous study, mutations in
SMARCBI and SMARCA4 were all non-truncating,
implying that they exert gain-of-function or dominant
negative effects whereas those in ARIDIB mutations
were all truncating, leading to haploinsufficiency (2).
In total, 39 out of 71 CSS patients (54.9%) carry a
mutation in one of five genes encoding a SWI/SNF
complex subunit (Table 2; Figs S1 and S2). All the
mutations are mutually exclusive.
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Table 1. Clinical features in CSS

Mutated gene

Mutation
Tsurusaki et al. (2) This study Total positive
Mutation Fischer's exact
Clinical features 1B B1 A4 1A E1 1B B1 A4 1B B1 A4 All negative  two-sided test P values?
Neurodevelopment
Developmental delay 5/56 4/4 6/6 3/3 11 15/16  1/1 272 2020 5/5 8/8 37/37 8/8 1.000
Hypotonia 4/5  4/4 4/6 2/3 11 1415  0/1  1/2  18/20 4/5 5/8 30/37 7/8 1.000
Microcephaly 1/6  2/83 4/5 173 11 2/15 i1 02 3/20 3/4 477 12/35 3/8 1.000
Small cerebellum o5  2/3 03 12 1/16 o1 172 1/20 2/4  1/6 5/31 0/6 0.567
Seizures 2/5 2/4 2/8 0/2 5/15 171 02 7/20 3/5 2/8 12/35 4/8 0.443
Dandy-Walker o5 02 15 1/3 114 0/1 1/2 119 03 2/7 4/32 o7 1.000
Abnormal corpus callosum 12 272 11 33 6/13 0/1 1/2 7115 2/3  2/3 14/24 2/6 0.378
Vision problem 14 2/3 56 12 2/15 o1 02 3/19 2/4  5/8 11/33 3/7 0.679
Hearing loss /6  3/4 36 12 1/1 1/156 1/1 172 2/20 4/5  4/8 12/36 o7 0.163
Ectodermal
Absent/hypoplastic fifth finger/toenails 5/5 4/4 6/6 3/3 b 1115 /1 2/2  16/20 5/5 8/8 33/37 4/7 0.068
Hirsutism 5/5 3/4 6/6 33 17 1415 1/1 22  19/20 4/5 8/8 35/37 77 1.000
Sparse scalp hair 3/5 4/4 3/6 33 11 7/15 11 1/2  10/20 5/5 4/8 23/37 1/7 0.035
Thick eyebrow 5/5 4/4 6/6 2/3 N 15/15 11 2/2  20/20 5/5 8/8 36/37 8/8 1.000
Long eyelashes 4/5  4/4  6/6  3/3 il 1815 /1 2/2 17/20 5/5 8/8 34/37 7/8 0.557
Abnormal/delayed dentition 5/5 3/3 35 22 i7al 4/10 171 0N 9/15 4/4  3/6 19/28 0/6 0.004
Non-functioning/absent tear duct o1 23 1/4 02 o1 2/14 o1 0/2 2/15 2/4  1/6 5/28 077 0.559
Facial
Coarse appearance 5/5 4/4 B6/6 3/3 /1 15/15 1/ 2/2  20/20 5/5 8/8 37/37 8/8 1.000
Flat nasal bridge 5/5 3/4 4/6 2/3 1 1215 11 2/2  17/20  4/5 6/8 30/37 6/8 0.652
Broad nose 5/5 4/4 2/6 2/3 A 13/15 11 2/2  18/20 5/5 4/8 30/37 6/8 0.652
Wide mouth 3/5 4/4 3/6 3/3 11 18/16 /1 2/2  16/20 5/5 5/8 30/37 6/8 0.652
Thick lips 5/5 4/4 5/6 3/3 I7al 15/15  1/1  2/2 20/20 5/5 7/8 36/37 8/8 1.000
Abnormal ears 4/5 4/4 5/6 3/3 11 9/15 i1 2/2 13/20 5/5 7/8 29/37 1/7 0.002
High palate 5/5 4/4 5/5 2/3 N 9/15 i1 2/2 14/20 5/5 7/7 29/36 6/8 0.659
Cleft palate 05 2/4 3/6 2/3 11 1/15 071 1/2 1/20 2/5  4/8 10/37 0/8 0.169
Ptosis 0/5 34 56 073 il 3/15 01 1/2 3/20 3/5 6/8 13/37 3/8 1.000
Macroglossia 05 34 2/6 053 11 2/15 o1t 02 2/20 3/5 2/8 8/37 0/7 0.318
Short philtrum o5 0/4 3/6 173 1/1 6/15 17 1/2 6/20 1/5  4/8 13/37 1/8 0.402
Long philtrum 16 2/4 0/6 1/3 0/1 5/12 o1 on 6/17 2/5  0/7 9/33 1/8 0.653
Skeletal
Absent/hypoplastic fifth phalanx (hand)  6/6  1/1  4/5  2/2 171, 514 2/2 1019  1/1 6/7 20/30 2/8 0.050
Absent/hypoplastic fifth phalanx (foot) 4/5 11 38 2/2 1/1 712 2/2 1147 11 5/5 20/26 3/7 0.161
Short stature 2/5 4/4  4/5 2/3 171 1014 11 1/2 12/19  5/5  5/7 25/35 6/8 1.000
Spinal anomalies 34 34 /4 12 11 3/14 171 0/2 6/18 4/5  1/6 13/32 3/7 1.000
Delayed bone age 0/1 11 1/2 2/11 0/1 2/12 71 0N 4/16 4/6 0.137

‘% 39 D{ESnInSy, ‘X



Fischer's exact
two-sided test P values?®
1.000
0.623
1.000
1.000

Mutation
negative
6/7
6/8
1/6
0/5

Mutation
positive
All
30/37
30/36
7/34
1/37

A4
7/8
7/8
2/7
0/8

Total
B
5/5
5/5
1/5
0/5

1B
14/20
15/20
2/20
0/20

Ad
2/2
2/2
0/2
0/2

This study
B1
N
i
01
01

1B

Mutated gene
10/15
11/15
1/15
015

E1
11
01

1A
3/3
3/3
2/2
1/3

Tsurusaki et al. (2)
A4
5/6
5/6
2/5
0/6

B1
4/4
4/4
1/4
0/4

1B
4/5
4/5
1/5
0/5

Intestinal anomalies

Feeding problems
Tumor

Sucking problems

Table 1. Continued.
Clinical features
Gastrointestinal

Coffin—Siris syndrome is a SWI/SNF complex disorder

Discussion

On the basis of this and our previous mutation survey,
NOOCOOOBOO the mutation detection rates in CSS are 54.9% (39 out
888853838 of 71) and ARIDIB mutations are the most common
OrTrororT genetic cause of CSS (20 of 71 patients, 28.2%).
Santen et al. also found truncating mutations of ARIDIB
in three CSS patients by WES (11). All ARIDIB
mutations reported in CSS are truncating (Figs S1
and S2). Interestingly, Hoyer et al. also reported that
ARIDIB truncating mutations are a frequent cause of
unspecific moderate-severe ID (12) (Fig. S1). All of
the mutations found in ID were truncating. Some 1D
patients showed characteristic coarse facial features
similar to CSS. Furthermore, hypoplastic/absent fifth

4/7
3/8
4/8
2/6
0/5
1/8
1/8
0/5
0/8

c
558525939 % finger/toe nails have been described in some ID patients
JO0NGRaes | B (12). Therefore, taking into consideration the symptoms
o of CSS, some of the ID patients may also have CSS
= . p . y .
z or these patients and CSS patients are phenotypically

VOOV OREN | £ overlapped.

BIDI=ANSS g We tried to find characteristic clinical features of CSS

£ specific to particular mutated genes. It is only noted

5 P p s cd g y
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£ ARIDIA or SMARCEI mutations showed hypoplas-

o tic/absent fifth finger/toe nails, but some patients with

I 0] ARID1B mutations did not. Except for that, it is difficult
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TRsYNSSNS | = to clinically differentiate patients by mutant genes partl

= - ) pati genes partly

W ¢ due to variable phenotypes in CSS. These findings may
Naaaaaaaa | % suggest that different subunits of the SWI/SNF complex
SNTSS==55 % 2 coordiqately regulate chromatin and gene expression as
- 2 afunctional unit (13).
crrrrreee |28 Clinical features were compared between patients
=2=o=e==s |2 2 with identified mutations of genes encoding a SWI/SNF
QQ: '8 complex subunit and patients without identified
<% SWI/SNF complex subunit mutations using Fisher’s
[loRToRToRToNIoNTo Rlo NN o} s p ..
SESSEES55S < g2 exact test (Table 1). Four clinical features showed
mer Cly g significant difference including sparse scalp hair
g:) § (P =0.035), abnormal/delayed dentition (P =0.004),
crccocooo |<g abnormal ears (P = 0.002), and absent/hypoplastic fifth

00000 % % phalanx of the hand (P = 0.050), although the number

< T of mutation-negative patients is small.
I g p )
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S-AD==33S |@ 5 in tumor suppression (7). Mutations in SMARCBI
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CEOOOOOTY S © mutations in SMARCBI were truncating mutations
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Table 2. Mutations found in patients with Coffin—Siris syndrome

RefSeq Amino

Patient accession Nucleotide acid

ID Gene number change change Mutation Type Reference

4 SMARCBT1 NM_003073.3 ¢.1091_1093del p.LysB364del Inframeshift  denovo  Tsurusaki et al. (2)
21 SMARCB1 NM_003073.3 ¢.1091_1093del p.Lys364del Inframeshift nc Tsurusaki et al. (2)
22 SMARCB1 NM_003073.3 ¢.1091_1093del p.LysB364del Inframeshift nc Tsurusaki et al. (2)
29 SMARCB1 NM_003073.3 ¢.1091_1093del p.Lys364del Inframeshift  de novo This report

37 SMARCB1 NM_003073.3 ¢.1091_1093del p.Lys364de! Inframeshift ~ de novo This report

48 SMARCB1 NM_003073.3 ¢.1091_1093del p.Lys364del Inframeshift  de novo This report

11 SMARCB1 NM_003073.3 c.1130G>A p.Arg377His Missense denovo Tsurusaki et al. (2)
32 SMARCA4 NM_001128849.1 €.1372_1395del p.Lys458_Glu465del  Inframeshift  de novo This report

9 SMARCA4 NM_001128849.1 ¢.1636_1638del p.Lys546del Inframeshift  denovo  Tsurusaki et al. (2)
7 SMARCA4 NM_001128849.1 c.2576C>T p.Thr859Met Missense denovo Tsurusaki et al. (2)
5 SMARCA4  NM_001128849.1 €.2653C>T p-Arg885Cys Missense denovo Tsurusaki et al. (2)
14 SMARCA4  NM_001128849.1 C.2654G>A p.Arg885His Missense de novo This report

16 SMARCA4 NM_001128849.1 c.2761C>T p.Leu921Phe Missense denovo Tsurusaki et al. (2)
25 SMARCA4  NM_001128849.1 €.3032T>C p.Met1011Thr Missense denovo  Tsurusaki et al. (2)
17 SMARCA4 NM_001128849.1 €.3469C>G p.Arg1157Gly Missense denovo Tsurusaki et al. (2)
38 ARID1B NM_020732.3 €.1389_1398del p.Ala464Serfs*35 Frameshift ~ de novo This report

28 ARID1B NM_020732.3 €.1392_1402del p.GIn467Argfs*64 Frameshift de novo This report

1 ARID1B NM_020732.3 €.1678_1688del p.lle560Glyfs*89 Frameshit ~ denovo Tsurusaki et al. (2)
40 ARID1B NM_020732.3 ¢.1713del p.Gly572Glufs*21 Frameshift de novo This report

15 ARID1B NM_020732.3 ¢.1908C>T p.GInB35* Nonsense denovo Tsurusaki et al. (2)
61 ARID1B NM_020732.3 ¢.2062del p.LeuB88Serfs*9 Frameshift ~ de novo This report

75 ARID1B NM_020732.3 €.2891_2892insAC p.Phe964Leufs*s Frameshift de novo This report

23 ARID1B NM_020732.3 €.3304C>T p.Arg1102* Nonsense denovo Tsurusaki et al. (2)
53 ARID1B NM_020732.3 c.3481G>T p.Glu1161* Nonsense de novo This report

74 ARID1B NM_020732.3 C.4009C<T p. Arg1337* Nonsense nc This report

56 ARID1B NM_020732.3 €.4820_4825delinsAGGCT p.Thr1607Lysfs*7 Frameshift de novo This report

69 ARID1B NM_020732.3 c.4821del p.Pro1609Leufs*5 Frameshift de novo This report

27 ARID1B NM_020732.3 c.4911G>A p.Trp1637* Nonsense de novo This report

34 ARID1B NM_020732.3 €.4916_4917del p.Val1639Aspfs*5 Frameshift de novo This report

35 ARID1B NM_020732.3 €.5623_5625delinsTGACGTCT p.Ala1875* Nonsense nc This report

10 ARID1B NM_020732.3 ¢.5632del p.Asp1878Metfs*96 Frameshift nc Tsurusaki et al. (2)
51 ARID1B NM_020732.3 c.6120C>G p.Tyr2040* Nonsense nc This report

31 ARID1B NM_020732.3 c.6382C>T p.Arg2128* Nonsense de novo This report

55 ARID1B NM_020732.3 €.6516C>G p.Tyr2172* Nonsense de novo This report

12 ARID1B NM_020732.3 Microdeletion nc Tsurusaki et al. (2)
3 ARID1A NM_006015.4 ¢.31_56del p.Ser11Alafs*91 Frameshift nc Tsurusaki et al. (2)
6 ARID1A NM_006015.4 c.2758C>T p.GIng20* Nonsense ne Tsurusaki et al. (2)
8 ARID1A NM_006015.4 C.4003C>T p.Arg1335* Nonsense denovo Tsurusaki et al. (2)
24 SMARCE1 NM_003079.4 c.218A>G p.Tyr73Cys Missense denovo Tsurusaki et al. (2)

nc, not confirmed, as parental samples were unavailable.

have not been reported in association with the CSS
phenotype. It is still unclear why germ line mutations
in the same genes can give rise to CSS or different
types of tumors. Heterozygous knockout mice were
born and appeared normal, but these mice started
developing tumors (14). In human, SMARCBI and
SMARCA4 mutations in CSS patients were all missense
mutations or in-frame deletion while the majority
of patients with tumors showed truncating mutations.
These evidences might indicate that mutations in CSS
were a gain-of-function or a dominant-negative type
while those in patients with tumors resulted in the loss
of function. Tumor formation was only found in one
of our CSS patients carrying an ARIDIA mutation,
who presented with hepatoblastoma and carried an
ARID 1A mutation (2) (Table 1). Mutations in ARID1A4
are undoubtedly involved in the formation of various
tumors, but unfortunately autopsy was not performed in
the CSS patient and the tumor tissue was unavailable.

6

Furthermore, germline mutations of ARIDIA have
been unreported in relation to patients with tumors
so far. Careful follow-ups should be undertaken to
monitor potential tumor development in these CSS
patients.

In conclusion, we identified mutations in SMARCBI,
SMARCA4, and ARIDIB in 20 out of 52 CSS-
suspected patients using WES or targeted resequencing.
Further investigation of more patients is necessary to
validate phenotype—genotype correlations and tumor
susceptibility. In yeast, function of SWI/SNF complex
is well characterized. SWI/SNF complexes interact with
some transcription factors and regulate the expression
of hundreds of genes (6), suggesting that other upstream
or downstream genes may be mutated in CSS. Further
research is needed to understand the pathomechanism
of CSS.

— 313 —



Coffin—Siris syndrome is a SWI/SNF complex disorder

Supporting Information
The following Supporting information is available for this article:

Fig.SIProtein structure of SMARCB1, SMARCAA4, and ARID1B
with functional domains. Mutations identified in this study are
indicated above the structure, and those identified in the previous
study and other studies corresponding to Coffin—Siris syndrome
or ID (11, 12) are indicated below the structure. SMARCBI con-
tains two sucrose non-fermenting 5 (SNF5) domains. SMARCA4
contains a conserved Gln, Leu, Gln (QLQ) motif, a helicase/SANT-
associated (HSA) domain, a Brahma and Kismet (BRK) domain,
DEAD-like helicases superfamily (DEXDc) and helicase superfam-
ily c-terminal (HELICc) domains, and a bromodomain (BROMO).
ARIDIB contains an ARID/BRIGHT DNA-binding (ARID)
domain.

Fig.S2Number of Coffin—Siris syndrome patients with a mutation
in each SWI/SNF complex subunit gene.

Additional Supporting information may be found in the online
version of this article.
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