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Table 5 Lateral cephalometric analysis with MDCT of four

patients

Patient 1 2 3 4

Skeletal
Convexity 7.85 3.47 5.29 0.50
A-B plane -0.12 -0.95 -1.78 0.76
SNA 4.06 -1.78 -1.78 -1.21
SNB 0.42 -2.89 -2.61 -1.14
Facial angle -1.39 -1.54 1.39 0.53
SNP -1.14 -2.99 -3.13 -1.56
Y axis 0.00 —0.15 -0.45 -0.84
SN-S-Gn 0.06 1.68 3.29 1.40
Mandibular plane 1.18 0.00 0.74 0.94
Gonial angle 0.77 -1.23 0.29 0.93
GZN —-0.12 233 2.51 2.09
FH to SN —0.38 1.97 3.98 2.16

Dental
U-1 to FH plane 2.37 ~2.62 -0.31 4.44
U-1 to SN plane 3.12 -1.10 241 3.02
L-1 to mandibular 1.17 4.94 —1.88 -1.28
Interincisal -3.04 —2.04 0.30 241
Occlusal plane 2.36 1.17 ~0.69 -1.23
Unit, S.D.

cast studies are often difficult to perform, especially in the infantile
period when patients tend to show marked irritability. MDCT is a
useful tool for precise evaluation of craniofacial and oral manifes-
tations in multiple congenital anomaly/intellectual disability syn-
dromes (Hirai et al. 2011).

In conclusion, characteristic craniofacial and oral features
frequently noted in patients with Costello syndrome might be
true/relative macrocephaly with facial bone hypoplasia, gingival
hypertrophy, malocclusion, occlusal attrition, small dental arches,

Fig. 4 Multi-detector row computed tomogra-
phy (MDCT)-synthesized lateral radio-
graph (left) and close view of mandible
(right) of Patient 3 at age of 6 years.
Note the macrocephalic skull with hypo-
plastic facial bones (left). Mandibular
anomalies are also noted, characterized
by thick and flat head of the condylar
process, short condylar neck, narrow
mandibular notch (right upper) and ante-
gonial notching (right lower).

microdontia, and convex face. Craniofacial and dental abnormali-
ties are common in Costello syndrome patients and comprehensive
dental care should be provided from early infancy.
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REPORT

Mutations in B3GALT6, which Encodes a Glycosaminoglycan
Linker Region Enzyme, Cause a Spectrum
of Skeletal and Connective Tissue Disorders

Masahiro Nakajima,.2! Shuji Mizumoto,221 Noriko Miyake,3.21 Ryo Kogawa,? Aritoshi lida,!
Hironori Ito,4 Hiroshi Kitoh,5> Aya Hirayama,® Hiroshi Mitsubuchi,” Osamu Miyazaki,® Rika Kosaki,®
Reiko Horikawa,10 Angeline Lai,!! Roberto Mendoza-Londono,*2 Lucie Dupuis,2 David Chitayat,12
Andrew Howard,!® Gabriela F. Leal,'4 Denise Cavalcanti,’5 Yoshinori Tsurusaki,3 Hirotomo Saitsu,3
Shigehiko Watanabe, ¢ Ekkehart Lausch,!” Sheila Unger,1® Luisa Bonafé,!® Hirofumi Ohashi,!6
Andrea Superti-Furga,1® Naomichi Matsumoto,3 Kazuyuki Sugahara,2 Gen Nishimura,20

and Shiro Ikegawal*

Proteoglycans (PGs) are a major component of the extracellular matrix in many tissues and function as structural and regulatory
molecules. PGs are composed of core proteins and glycosaminoglycan (GAG) side chains. The biosynthesis of GAGs starts with the linker
region that consists of four sugar residues and is followed by repeating disaccharide units. By exome sequencing, we found that B3GALT6
encoding an enzyme involved in the biosynthesis of the GAG linker region is responsible for a severe skeletal dysplasia, spondyloepi-
metaphyseal dysplasia with joint laxity type 1 (SEMD-JL1). B3GALT6 loss-of-function mutations were found in individuals with
SEMD-JL1 from seven families. In a subsequent candidate gene study based on the phenotypic similarity, we found that B3GALT6 is
also responsible for a connective tissue disease, Ehlers-Danlos syndrome (progeroid form). Recessive loss-of-function mutations in
B3GALT6 result in a spectrum of disorders affecting a broad range of skeletal and connective tissues characterized by lax skin, muscle
hypotonia, joint dislocation, and spinal deformity. The pleiotropic phenotypes of the disorders indicate that B3GALT6 plays a critical
role in a wide range of biological processes in various tissues, including skin, bone, cartilage, tendon, and ligament.

Skeletal dysplasias represent a vast collection of genetic dis-
orders of the skeleton, currently divided into 40 groups.’
Spondyloepimetaphyseal dysplasia (SEMD) is one group
(group 13) of skeletal dysplasia that contains more than
a dozen distinctive diseases. SEMD with joint laxity
(SEMD-JL) is a subgroup of SEMD that consists of type 1
(SEMD-JL1 [MIM 271640]) and type 2 (SEMD-JL2 [MIM
603546]). SEMD-JL1 or SEMD-JL Beighton type is an auto-
somal-recessive disorder that shows mild craniofacial dys-
morphism (prominent eye, blue sclera, long upper lip,
small mandible with cleft palate) and spatulate finger
with short nail.?> The large joints of individuals with
SEMD-JL1 are variably affected with hip dislocation, elbow
contracture secondary to radial head dislocation, and club-
feet. Joint laxity is particularly prominent in the hands.
Skeletal changes of SEMD-JL1 are characterized by moder-

ate platyspondyly with anterior projection of the vertebral
bodies, hypoplastic ilia, and mild metaphyseal flaring.
Kyphoscoliosis progresses with age, leading to a short
trunk, whereas platyspondyly become less conspicuous
and the vertebral bodies appear squared in shape with
age. Recently, dominant kinesin family member 22
(KIF22 [MIM 603213]) mutations have been found in
SEMD-JL2;*% however, the genetic basis of SEMD-JL1 re-
mains unknown.

To identify the SEMD-JLl-causing mutation, we
performed whole-exome sequencing experiments. We
recruited seven individuals with SEMD-JL1 from five
unrelated Japanese families (F1-F5) and a Singapore/
Japanese family (F6) (Table 1). One family (F1) had a pair
of affected sibs (P1 and P2) from nonconsanguineous par-
ents. Genomic DNA was extracted by standard procedures

!Laboratory for Bone and Joint Diseases, Center for Integrative Medical Sciences, RIKEN, Tokyo 108-8639, Japan; “Laboratory of Proteoglycan Signaling and
Therapeutics, Frontier Research Center for Post-Genomic Science and Technology, Graduate School of Life Science, Hokkaido University, Sapporo 001-
0021, Japan; SDepartment of Human Genetics, Yokohama City University Graduate School of Medicine, Yokohama 236-0004, Japan; “Department of
Orthopaedic Surgery, Central Hospital, Aichi Prefectural Colony, Kasugai 480-0392, Japan; SDepartment of Orthopaedic Surgery, Nagoya University School
of Medicine, Nagoya 466-8550, Japan; ®Department of Pediatrics, Akita Prefectural Center on Development and Disability, Akita 010-1407, Japan; ‘Depart-
ment of Neonatology, Kumamoto University Hospital, Kumamoto 860-8556, Japan; ®Department of Radiology, National Center for Child Health
and Development, Tokyo 157-8535, Japan; ®Division of Medical Genetics, National Center for Child Health and Development, Tokyo 157-8535, Japan;
*Division of Endocrinology and Metabolism, National Center for Child Health and Development, Tokyo 157-8535, Japan; "Department of Paediatric
Medicine, KK Women’s and Children’s Hospital, Singapore 229899, Singapore; *?Department of Paediatrics, The Hospital for Sick Children and University
of Toronto, Toronto, ON M5G 1X8, Canada; 13Depaxrtment of Surgery, The Hospital for Sick Children and University of Toronto, Toronto, ON M5G 1X8,
Canada; **The Professor Fernando Figueira Integral Medicine Institute (IMIP), Recife, PE 50070-550, Brazil; '*Skeletal Dysplasia Group, Department of Med-
ical Genetics, Faculty of Medical Sciences, State University of Campinas (UNICAMP), Campinas, SP 13083-970, Brazil; 1%Division of Medical Genetics, Sai-
tama Children’s Medical Center, Saitama 339-8551, Japan; YDivision of Paediatric Genetics, Centre for Pediatrics and Adolescent Medicine, University of
Freiburg, Freiburg 79106, Germany; **Medical Genetics Service, University of Lausanne, CHUV, Lausanne 1011, Switzerland; *Department of Pediatrics,
University of Lausanne, CHUV, Lausanne 1011, Switzerland; *°Department of Pediatric Imaging, Tokyo Metropolitan Children’s Medical Center, Fuchu
183-8561, Japan
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Table 1.  Clinical and Radiographic Findings of the Individuals with B3GALT6 Mutations )
Subject ID Pl P2 r3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Family ID F1 F1 F2 3 F4 FS F6 F7 F8 F9 F9 F10
Clinical diagnosis SEMD-JL1 SEMD-JL1  SEMD-JL1 SEMD-JL1  SEMD-JL1  SEMD-JL1 SEMD-JL1 SEMD-JL1  EDS-PF EDS-PF EDS-PF EDS-PF
General Information
Ethnicity Japanese Japanese Japanese Japanese  Japanese  Japanese Japanese/ Vietnamese Italian Italian/ Italian/ Brazilian
Singaporean Canadian Canadian

Gender M M F M F F M M M F F F
Age 34 years 31 years 12 years, 6 years S years, 12 years 2 years, 34 years 8 months 7 years 1 month S years,

7 months 1 month 9 months 1 month
Gestational age 39 weeks, full term 37 weeks 40 weeks, 39 weeks, full term 39 weeks full term ND 36 weeks 37 weeks 39 weeks

2 days 1 day 5 days

Birth length (cm) ND ND 36 ND 43.1 42 43 (average) ND 44 44 44
Birth weight (g) ND 2,200 2,124 2,832 2,535 2,222, 2,485 3,500 ND 2,097 2,790 3,300
Clinical Features
Height (cm) (SD)* 127.7 (=7.4) 130(-7.0) 88.8(~10.7) 94 (-4.0) 90(-4.0) 118.4(-5.1) 78.2(—4.0) 118 (=9.1) 66 (-1.6) 90 (~6.8) 45 (~3.7) 81 (-5.9)
Weight (kg) (SD)* 40.3(-2.2) 36.9(-2.5) 13.2(-3.7)  15.4(-1.5) 14.4(-1.3) 232(-2.00 10.6(-1.9) 28 (-3.3) 5.65(-3.0) 13.9(-22) 2.65(-2.8) 8.5(-84
Craniofacial
Flat face with prominent ND ND + + + + + - + + + +
forehead
Prominent eyes, proptosis ND ND - - + - + + + +
Blue sclerae ND ND - - -
Long upper lip ND ND - - + + -
Micrognathia ND ND + + - + = - - -
Cleft palate ND ND - - - - - - - - - +
Musculoskeletal
Kyphoscoliosisb + (7 months) + (1.2 years) -+ (8 months) + (infancy) -+ (2 years) + (3 months) + (8 months) + (1year) - (6 months) -+ (prenatal) --+ (prenatal) -++ (2 years)
Spatulate finger - ND + + + + - - + + + -
Finger laxity ND ND + + - - + - ++ + +
Large joint laxity ND ND + + - - - ++ ++ ++
Restricted elbow movement -+ ND + + + - - + + + +
Hand contracture - - - - - + - - - + + -

(Continued on next page)
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Table 1. Continued

Subject ID P1 P2 P3 P4 P5 Pé6 P7 P8 P9 P10 P11 P12
Hip dislocation - - - + - + - - - + + +
Clubfeet - - + - - - + - - + + -
Muscular hypotonia - - + - - - - - ++ s 4 4t
Skin and Hair
Doughy skin ND ND + - - - + - ++ + +
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.

bAge at medical attention provided in parentheses.

“Absent at age 20 years in P1 and P2 and at age 12 years in P3.
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Figure 1. Enzymes Involved in Biosyn-
thesis of the Glycosaminoglycan Linker

| AYLTLE

Region and Summary Features of

Diseases Caused by Their Defects Based
on a Conventional Concept for the
Diseases

H

f_:xmg s Linker region
EDE, Largen-like
[ Eiseizn] progessid SEMDSILY  syndromiz
¥ BIGATI type
o + +
skelotal dysplasia -+ i o
Bhin + g} L
it iy ke e ]

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 (81,3-galactosyltransferase-
); 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 (Illumina) 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
(llumina) 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 B3GALTS.

B3GALT6 (RefSeq accession number NM_080605.3) is a
single-exon gene on chromosome 1p36.33. It encodes
UDP-Gal:pGal B1,3-galactosyltransferase polypeptide 6
(or galactosyltransferase-1I: GalT-II), an enzyme involved
in the biosynthesis of the glycosaminoglycan (GAG) linker
region.8 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-B1 (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 3730xl 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 BSGALT6 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.Met1?) mutation
was found, although we searched for a B3GALT6 mutation
in the entire coding region, 5’ and 3’ UTRs, and flanking
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Table 2. B3GALT6 Mutations in Spondyloepimetaphyseal
Dysplasia with Joint Laxity Type 1 and Ehlers-Danlos Syndrome,
Progeroid Form

Nucleotide Amino Acid

Family Clinical Diagnosi Chang Chang

F1 SEMD-JL1 c1A>G p-Met1?
€.694C>T p-A1g232Cys

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

F3* SEMD-JL1 c.1A>G p-Met1?

F4 SEMD-JL1 c.1A>G p-Met1?
€.694C>T p.Arg232Cys

FS SEMD-JL1 €.694C>T p.A1g232Cys
¢.899G>C p-Cys300Ser

Fé6 SEMD-JL1 c.1A>G p-Met1?
c.193A>G p-Ser65Gly

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

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

F9 EDS-PF ¢.588delG p-Arg197Alafs*81
Cc.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 B3GALT6 mRNA sequence.
The corresponding predicted amino acid changes are numbered from the
initiating methionine residue.

2Only a heterozygous mutation was found.

regions of B3GALT6. Most of the mutations are predicted
to be disease causing by in silico analysis. The ¢.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 c.1A>G (p.Met1?) mutation on the
protein by using C-terminally FLAG-tagged B3GALT6 with
and without the mutation expressed in HelLa cells (RIKEN
Cell Bank). We detected the mutant B3GALT6 protein with
a molecular weight ~4 kKD 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
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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 [*H]Gal into Galg1-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 a-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. ¢.193A>G (p.Ser65Gly), ¢.200C>T (p.Pro67Leu),
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and c.694C>T (p.Arg232Cys) mutants showed mislocali-
zation, whereas c.466G>A (p.Asp156Asn) and c.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-Il 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 S$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 $4).

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 B3GALT6.

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.Arg227Gln]) 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 similarities 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 56). We detected strong expression of B3GALT6 in
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Table 3. The Amount of GAGs in the Lymphoblastoid Cells from
Individuals with Spondyloepimetaph I Dysplasia with Joint
Laxity Type 1

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

L {

Subject Cs/Ds cs Ds HS
Control 62 48 29 128
SEMD-JL1

P1 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-Il (CS/DS), chondroitinases AC- and AC-1l (CS),
chondroitinase B (DS), and heparinases | and I (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 c.419C>T (p.Prol40Leu) 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-PF (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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A Response to: Loss of
Dermatan-4-sulfotransferase 1
(D4ST1/CHST14) Function Represents
the First Dermatan Sulfate
Biosynthesis Defect, “Dermatan
Sulfate-Deficient Adducted
Thumb-Clubfoot Syndrome”. Which
Name is Appropriate, “Adducted
Thumb-Clubfoot Syndrome” or
“Ehlers—Danlos Syndrome”?

We thank Janecke et al. [2011] for their letter about a recently
recognized dermatan 4-O-sulfotransferase 1 (D4ST1) deficiency
caused by loss-of-function CHSTI4 (MIM# 608429) mutations,
independently found in an arthrogryposis syndrome “Adducted
Thumb-Clubfoot Syndrome” (ATCS) [Diindar et al., 2009], a spe-
cific form of Ehlers-Danlos syndrome (EDS) as we have proposed
(EDS, Kosho Type; EDSKT) [Miyake et al., 2010], and a subset
of kyphoscoliosis type EDS without evidence of lysyl hydroxylase
deficiency (EDS type VIB) coined as “Musculocontractural EDS”
(MCEDS) [Malfait et al., 2010]. Janecke et al. [2011] proposed that
these three conditions constitute a clinically recognizable and ge-
netically identical type of connective tissue disorder and that the
disorders should not be categorized into a form of EDS, but be
termed collectively “Dermatan Sulfate-Deficient Adducted Thumb-
Clubfoot Syndrome” to avoid possible confusion for both clini-
cians and researchers. The proposal is based on their clinical and
molecular recognition of the disorder. First, the presence of mul-
tiple congenital malformations such as facial dysmorphism, cleft
lip/palate, intestinal abnormalities, renal abnormalities, and fea-
tures such as nephrolithiasis and muscle hypotonia in these patients
are not typical in EDS, though features such as joint laxity, skin
hyperextensibility/fragility, and bleeding diathesis are typical in
EDS. Second, the molecular basis in the disorder is different from
that in EDS.

EDS comprises a heterogeneous group of heritable connective
tissue disorders, with the hallmarks being skin hyperextensibility,
joint hypermobility, and tissue fragility affecting the skin, ligaments,
joints, blood vessels, and internal organs [Steinmann et al., 2002].
Dominant-negative effects or haploinsufficiency of mutant procol-
lagen a-chain genes or deficiency of collagen-processing enzymes

This article was published online on 24 August 2011 as D0L.10.1002/humu.215%4. In
order to rectify a technical error, it has been republished on 30 September 2011 as
D0L1.10.1002/humu.21586.
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have been found to cause EDS [Mao and Bristow, 2001]. In a revised
nosology, EDS was classified into six major types [Beighton et al.,
1998] and several other forms have also been identified based on the
molecular and biochemical abnormalities [Abu et al., 2008; Giunta
et al.,, 2008; Kresse et al., 1987; Schalkwijk et al., 2001; Schwarze
etal., 2004].

Homozygous or compound heterozygous CHSTI14 mutations
have been found in 11 patients aged 0 day to 6 years at the initial
publication (from four families) with ATCS [Dundar et al., 1997,
2001, 2009; Janecke et al., 2001; Sonoda and Kouno, 2000], in six
patients aged 232 years (from six families) with EDSKT [Kosho
etal., 2005, 2010; Miyake et al., 2010; Yasui et al., 2003], and in three
patients aged 12-22 years (from two families) with MCEDS [Malfait
et al., 2010]. Lack of detailed clinical information from later child-
hood to adulthood in ATCS and lack of detailed clinical information
from birth to early childhood in EDSKT and MCEDS have made it
difficult to determine whether the three conditions would be distinct
clinical entities or a single clinical entity with variable expressions
and with different presentations depending on the patients’ ages at
diagnosis [Miyake et al., 2010], though the latter notion was sus-
pected to be appropriate [Janecke et al., 2011; Malfait et al., 2010].
We, therefore, have just published an article in American Journal
of Medical Genetics Part A, describing detailed clinical findings and
courses of two additional unrelated EDSKT patients, aged 2 and
6 years, which could definitely unite the three conditions [Shimizu
et al, 2011]. Furthermore, we have presented a comprehensive
review of all reported patients with D4ST1 deficiency, which con-
cludes that the three conditions constitute a clinically recognizable
disorder, characterized by progressive multisystem fragility-related
manifestations and various malformations and allows us to term the
disorder “D4ST1-deficient EDS” [Shimizu et al., 2011]. The clinical
manifestations are summarized in Table 1.

We have categorized D4ST1 deficiency into a form of EDS for sub-
stantial reasons. Clinically, the disorder satisfies all the hallmarks of
EDS [Steinmann et al,, 2002]. All patients we have encountered
were diagnosed with EDS and have been managed as having gen-
eralized connective tissue fragility, such as preventing skin wounds,
hematomas, joint dislocations, and progressive talipes and spinal
deformities. Careful surgical suturing of torn skin and regular eval-
uations of internal organs (e.g., cardiac valve abnormalities, aortic
root dilation, and bladder enlargement) and ocular abnormalities
are also conducted. ATCS is surely a helpful term to detect and di-
agnose patients at birth, but it is indeed questionable whether the
term would be appropriate for the lifellong management of patients
with the disorder. Furthermore, clinical manifestations extending
beyond the core features of EDS are considered not as excluding
information from EDS as Janecke et al. [2011] have claimed, but
as wide clinical variability in EDS such as muscle hypotonia and
chronic pain in most of the types, talipes equinovarus and facial
characteristics in vascular type, and congenital hip dislocation in
arthrochalasia type [Beighton et al., 1998; Voermans et al., 2009].

Etiologically, multisystem fragility in D4ST1 deficiency was illus-
trated to be caused by impaired assembly of collagen fibrils resulting
from loss of dermatan sulfate (DS) in the decorin glycosaminogly-
can side chain [Miyake et al,, 2010], which justifies terming the
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Table 1. Clinical Manifestations in D4ST1 Deficiency

Craniofacial
Large fontanelle (early childhood)
Hypertelorism
Short and downslanting palpebral fissures
Blue sclerae
Short nose with hypoplastic columella
Ear deformities (prominent, posteriorly rotated, low set)
Palatal abnormalities (high, cleft)
Long philtrum and thin upper lip
Small mouth/microretrognathia (infancy)
Slender face with protruding jaw (from school age)
Asymmetric face (from school age)
Skeletal
Marfanoid habitus/slender build
Congenital multiple contractures (fingers, wrists, hips, feet)
Recurrent/chronic joint dislocations
Pectus deformities (flat, excavated)
Spinal deformities (scoliosis, kyphoscoliosis)
Peculiar fingers (tapering, slender, cylindrical)
Progressive talipes deformilies (valgus, planus, cavum)
Cutaneous
Hyperextensibility/redundancy
Bruisability
Fragility/atrophic scars
Fine/acrogeria-like palmar creases
Hyperalgesia to pressure
Recurrent subcutaneous infections/fistula

Cardiovascular
Congenital heart defects (ASD)
Valve abnormalities (MVP, MR, AR, ARD)
Large subcutaneous hematomas
Gastrointestinal
Constipation
Diverticula perforation
Respiratory
(Hemo) pneumothorax
Urogenital
Nephrolithiasis/cystolithiasis
Hydronephrosis
Dilated/atonic bladder
Inguinal hernia
Cryptorchidism
Poor breast development
Ocular
Strabismus
Refractive errors (myopia, astigmatism)
Glaucoma/elevated intraocular pressure
Microcornea/microphthalmia
Retinal detachment
Hearing
Hearing impairment
Neurological
Ventricular enlargement/asymmetry
Development
Hypotonia/gross motor delay

ASD: atrial septal defect; MVP: mitral valve prolapse; MR: mitral valve regurgitation; AR: aortic valve regurgitation; ARD: aortic rot dilation.

disorder a form of EDS. However, ultrastructural findings in the
skin from patients with ATCS and MCEDS were not consistent with
those in patients with EDSKT, characterized by intact collagen fibrils
not assembled regularly or tightly [Miyake et al., 2010]. For patients
with ATCS, the skin was assessed as normal [Diindar et al., 2009].
For those with MCEDS, most collagen bundles were found to be
small sized, some of which were composed of variable diameter
collagen fibrils separated by irregular interfibrillar spaces [Malfait
etal,, 2010]. Ultrastructural and glycobiological studies on the skin
from other patients as well as those on other affected tissues such as
bone, muscle, and intestine would be necessary to delineate the wide
spectrum of pathophysiology. Involvement of other DS-containing
proteoglycans such as biglycan should also be investigated. Var-
ious malformations observed in the disorder might not simply
be explained by connective tissue fragility, as they are considered
to be inborn errors of development [Diindar et al., 2009; Zhang
etal,, 2010].

Based on the clinical, molecular, ultrastructural, and glycobiolog-
ical data to date, D4ST1 deficiency is characterized by a unique set
of clinical features consisting of progressive multisystem fragility-
related manifestations and various malformations (Table 1). Fur-
ther clinical and etiological evidences would solve the problem
regarding which name should be the most appropriate: “Der-
matan Sulfate-Deficient Adducted Thumb-Clubfoot Syndrome” or
“D4ST1-Deficient EDS” Until then, we propose that the name
“D4ST1-Deficient EDS (Adducted Thumb-Clubfoot Syndrome)”
would be preferable.
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