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TABLE I. Comparison of Clinical Features of Patients Caused by Mutations in Each Gene

Gene SMARCBI SMARCA4  SMARCE!  ARIDIA ARIDIB PHEG SMARCB2 ADNP TBC1D24
Clinical diagnosis 58, DOORSS, KSS €8S €S8 Css CSS, CSS, BFLS NCBRS Autism DOORSS
1D syndrome syndrome
Patient number 16 12 3 8 =100 12# 61 1n 13
Putative mutation effeets DN or GOF DN or GOF DN or LOF (mosaic) LOF LOF DN or GOF DN LOF
GOFP

Growth and feeding

Prenatal growth

Birth weight < ~2SD or 3P 27% (3/11) 27% (3/11)  67% (2/3) 17% (1/6) 0% (0/12) 33% (19/57) W% (0/10) 0% (0/12)°
Birth length < 28D or 3P 50% (3/6) 50% (3/6) 67% (2/3) 0% (0/2) 0% (0/10) 21% (8/38)
Birth OFC < ~2SD or 3P 0% (0/6) 17% (1/6) 50% (1/2)  100% (1/1) 0% (0/7) 23% (7/30)
Postnatal growth at the last observation
Weight < ~2SD or 3P 78% (7/9) 33% (4/12)  50% (1/2) 50% (3/6) 9% (1/11) 52% (24/46) 0% (0/8) 8% (1/12)°
Height < -2SD or 3P 100% (11/11) 67% (8712)  67% (2/3) 25% (2/8) 0% (0/12) 54% (30/56) 0% (0/10)
OFC < ~28D or 3P 90% (9/10) 1% (10/11)  100% (1/1)  29% (2/7) 25% (3/12) 65% (34/52) 0% (0/10) 25% (3/12)°
Sucking/feeding difficulty 100% (11/11) 929% (11712)  100% (3/3)  100% (7/7) G0% (34/57) 44% (4/9) 47% (23/49) 64% (7/11)
Craniofacial features
Sparse sculp hair 92% (12/13) A2% (5/12)  67% (2/3) 60% (3/5) 57% (33/58)  58% (7/12) 97% (39/61) 0% (0/12)
Hypertrichosis 73% (8/11) 100% (12/12)  100% (2/2)  100% (7/7) 93% (35/59)  27% (3/11) 44% (22/50) 0% (0/7)
Thick cyebrows 92% (12/13) T5% (9/12)  67% (2/3) 75% (6/8) 92% (54/59)  33% (4/12) 68% (40/59) 0% (0/8) 0% (0/12)
Long eyclashes 100% (11/11) 83% (10/12)  50% (1/2)  100% (6/6) 85% (51/60) 0% (0/12) 86% (44/61) 0% (0/8)
Prosis 55% (6/11) 75% (9712)  33% (1/3) 43% (3/7) % (0/12) 21% (12/58) 33% (3/9)
Thin upper lip vermilion 80% (8/10) 27% (3/11)  67% (2/3) 50% (3/6) 51% (29/57)  67% (8/12) 78% (47/60) 90% (9/10)
Thick lower lip vermilion 73% (8/11) 83% (10/12)  100% (3/3)  86% (6/7) 81% (46/57)  17% (2/12) 83% (50/60) 13% (1/8) 0% (0/12)
Cleft palate 20% (2/10) 33% (#/12)  50% (1/2) 33% (2/6) 0% (0/12) 2% (1/61) 0% (0/9)
Skeletal-limb features
Hypoplastic 5th fingers or toes 77% (10/13) 100% (12/12)  100% (3/3)  86% (6/7) 61% (36/59)  82% (9/11) 12% (7/57) 14% (1/7)  100% (12/12)
Hypoplastic 5th fingernails or toenails 100% (11/11) 100% (12/12)  100% (3/3)  88% (7/8) 73% (35/48)  73% (8/11) 0% (0/34) 100% (13/13)

15t 6% (2/33)
Al 18% (6/34)

Hypoplastic other fingernails and toenails 70% (7/10) 50% (5/10) 67% (2/3) 75% (6/8) 73% (8/11)
Prominent interphalangeal joints 44% (4/9) 27% (3/11)  50% (1/2) 20% (1/5) 30% (15/50)  36% (4/11) 85% (50/59) 14% (1/7)
Prominent distal phalanges 75% (6/8) 50% (5/10)  33% (1/3) 20% (1/5) 37% (19/52) 0% (0/12) 68% (40/59) 14% (1/7)
Scoliosis 82% (9/11) 10% (1/10)  50% (1/2) 29% (2/7) 17% (2/12) 28% (17/60) 22% (2/9) 0% (0/12)
Internal complications
Cardiovascular 42% (5/12) 2% (5/12)  67% (2/3) 38% (3/8) 10% (6/61) 27% (3/11)
Hernia 88% (7/8) 55% (6/11) 0% (0/2) 25% (1/4) 0% (0/12) 46% (26/57) 0% (0/7)
Hearing and vision
Hearing impairment 73% (8/11) 33% (4/12)  50% (1/2) 33% (2/6) 30% (3/10) 7% (4/59) 100% (13/13)
Visual impairment 60% (6/10) 45% (5/11)  100% (1/1)  75% (3/4) 34% (19/56)  64% (7/11) 55% (6/11)
Immunology
Frequent infection 89% (8/9) 67% (8/12)  67% (2/3) 60% (3/5) 37% (21/57)  33% (4/12) 27% (13/48) 64% (7/11)
Neurology
Hypotonia 79% (11/14) 73% (8/11)  33% (1/3) 88% (7/8) 75% (42/56)  70% (7/10) 37% (19/51) 73% (8/11)
Seizures 62% (8/13) 17% (2/12)  67% (2/3) 29% (2/7) 17% (2/12) 18% (2/11)  100% (13/13)
Structural CNS abnormalities 100% (12/12) 86% (6/7)  100% (2/2)  88% (7/8) 27% (13/48) 50% (5/10)
Development and intelligence
Developmental delay and 1D 100% (13/13)
Severe 73% (8/11) 55% (6/11)  33% (1/3) 57% (4/7) 18% (8/44) 17% (2/12) 46% (28/61) 60% (6/10) 75% (3/4)
Moderate 9% (1/11) 36% 4/11)  67% (2/3) 0% (0/7) 55% (24/44)  33% (4/12) 36% (22/61) 10% (1/10)
Mild 9% (1/11) 9% (1/11) 0% (0/3) 29% (2/7) 9% (4/44) 25% (3/12) 18% (11/61) 30% (3/10) 25% (1/4)
Speech impairment
No words 82% (9/11) 36% (4/11)  67% (2/3) 83% (5/6) 33% (3/9) 32% (19/60)
Bahavior
Bahavioral abnormalities 44% (4/9) 88% (7/8) 50% (1/2) 60% (3/5) 33% (4/12) 1972 78% (7/9)

BFLS, Borjeson—Forssman—Lehmann syndrome; CNS, central nervous system; CSS, Coffin—Siris syndrome; DOORSS, DOORS
syndrome; DN, dominant-negative; GOE gain-of-function; ID, intellectual disability; KSS, Kleefstra syndrome; LOE loss-of-function;
NCBRS, Nicolaides—Baraitser syndrome; P, percentile; SD, standard deviation; #, excluding male patients with BFLS.

“intrauterine growth retardation/small for gestational age.

Pfailure to thrive.

“microcephaly.
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and increased susceptibility to infection.
They always have structural central
nervous system (CNS) abnormalities,
and usually have hypotonia and seizures.
The “p.Lys364del” genotype, shared
by nine patients, presents strikingly
similar phenotypes including character-
istic facial coarseness (in early childhood,
round face with thick and arched eye-
brows, short nose with bulbous tip and
anteverted nostrils, long philtrum, small
mouth, and micro-retrognathia; later,
broad nasal bridge without anteverted
nostrils, broad philtrum, large tongue,
and protruding jaw), severe develop-
mental delay or ID, but relatively mild
internal organ complications.

SMARCA4

Heterozygous mutations in SMARCA4
have been reported in 12 patients with
CSS [Tsurusaki et al,, 2012, 2014b;
Kosho et al., 2013; Santen et al., 2013].
The mutations, all non-truncating (mis-
sense or in-frame deletions), are pre-
dicted to exert dominant-negative or
gain-of-function effects. About half of
the patients have severe developmental
delay or ID, and occasionally (20-30%)
speak no words. Growth impairment is
mild prenatally and mild-to-moderate
postnatally, and difficulty in sucking/
feeding is almost always observed. Typi-
cal facial features include sparse scalp
hair, thick eyebrows, long eyelashes,
ptosis, flat nasal bridge, short philtrum,
and thick lower lip vermilion. Hyper-
trichosis is always observed. Facial
coarseness is not evident and a pointed
chin in older ages is noted. Patients
always have hypoplastic fifth fingers or
toes and hypoplastic fifth fingernails or
toenails, and sometimes (40-50%) have
hypoplastic other fingernails or toenails.
Internal organs are impaired in most.
They usually have hypotonia, structural
CNS abnormalities, and behavioral
abnormalities.

SMARCE1

Heterozygous mutations in SMARCE1
have been reported in three patients with
CSS [Tsurusaki et al., 2012, 2014b;
Kosho et al., 2013; Santen et al., 2013;

Wieczorek et al., 2013]. The mutations,
all non-truncating (missense), are pre-
dicted to exert dominant-negative or
gain-of-function effects. Patients fre-
quently (around 60%) have moderate
developmental delay or ID and speak no
words. Growth impairment is mild-to-
moderate prenatally and moderate-to-
severe postnatally, and difficulty in
sucking/feeding is always observed.
Typical facial features include sparse
scalp hair, thick eyebrows, thin upper
lip vermilion, and thick lower lip
vermilion. Hypertrichosis is always
observed, as is hypoplastic fifth fingers
or toes and hypoplastic fifth fingernails
or toenails. Internal organs and vision
are always impaired. They always have
structural CNS abnormalities and fre-
quently have seizures.

ARID1A

Heterozygous mutations in ARID1A
have been reported in eight patients with
CSS [Tsurusaki et al., 2012, 2014b;
Kosho et al., 2013; Santen et al., 2013;
Wieczorek et al., 2013]. The mutations,
all truncating and probably mosaic, are
predicted to exert a loss-of-function
effect. Patients frequently have severe
developmental delay or ID and speak
no words, although mild ID patients
also present occasionally. Growth im-
pairment is mild prenatally and mild-
to-severe postnatally, and difficulty in
sucking/feeding is always observed.
Typical facial features include sparse
scalp hair, thick eyebrows, long eye-
lashes, wide nasal bridge, and thick lower
lip vermilion. Hypertrichosis is always
observed. They usually have hypoplastic
fifth fingers or toes, hypoplastic fifth
fingernails or toenails, and hypoplastic
other fingernails or toenails. Internal
organs are impaired occasionally. Hep-
atoblastoma occurred in one patient.
They usually have hypotonia and struc-
tural CNS abnormalities. Behavioral
abnormalities are frequent.

ARID1B

Heterozygous mutations in ARIDI1B
as well as cytogenetic abnormalities
involving the gene have been reported
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in 67 patients with CSS [Santen et al.,
2012a, 2013; Tsurusaki et al., 2012,
2014b; Kosho et al., 2013; Santen et al.,
2013; Wieczorek et al.,, 2013] and in
>30 patients with non-syndromic ID
[Narahara etal., 1991; Pirola et al., 1998;
Sukumar et al.,, 1999; Bisgaard et al.,
2006; Nagamani et al., 2009; Backx
et al., 2011; Nord et al., 2011; Halgren
et al.,, 2012; Hoyer et al, 2012; Sim
et al.,, 2014; Vengoechea et al., 2014].
ARID1B abnormalities are considered
the leading cause of CSS (68-83%)
[Santen et al., 2013; Wieczorek et al.,
2013; Tsurusaki et al., 2014b] and are
also represented in 0.9% of unselected
ID patients [Hoyer et al., 2012]. All of
the reported mutations are truncating,
and are predicted to result in haploin-
sufficiency. The phenotypic features of
those with ARID1B abnormalities are
considered to be enormously variable.
For patients with ARID1B-related CSS,
varying severities of developmental
delay or ID accompanied by speech
impairment are always present. Typical
facial features include coarseness, thick
eyebrows, long eyelashes, broad nasal tip,
thick alaenasi, large mouth, thick lower
lip vermilion, and low anterior hairline.
Hypertrichosis is almost always ob-
served. They usually have hypoplastic
nails of the fifth fingers/toes and
frequently had small fifth fingers. About
a third of those observed have callosal
body underdevelopment. About half of
the patients with non-syndromic ID
have speech impairment and partial
or complete agenesis of the corpus
callosum.

PHF6

Hemizygous mutations in PHF§6
were reported to cause BFLS in males
with moderate-to-severe ID, epilepsy,
hypogonadism, hypometabolism, pro-
nounced obesity, swelling of subcutane-
ous tissue of the face, narrow palpebral
fissures, and large ears [Borjeson et al.,
1962; Lower et al., 2002]. Female
carriers usually show no or only mild
symptoms. De novo heterozygous mu-
tations in PHF6 have been reported
in 12 female patients [Crawford et al.,
2006; Berland et al., 2011; Wieczorek
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etal., 2013; Zweieretal., 2013, 2014; Di
Donato et al., 2014] and are predicted to
cause a loss-of-function effect. All have
variable severities of developmental
delay or ID. Typical facial features
include bitemporal narrowing of the
forehead, prominent supraorbital ridges,
prominent eyebrows with high arch and
synophrys, deep-set eyes, marked zygo-
matic arch, high nasal bridge, short nose
with bulbous mnasal tip, prominent
columella, long shaped, slightly posteri-
orly rotated ears or prominent earlobes.
Prenatal growth is not impaired, and
postnatal growth is also normal in the
majority. All have finger abnormalities
including brachytelephalangy or hypo-
plastic nails. Other common features
includedental abnormalities, linear skin
hyperpigmentation, infantile sparse hair,
and deep voice. Internal organs are
complicated only occasionally. There is
a striking overlap of sparse hair, particu-
larly in infancy, between these female
patients with PHF6 mutations and those
with CSS.

SMARCB2

Heterozygous mutations in SMARCB2
have been reported in 61 patients with
NCBRS [Tsurusaki et al.,, 2012; Van
Houdt et al., 2012; Kosho et al., 2013;
Sousa et al., 2014]. The mutations are
predicted to exert dominant-negative or
gain-of-function effects. All have devel-
opmental delay or ID with severe delay
in about half of the patients. Prenatal
growth is occasionally impaired, and
postnatal growth is impaired in over half.
Typical facial features include sparse hair,
thick eyebrows, long eyelashes, long
and/or broad philtrum, thin upper lip
vermilion, and thick lower lip vermilion.
Prominent interphalangeal joints and
prominent distal phalanges are usually
present.

ADNP

Heterozygous mutations in ADNP have
been reported in 11 patients [Helsmoor-
tel et al., 2014; Vandeweyer et al., 2014].
Mutations in the original 10 patients are
predicted to exert a dominant-negative
effect through frameshift or nonsense

mutations [Helsmoortel et al.,, 2014],
and a nonsense mutation in the eleventh
patient is predicted to result in haploin-
sufficiency [Vandeweyer et al., 2014].
All the patients have autism together
with delayed developmental milestones,
mild-to-severe ID, and speech problems.
Prenatal or postnatal growth is usually
not impaired. Typical facial features
include prominent forchead, high hair-
line, broad nasal bridge, and thin upper
lip vermilion. They frequently have
joint laxity. Internal organs could be
impaired—usually gastrointestinal prob-
lems including gastroesophageal reflux
and constipation, and occasionally heart
defects. They frequently suffer recurrent
infections. Hypotonia is usually ob-
served in infancy, and brain abnormali-
ties are detected by MRI in half.
Behavioral problems are usual and
include sleep disturbances, anxiety, and
obsessive—compulsive disorder.

TBC1D24

Homozygous or compound heterozy-
gous mutations in TBC1D24 have been
reported in 13 patients from 10 families
[Campeau et al., 2014a,b]. The muta-
tions are predicted to cause a loss of
TBC1D24 function. All the patients
have ID or developmental delay, seiz-
ures, deafness, short distal phalanges, and
small or absent nails. The majority show
increased urinary 2-oxoglutaric acid
excretion. Prenatal or postnatal growth
is usually not impaired. The facial
features are variable with a broad nasal
bridge in half. Tri-phalangeal thumbs
are observed in a quarter. Internal organs
are usually normal. Brain abnormalities
are detected by MRI in half. Recessive
mutations in TBCI1D24 were also
identified in various epileptic syndromes
including focal epilepsy with ID syn-
drome [Corbett et al.,, 2010], familial
infantile myoclonic epilepsy [Falace
et al,, 2010], myoclonic epilepsy with
dystonia [Guven and Tolun, 2013], and
familial malignant migrating partial
seizures of infancy [Milh et al., 2013].
Autosomal recessive non-syndromic
deafness (DFNB86) [Rehman et al,
2014] as well as autosomal dominant
non-syndromic deafness [Azalez et al.,
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2014; Zhang et al,, 2014] were also
found to be caused by mutations in the
gene.

BIOLOGICAL
CHARACTERISTICS OF
THE BAF COMPLEX

Originally, the BAF complex was iden~
tified in yeast (S. cerevisiae) [Carlson et al.,
1981], and is evolutionarily highly
conserved from yeast to humans. This
complex works as chromatin remodel-
ing factor, altering chromatin structure
using the energy of ATP hydrolysis
[Cote et al., 1994]. The BAF complex
loosens chromatin structure and allows
protein access to DNA or histones to
activate or repress gene transcription
[Martens and Winston, 2002; Wu et al.,
2009]. In mammals, the BAF complex is
a multisubunit com-plex composed of
an ATPase subunit (either SMARCA4
or SMARCA?2), common core sub-
units (SMARCB1, SMARCCI1, and
SMARCC?), and “accessory” subunits
[Roberts and Biegel, 2009].

The relationship between neuro-
logical development and the BAF
complex has been especially highlighted
due to the identification of the numer-
ous mutations in the genes encoding the
BAF subunits in patients with syndromes
displaying developmental delay, ID, or
autistic features. In this current issue, Son
and Crabtree [2014] describe the BAF
complex functions in neuronal develop-
ment in detail. For instance, switching
from neuronal progenitor BAF (npBAF)
to neuron specific BAF complex (nBAF)
through neurological development is
known [Lessard et al, 2007, Wu
et al, 2007, 2009]. These two BAF
complexes share most of the same
components with some exceptions;
BAF53a, SS18 and BAF45a/d in npBAF
complex are replaced by BAF53b,
CREST and BAF45b/c in nBAF com-
plex, respectively [Lessard et al., 2007;
Wu et al, 2007, 2009; Ronan
et al., 2013]. Furthermore, BAF170-
containing npBAF complex is also
known to regulate cerebral cortical size
and thickness [Tuoc et al., 2013].
BAF53b of nBAF complex plays impor-
tant roles in synaptic plasticity and
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memory [Vogel-Ciernia et al., 2013]. In
addition, SMARCA2Z is reported to be
associated with schizophrenia [Koga
et al., 2009; Loe-Mie et al., 2010], and
a de novo truncation mutation in
CREST (also known as SS18L1) has
been identified in amyotrophic lateral
sclerosis, an adult onset neurodegenera-
tive disease [Chesi et al., 2013]. This
evidence might indicate that the BAF
complex is also important in adult
neurogenesis [Son and Crabtree, 2014].
At this moment, how the BAF complex
alterations contribute to the human
neurological features remains largely
unknown. As the majority of patients
with BAF complex diseases present with
diverse neurological impairments of
varying seriousness, further understand-
ing of this field is highly desirable to
elucidate the pathomechanisms of these
neurological features.

BAF COMPLEX AND
CANER/CANCER
PREDISPOSITION
SYNDROME

Before the identification of germline
mutations in the BAF complex genes in
CSS patients, the BAF complex was well
studied in tumor development. The
first link between the BAF complex
and human diseases was the SMARCB1
deletion and malignant rhabdoid tumors
[Biegel et al., 1999; Versteege et al,
1998]. Heterozygous germline muta-
tions in SMARCB1 and SMARCA4
were first reported to cause Rhabdoid

tumor predisposition syndrome 1
[Sevenet et al, 1999] and Rhabdoid
tumor predisposition syndrome 2

[Schneppenheim et al., 2010], respec-
tively. In addition, germline mutationsin
SMARCB1 have been identified in
patients with familial and sporadic cases
of schwannomatosis [Hulsebos et al.,
2007; Boyd et al., 2008; Hadfield et al,,
2008; Bacci et al., 2010]. Germline
mutations in SMARCET have also been
detected in familial multiple spinal
meningiomas [Smith et al., 2013].
Until now, many large scale studies of
mutations in the BAF complex genes
(including somatic mutations), in various
kinds of tumors, have been published

and mutations that inactivate the BAF
complex were detected in almost 20% of
human cancers [Kadoch et al., 2013].
This suggests that the BAF complex
functions as a tumor suppressor in a
variety of tissues [Hohmann and Vakoc,
2014]. Interestingly, it is reported that
some BAF subunit mutations are asso~
ciated with particular cancer types,
suggesting that the BAF complex has
multiple distinct tumor suppressor func-
tions rather than acting via a single
common pathway [Hohmann and
Vakoc, 2014]. It is hoped that clarifica~
tion of the mechanisms of tumorigenesis
caused by mutations in each BAF
complex subunits will allow the devel-
opment of early diagnosis and new
therapies including molecular targeting.
To date, it is not known how often
malignancies are observed in patients
with mutations in the BAF complex
genes such as CSS [Santen et al., 2012b].
Medulloblastoma, neuroblastoma, and
schwannomatosis occurred in patients
with molecularly-unconfirmed CSS
[Schrier and Deardorff, 2014] and
hepatoblastoma occurred in a patient
with CSS and a mutation in ARID1A
[Tsurusaki et al., 2012; Kosho et al,,
2013]. In this current issue, Biegel
et al. [2014] comprehensively review
the relationship between the BAF
complex and cancer/cancer predisposi-
tion syndrome.

CONCLUDING REMARKS

After decades of research, we now have
robust information regarding the genetic
causes of CSS and related disorders.
These disorders are attributable to
mutations in several genes involving
the BAF complex as well as genes with
probable or possible functional relation
to the complex, and clinical features
of each gene defect are outlined as
described in the previous section. To
date, CSS, NCBRS, and ADNP-related
autism/ID syndrome, despite each con-
stituting a distinct phenotype, would
represent a group of ID syndromes that
might be designated as “BAF (SWI/
SNEF)-related ID syndromes” [Kosho
et al., 2013]. However, the full picture
of clinical consequences of the BAF
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complex abnormalities remains to be
elucidated. The current mutation de-
tection rate in known CSS genes is less
than 70% [Tsurusaki et al., 2012; Santen
et al.,, 2013; Wieczorek et al.,, 2013],
suggesting that other genes might also be
causal for the CSS phenotype and that
whole exome sequencing of larger
numbers of patients, diagnosed as CSS,
would uncover such genes. Further-
more, clinical consequences of each
gene defect, reported to date, should
be carefully interpreted because patient
cohorts were biased to specific clinical
diagnosis (e.g., CSS, NCBRS). It would
be desirable that international collabo-
rative studies are designed to obtain
detailed clinical information and per-
form comprehensive genetic screening
(microarray-based copy number analy-
sis, target sequencing of a large panel of
ID genes including all BAF genes
reported to be causal for CSS and related
disorders, and whole exome/genome
sequencing) for a large number of
unbiased ID patients with/without
physical features just as ARIB1B consor~
tium [Santen and Clayton-Smith, 2014].
Finally, it is highly expected that
integration of such clinical/genetic in-
vestigation and basic research on BAF
biology would contribute to future
innovation of care and treatment for
these patients.

ACKNOWLEDGMENTS

We thank all the authors who have
participated in this project and have
written excellent review articles in such
a short time period. Especially, Prof.
Hennekam has proposed a common
comprehensive list used for the collec-
tion of clinical features in all related
disorders, which contributes to better
these disorders.
Dr. Santen and Dr. Sousa have also
made critical comments to improve this
issue. We are thankful to all the clinicians
who have collected vast amounts of
information from each patient. Finally,
we are grateful to all the patients and
their families for participating in all
related project. Figures 1 and 2 are

comparison among

reused from an article by Grange S.
Coffin and Evelyn Siris entitled “Mental



INTRODUCTION

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS) 249

retardation with absent fifth fingernail
and terminal phalanx” in Am ] Dis Child
119(5): 433-439, 1970, Copyright ©
(1970) American Medical Association.
All rights reserved. These figures are
also reused from an article by John C.
Carey and Brian D. Hall entitled by
“The Coffin—Siris syndrome” in Am J
Dis Child 132(7): 667-671, 1978,
Copyright© (1978) American Medical
Association. All rights reserved. This
work was supported by Research Grants
from the Japanese Ministry of Health,
Labour and Welfare (TK and NM), a
Grant-in-Aid for Scientific Research
(TK) and a Grant-in-Aid for Scientific
Research on Innovative Areas (Tran-
scription cycle) (NM) from the Ministry
of Education, Culture, Sports, Science
and Technology of Japan, a Grant-in-
Aid for Young Scientists from the Japan
Society for the Promotion of Science
(NM), and the Takeda Science Founda-
tion (INM).

REFERENCES

Azaiez H, Booth KT, Bu K Huygen P, Shibata SB,
Shearer AE, Kolbe D, Meyer N, Black-
Ziegelbein EA, Smith R]., 2014. TBC1D24
mutation causes autosomal-dominant non-
syndromic hearing loss. Hum Mutat 35:819~
823.

Bacei C, Sestini R, Provenzano A, Paganini I,
Mancini 1, Porfirio B, Vivarelli R, Genuardi
M, Papi L., 2010. Schwannomatosis associ-
ated with multiple meningiomas due to a
familial SMARCB1 mutation. Neuroge-
netics 11:73-80.

Backx L, Seuntjens E, Devriendt K, Vermeesch J,
Van EH. 2011. A balanced translocation
t(6;14)(925.3;q13.2) leading to reciprocal
fusion transcripts in a patient with intellectual
disability and agenesis of corpus callosum.
Cytogenet Genome Res 132:135-143.

Bartsocas CS, Tsiantos AK., 1970. Mental retarda-
tion with absent fifth fingernail and terminal
phalanx. Am J Dis Child 120:493-494.

Berland S, Alme K, Brendehaug A, Houge G,
Hovland R., 2011. PHF6 deletions may
cause Borjeson-Forssman-Lehmann  syn-
drome in females. Mol Syndromol 1:294—
300.

Biegel JA, Zhou JY, Rorke LB, Stenstrom C,
Wainwright LM, Fogelgren B., 1999. Germ-
line and acquired mutations of INI1 in
atypical teratoid and rhabdoid tumors.
Cancer Res 59:74-79.

Biegel JA, Busse TM, Weissman BE., 2014. SWI1/
SNF chromatin remodeling complex and
cancer. Am ] Med Genet Part C (in press)

Bisgaard AM, Kirchhoff M, Tumer Z, Jepsen B,
Brondum-Nielsen K, Cohen M, Hamborg-
Petersen B, Bryndorf T, Tommerup N,

Skovby E, 2006. Additional chromosomal
abnormalities in patients with a previously
detected abnormal karyotype, mental retar-
dation, and dysmorphic features. Am | Med
Genet A 140:2180-2187.

Borjeson M, Forssman F, Lehmann O., 1962. An
K-linked, recessively inherited syndrome
characterized by grave mental deficiency,
epilepsy, and endocrine disorder. Acta Med
Scand 171:13-21.

Boyd C, Smith MJ, Kluwe L, Balogh A, Maccollin
M, Plotkin SR., 2008. Alterations in the
SMARCB1 (INI1) tumor suppressor gene
in familial schwannomatosis. Clin Genet
74:358-366.

Campeau PM, Kasperaviciute 1), Lu JT, Burrage
LC, Kim C, Hori M, Powell BR, Stewart E
Felix TM, van den Ende J, Wisniewska M,
Kayserili H, Rump P, Nampoothiri S,
Aftimos S, Mey A, Nair LD, Begleiter ML,
De Bie I, Meenakshi G, Murray ML,
Repetto GM, Golabi M, Blir E, Male A,
Giuliano F Kariminejad A, Newman WG,
Bhaskar SS, Dickerson JE, Kerr B, Banka S,
Gilay JC, Wieczorek D, Tostevin A, Wisz-
niewska J, Cheung SW, Hennekam RC,
Gibbs RA, Lee BH, Sisodiya SM., 2014a The
genetic basis of DOORS syndrome: an
exome-sequencing study. Lancet Neurol

13:44-58.
Campeau PM, Hennekam RC, The DOORS
syndrome  collaborative  group.  2014b

DOORS syndrome: phenotype, genotype,
and comparison with Coffin-Siris syndrome.
Am J Med Genet Part C (in press)

Carey JC, Hall BD, 1978. The Coffin-Siris
syndrome: five new cases including two
siblings. Am ] Dis Child 132:667-671.

Carlson M, Osmond BC, Botstein D., 1981.
Mutants of yeast defective in sucrose utiliza-
tion. Genetics 98:25-40.

Chesi A, Staahl BT, Jovicic A, Couthouis J,
Fasolino M, Raphael AR, Yamazaki T, Elias
L, Polak M, Kelly C, Williams KL, Fifita JA,
Maragakis NJ, Nicholson GA, King OD,
Reed R, Crabtree GR, Blair IP, Glass JD,
Gitler AD., 2013. Exome sequencing to
identify de novo mutations in sporadic ALS
trios. Nat Neurosci 16:851-855.

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

Corbett MA, Bahlo M, Jolly L, Afawi Z, Gardner
AE, Oliver KL, Tan S, Coffey A, Mulley JC,
Dibbens LM, Simri W, Shalata A, Kivity S,
Jackson GD, Berkovic SE, Gecez J., 2010. A
focal epilepsy and intellectual disability
syndrome is due to a mutation in
TBC1D24. Am J Hum Genet 87:371-375.

Cote J, Quinn J, Workman JL, Peterson CL., 1994.
Stimulation of GAL4 derivative binding to
nucleosomal DNA by the yeast SWI/SNF
complex. Science 265:53-60.

Crawford J, Lower KM, Hennekam R.C, Van Esch
H, Megarbane A, Lynch SA, Turner G, Gecz
J., 2006. Mutation screening in Borjeson-
Forssman-Lehmann syndrome: identifica-
tion of a novel de novo PHF6 mutation in
a female patient. ] Med Genet 43:238-243.

Di Donato N, Isidor B, Lopez Cazaux S, Le
Caignec C, Klink B, Kraus C, Schrock E,
Hackmann K, 2014. Distinct phenotype of
PHFG deletions in fernales. Eur ] Med Genet
57:85-89.

— 298 —

Falace A, Filipello F La Padula V, Vanni N, Madia F,
De Pietri Tonelli D, de Falco FA, Striano P,
Dagna Bricarelli § Minetti C, Benfenati E
Fassio A, Zara E, 2010. TBC1D24, an
ARF6-interacting protein, is mutated in
familial infantile myoclonic epilepsy. Am J
Hum Genet 87:365-370.

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

Guven A, Tolun A., 2013. TBC1D24 truncating
mutation resulting in severe neurodegenera-
tion. ] Med Genet 50:199-202.

Hadfield KD, Newman WG, Bowers NL, Wallace
A, Bolger C, Colley A, McCann E, Trump
D, Prescott T, Evans DG., 2008. Molecular
characterisation of SMARCB1 and NF2 in
familial and sporadic schwannomatosis. J
Med Genet 45:332-339.

Halgren C, Kjaergaard S, Bak M, Hansen C, El-
Schich Z, Anderson C, Henriksen XK,
Hjalgrim H Kirchhoff' M, Bijlsma E, Nielsen
M, den Hollander NS, Ruivenkamp C,
Isidor B, Le CC Zannolli R, Mucciolo M,
Renieri A, Mari F, Anderlid BM, AndrieuxJ,
Dieux A, Tommerup N, Bache 1., 2012.
Corpus callosum abnormalities, intellectual
disability, speech impairment, and autism in
patients with haploinsufficiency of ARID1B.
Clin Genet 82:248-255.

Helsmoortel C, Vulto-van Silthout AT, Coe BP,
Vandeweyer G, Rooms L, van den Ende J,
Schuurs-Hoeijmakers JH, Marcelis CL, Wil-
lemsen MH, Vissers LE, Yntema HG, Bakshi
M, Wilson M, Witherspoon KT, Malmgren
H, Nordgren A, Anneren G, Fichera M,
Bosco P, Romano C, de Vries BB, Kleefstra
T, Kooy RE Eichler EE, Van der Aa N, 2014.
A SWI1/SNF-related autism syndrome
caused by de novo mutations in ADNP
Nat Genet 46:380-384.

Hohmann AFE, Vakoc CR., 2014. A rationale to
target the SWI/SNF complex for cancer
therapy. Trends Genet 30:356-363[Epub
ahead of print].

Hoyer J, Ekici AB, Endele S, Popp B, Zweier C,
Wiesener A, Wohlleber E, Dufke A, Rossier
E, Petsch C, Zweier M, Gohring I, Zink
AM, Rappold G, Schrock E, Wieczorek D,
Riess O, Engels H, Rauch A, Reis A., 2012.
Haploinsufficiency of ARID1B, a member of
the SWI/SNF-a chromatin-remodeling
complex, is a frequent cause of intellectual
disability. Am J Hum Genet 90:565-572.

Hulsebos TJ, Plomp AS, Wolterman RA, Roba-
nus-Maandag EC, Baas F, Wesseling P, 2007.
Germline mutation of INI1/SMARCB! in
familial schwannomatosis. Am J Hum Genet
80:805-810.

Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho
L, Ranish J, Crabtree GR.., 2013. Proteomic
and bioinformatic analysis of mammalian
SWI/SNF complexes identifies extensive
roles in human malignancy. Nat Genet
45:592-601.

Kleefstra T, Kramer JM, Neveling K, Willemsen
MH, Koemans TS, Vissers LE, Wissink-
Lindhout W, Fenckova M, van den Akker
WM, Kasri NN, Nillesen WM, Prescott T,
Clark RD, Devriendt K, van Reeuwijk J, de
Brouwer AP, Gilissen C, Zhou H, Brunner
HG, Veltman JA, Schenck A, van Bokhoven
H., 2012. 2?2 Am ] Hum Genet 91:73-82.



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

INTRODUCTION

Koga M, Ishiguro H, Yazaki S, Horjuchi 'Y, Arai M,
Niizato K, Iritani S, Itokawa M, Inada T,
Iwata N, Ozaki N, Ujike H, Kunugi H,
Sasaki T, Takahashi M, Watanabe Y, Someya
T, Kakita A, Takahashi H, Nawa H,
Muchardt C, Yaniv M, Arinami T., 2009.
Involvement of SMARCA2/BRM in the
SWI1/SNF chromatin-remodeling complex
in schizophrenia. Hum Mol Genet 18:2483—
2494.

Kosho T, Okamoto N, Ohashi H, Tsurusaki Y,
Imai Y, Hibi-Ko Y, Kawame H, Homma T,
Tanabe S, Kato M, Hiraki ¥, Yamagata T,
Yano S, Sakazume S, Ishii T, Nagai T, Ohta T,
Niikawa N, Mizuno S, Kaname T, Naritomi
K, Narumi Y, Wakui K, Fukushima Y,
Miyatake S, Mizuguchi T, Saitsu H, Miyake
N, Matsumoto N., 2013. Clinical correla~
tions of mutations affecting six components
of the SWI/SNF complex: detailed descrip-
tion of 21 patients and a review of the
literature. Am ] Med Genet A 161A:1221—
1237.

Kosho T, Okamoto N, Coffin-Siris syndrome
International Collaborators. 2014. Geno-
type-phenotype correlation of Coffin-Siris
syndrome caused by mutations in
SMARCB1, SMARCA4, SMARCE1, and
ARID1A. Am J Med Genet Part C (in press)

Lessard J, Wu JI, Ranish JA, Wan M, Winslow
MM, Staahl BT, Wu H, Aebersold R, Graef
1A, Crabtree GR., 2007. An essential switch
in subunit composition of a chromatin
remodeling complex during neural develop-
ment. Neuron 55:201-215.

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

Loe-Mie Y, Lepagnol-Bestel AM, Maussion G,
Doron-Faigenboim A, Imbeaud S, Delacroix
H, Aggerbeck L, Pupko T, Gorwood P,
Simonneau M, Moalic JM, 2010.
SMARCA2 and other genome-wide sup-
ported schizophrenia-associated genes: reg-
ulation by REST/NRSE  network
organization and primate-specific evolution.
Hum Mol Genet 19:2841-2857.

Lower KM, Turner G, Kerr BA, Mathews KD,
Shaw MA, Gedeon AK, Schelley S, Hoyme
HE, White SM, Delatycki MB, Lampe AK,
Clayton-Smith J, Stewart H, van Ravens-
waay CM, de Vries BB, Cox B, Grompe M,
Ross S, Thomas P, Mulley JC, GeczJ., 2002.
Mutations in PHF6 are associated with
Borjeson-Forssman-Lehmann  syndrome.
Nat Genet 32:661-665.

Martens JA, Winston E, 2002. Evidence that
Swi/Snf directly represses transcription in
S. cerevisiae. Genes Dev 16:2231-2236.

Milh M, Falace A, Villeneuve N, Vanni N,
Cacciagli P, Assereto S, Nabbout R, Benfe-
nati F Zara E Chabrol B, Villard L, Fassio A.,
2013. Novel compound heterozygous mu-
tations in TBC1D24 cause familial malignant
migrating partial seizures of infancy. Hum
Mutat 34:869-872.

Miyake N, Tsurusaki Y, Matsumoto N., 2014.
Finding, finding and finding: multiple BAF
complex genes are mutated in Coffin—Siris
syndrome. Am J Med Genet Part C (in press)

Nagamani SC, Erez A, Eng C, Ou Z, Chinault C,
Workman L, Coldwell ], Stankiewicz P, Patel
A, Lupski JR, Cheung SW, 2009. Interstitial
deletion of 6q25.2-q25.3: a novel micro-
deletion syndrome associated with micro-

cephaly, developmental delay, dysmorphic
features and hearing loss. Eur ] Hum Genet
17:573-581.

Narahara K, Tsuji K, Yokoyama Y, Namba H,
Murakami M, Matsubara T, Kasai R,
Fukushima Y, Seki T, Wakui K, Seino Y.,
1991. Specification of small distal 6q dele-
tions in two patients by gene dosage and in
situ hybridization study of plasminogen and
alpha-L fucosidase 2. Am ] Med Genet
40:348-353.

Ng SB, Bigham AW, Buckingham KJ, Hannibal
MC, McMillin MJ, Gildersleeve HI, Beck
AE, Tabor HK, Cooper GM, Mefford HC,
Lee C, Turner EH, Smith JD, Rieder MJ,
Yoshiura X, Matsumoto N, Ohta T, Niikawa
N, Nickerson DA, Bamshad M], Shendure J.,
2010. Exome sequencing identifies MLL2
mutations as a cause of Kabuki syndrome.
Nat Genet 42:790-793.

Nicolaides P, Baraitser M., 1993. An unusual
syndrome with mental retardation and sparse
hair. Clin Dysmorphol 2:232-236.

Ninkovic J, Steiner-Mezzadri A, Jawerka M,
Akinci U, Masserdotti G, Petricca S, Fischer
J, von Holst A, Beckers J, Lie CD, Petrik D,
Miller E, Tang J, Wu ], Lefebvre V, Demmers
J, Eisch A, Metzger D, Crabtree G, Irmler M,
Poot R, Gotz M., 2013. The BAF complex
interacts with Pax6 in adult neural progen-
itors to establish a neurogenic cross-regula-
tory transcriptional network. Cell Stem Cell
13:403-418.

Nord AS, Roeb W, Dickel DE, Walsh T, Kusenda
M, O’Connor KL, Mathotra D, McCarthy
SE, Stray SM, Taylor SM, Sebat J, King B,
King MC, McClellan JM., 2011. Reduced
transcript expression of genes affected by
inherited and de novo CNVs in autism. Eur ]
Hum Genet 19:727-731.

Pirola B, Bortotto L, Giglio S, Piovan E, Janes A,
Guerrini R, Zuffardi O., 1998. Agenesis of
the corpus callosum with Probst bundles
owing to haploinsufficiency fora geneinan 8
cM region of 6g25. ] Med Genet 35:1031-
1033.

Rehman AU, Santos-Cortez RL, Morell R],
Drummond MC, Ito T, Lee K, Khan AA,
Basra MA, Wasif N, Ayub M, Ali RA, Raza
SI, University of Washington Center for
Mendelian G Nickerson DA, Shendure J,
Bamshad M, Riazuddin S, Billington N,
Khan SN, Friedman PL, Griffith AJ, Ahmad
W, Riazuddin S, Leal SM, Friedman TB.,
2014. Mutations in TBC1D24, a gene
associated with epilepsy, also cause non-
syndromic deafness DFNB86. Am ] Hum
Genet 94:144-152.

Roberts CW, Biegel JA., 2009. The role of
SMARCB1/INI1 in development of rhab-
doid tumor. Cancer Biol Ther 8:412-416.

Ronan JL, Wu W, Crabtree GR., 2013. From
neural development to cognition: unexpect-
ed roles for chromatin. Nat Rev Genet
14:347-359.

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

— 299 —

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

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

Santen GW, Clayton-Smith J., 2014. The ARID1B
phenotype: what we have learned so far. Am
J Med Genet Part C (in press)

Schneppenheim R, Fruhwald MC, Gesk S,
Hasselblatt M, Jeibmann A, Kordes U, Kreuz
M, Leuschner I, Martin Subero JI, Obser T,
Oyen F, Vater I, Siebert R, 2010. Germline
nonsense mutation and somatic inactivation
of SMARCA4/BRG1 in a family with
rthabdoid tumor predisposition syndrome.
Am ] Hum Genet 86:279-284.

Schrier SA, Bodurtha JN, Burton B, Chudley AE,
Chiong MA, D’Avanzo M.G., Lynch SA,
Musio A, Nyazov DM, Sanchez-Lara PA,
Shalev SA, Deardorfft MA., 2012. The
Coffin-Siris syndrome: a proposed diagnostic
approach and assessment of 15 overlapping
cases. Am ] Med Genet Part A 158A:1865~
1876.

Schrier SA, Deardorff MA.,, 2014. Clinical features,
diagnostic criteria, and management of
Coffin-Siris syndrome. Am ] Med Genet
Part C (in press)

Sevenet N, Sheridan E, Amram D, Schneider P,
Handgretinger R, Delattre O., 1999. Con-
stitutional mutations of the hSNF5/INI1
gene predispose to a variety of cancers. Am J
Hum Genet 65:1342-1348.

Sim JC, White SM, Fitzpatrick E, Wilson GR,
Gillies G, Pope K, Mountford HS, Torring
PM, McKee S, Vulto-van Silthout AT,
Jhangiani SN, Muzny DM, Leventer R],
Delatycki MB, Amor DJ, Lockhart PJ., 2014.
Expanding the phenotypic spectrum of
ARID1B-mediateddisorders and identifica-
tion of altered cell-cycle dynamics due to
ARID1B haploinsufficiency. Orphanet ]
Rare Dis 9:43.

Smith MJ, O’Sullivan J, Bhaskar SS, Hadfield KD,
Poke G, Caird J, Sharif S, Eccles D,
Fitzpatrick D, Rawluk D, du Plessis D,
Newman WG, Evans DG, 2013. Loss-of-
function mutations in SMARCE]1 cause an
inherited disorder of multiple spinal menin-
giomas. Nat Genet 45:295-298.

Son EY, Crabtree G., 2014. The role of BAF
complexes in mammalian neural develop-
ment. Am J Med Genet Part C (in press)

Sousa SB, Abdul-Rahman O a Bottani A,
Cormier-Daire V, Fryer A, Gillessen-Kaes-
bach G, Horn D, Josifova D, Kuechler A, Lees
M, MacDermot K, Magee A, Morice-Picard
E Rosser E, Sarkar A, Shannon N, Stolte-
Dijkstra I, Verloes A, Wakeling E, Wilson L,
Hennekam RCM., 2009. Nicolaides-Bar-
aitser syndrome: Delineation of the pheno-
type. Am ] Med Genet A 149A:1628-1640.

Sousa S, Hennekam R C, the Nicolaides—Baraitser
Syndrome International Consortium. 2014.



INTRODUCTION

AMERICAN JOURNAL OF MEDICAL GENETICS PART C (SEMINARS IN MEDICAL GENETICS) 251

Phenotype and genotype in Nicolaides—
Baraitser syndrome. Am ] Med Genet Part
C (in press)

Sukumar S, Wang S, Hoang K, Vanchiere CM,
England K, Fick R, Pagon B, Reddy KS.,
1999. Subtle overlapping deletions in the
terminal Subtle overlapping deletions in the
terminal region of chromosome 6¢24.2-q26:
three cases studied using FISH. Am ] Med
Genet 87:17-22.

Todd MA, Picketts D]., 2012. PHIF6 interacts with
the nucleosome remodeling and deacetyla-
tion (NuRD) complex. | Proteome Res
11:4326-4337.

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

Tsurusaki Y, Koshimizu E, Ohashi H, Phadke S,
Kou I, Shiina M, Suzuki T, Okamoto N,
Imamura S, Yamashita M, Watanabe S,
Yoshiura K, Kodera H, Miyatake S, Naka-
shima M, Saitsu H, Ogata K, ITkegawa §,
Miyake N, Matsumoto N., 2014a De novo
SOX11 mutations cause Coffin-Siris syn-
drome. Nat Commun 5:4011.

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

Tuoc TC, Boretius S, Sansom SN, Pitulescu ME,
Frahm ], Livesey FJ, Stoykova A., 2013.
Chromatin regulation by BAF170 controls
cerebral cortical size and thickness. Dev Cell
25:256-269.

Vandeweyer G, Helsmoortel C, van Dijck A,
Vulto-van Silthout A, Coe BP, Bernier R,
Gerdts ], Rooms L, van den Ende J, Bakshi
M, Wilson M, Nordgren A, Hendon LG,
Abdulrahman OA, Romano C, de Vries

BBA, Kleefstra T, Eichler EE, van der Aa N,
Kooy RE 2014. The transcriptional regula-
tor ADNP links the nBAF (mSWI/SNF)
complexes with autism. Am J Med Genet
Part C (in press)

Van Houdt JK, Nowakowska BA, Sousa SB, van
Schaik BD, Seuntjens E, Avonce N, Sifrim A,
Abdul-Rahman OA, van den Boogaard MJ,
Bottani A, Castori M, Cormier-Daire V,
Deardorff MA, Filges 1, Fryer A, Fryns JP,
Gana S, Garavelli L, Gillessen-Kaesbach G,
Hall BD, Horn D, Huylebroeck I, Klapecki
J, Krajewska-Walasek M, Kuechler A, Lines
MA, Maas S, Macdermot KD, McKee S,
Magee A, de Man SA, Moreau Y, Morice~
Picard E Obersztyn E, Pilch ], Rosser E,
Shannon N, Stolte-Dijkstra I, Van Dijck P,
Vilain C, Vogels A, Wakeling E, Wieczorek
D, Wilson L, Zuffardi O, van Kampen AH,
Devriendt K, Hennekam R, Vermeesch JR.,
2012, Heterozygous missense mutations in
SMARCA2 cause Nicolaides-Baraitser syn-
drome. Nat Genet 44:445-449,S441.

Vengoechea J, Carpenter L, Zarate YA., 2014.
Papillary thyroid cancer in a patient with
interstitial 6g25 deletion including ARID1B.
Am ] Med Genet Part A 164:1857-1859.
[Epub ahead of print].

Versteege I, Sevenet N, Lange J, Rousseau-Merck
MFE Ambros P, Handgretinger R, Aurias A,
Delattre O., 1998. Truncating mutations of
hSNF5/INI1 in aggressive paediatric cancer.
Nature 394:203-206.

Vogel-Ciernia A, Matheos DP, Barrett RM,
Kramar EA, Azzawi S, Chen Y, Magnan
CN, Zeller M, Sylvain A, Haettig J, Jia Y,
Tran A, Dang R, Post RJ, Chabrier M,
Babayan AH, Wu JI, Crabtree GR, Baldi P,
Baram TZ, Lynch G, Wood MA., 2013. The
neuron-specific chromatin regulatory sub-
unit BAF53b is necessary for synaptic
plasticity and memory. Nat Neurosci
16:552-561.

Weiswasser WH, Hall BD, Delavan GW, Smith
DW., 1973. Coffin—Siris syndrome. Two new
cases. Am J Dis Child 125:838-840.

Wieczorek D, Bogershausen N, Beleggia E
Steiner-Haldenstatt S, Pohl E, Li Y, Milz E,
Martin M, Thiele H, Altmuller ], Alanay Y,
Kayserili H, Klein-Hitpass L, Bohringer S,

— 300 —

Wollstein A, Albrecht B, Boduroglu K,
Caliebe A, Chrzanowska K, Cogulu O,
Cristofoli F Czeschik JC, Devriendt K,
Dotti MT, Elcioglu N, Gener B, Goecke
TO, Krajewska-Walasek M, Guillen-Nav-
arro E, Hayek J, Houge G, Kilic E, Simsek-
Kiper PO, Lopez-Gonzalez V, Kuechler A,
Lyonnet S, Mari F Marozza A, Mathieu
Dramard M, Mikat B, Morin G, Morice-
Picard F Ozkinay E Rauch A, Renieri A,
Tinschert S, Utine GE, Vilain C, Vivarelli R,
Zweier C, Nurnberg P, Rahmann S,
Vermeesch ], Ludecke HJ, Zeschnigk M,
Wollnik B, 2013. A comprehensive molecu-
lar study on Coffin-Siris and Nicolaides-
Baraitser syndromes identifies a broad mo-
lecular and clinical spectrum converging on
altered chromatin remodeling. Hum Mol
Genet 22:5121-5135.

Wu JI, Lessard J, Olave 1A, Qiu Z, Ghosh A, Graef
1A, Crabtree GR., 2007. Regulation of
dendritic development by neuron-specific
chromatin remodeling complexes. Neuron
56:94-108.

Wu JI, Lessard J, Crabtree GR., 2009. Under-
standing the words of chromatin regulation.
Cell 136:200-206.

Zhang L, Hu L, Chai Y, Pang X, Yang T,
Wu H., 2014. A dominant mutation in
the stereocilia-expressing gene TBC1D24
is a probable cause for nonsyndromic
hearing impairment. Hum Mautat 35:
814-818.

Zweier C, Kraus C, Brueton L, Cole T,
Degenhardt E Engels H, Gillessen-Kaesbach
G, Graul-Neumann L, Horn D, Hoyer J, Just
W, Rauch A, Reis A, Wollnik B, Zeschnigk
M, Liidecke HJ, Wieczorek D., 2013. A new
face of Borjeson-Forssman-Lehmann syn-
drome? De novo mutations in PHF6 in seven
females with a distinct phenotype. ] Med
Genet 50:838-847.

Zweier C, Rittinger O, Bader I, Berland S, Cole T,
Degenhardt F, Di Donato N, Graul-Neu-
mann L, Hoyer ], Lynch SA, Vlasak I,
Wieczorek D., 2014. Females with de novo
aberrations in PHFG6: clinical overlap of
Borjeson~Forssman-Lehmann with Coffin-
Siris syndrome. Am J Med Genet Part C
(in press)



Carbohydrate
(N-Acetylgalactosamine 4-0)
Sulfotransferase 14 (CHST14)

Tomoki Kosho, Shuji Mizumoto, and Kazuyuki Sugahara

Contents

INErOAUCHION « ¢ et e 1136
Databanks . ...ttt e e 1136
Name and HISIOTY ... u . vttt ettt e e e vt e e 1137
SHTUCTULE © .ottt et et ettt e e et e e iaaaaeas 1138
Enzyme Activity Assay and Substrate Specificity ............oocoiiiiiiiiiiiiiiiiii 1138
PIeParation . ... ..ueei ettt et e e 1138
Biological ASPECLS ...ttt 1139
Knockout and Transgenic IMICE .. .....u.uun ittt 1139
Human DISEASE ... ..uetiitt ittt e 1139
FULULE PerSPECIIVES ..t ttntttt ettt et ettt et et e e e e e et e aeeennaees 1145
Cross-REfEIENCES . ..ottt e s 1146
Further Reading ... .oouiitei e e 1146
RETEIEINCES - .. ettt e 1146

gene, localized at 15ql4, is a single exon gene with an
open reading frame of 1131 base pairs, encoding a 43 kDa protein dermatan-4-O-
sulfotransferase-1 (D4ST1) that catalyzes the 4-O-sulfation of N-acetyl-D-galac-
tosamine residues in dermatan sulfate (DS). Both nearly exhaustively desulfated
DS and partially desulfated DS serve as excellent substrates for the enzyme.
Chst14/D4st1-deficient mice showed growth retardation as well as multiple system
abnormalities including neurology such as decreased neurogenesis and diminished
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proliferation of neural stem cells. Recently, recessive loss-of-function mutations
in the CHSTI4 gene were found to cause a specific form of Ehlers-Danlos
syndrome (EDS) designated as D4ST1-deficient EDS (DD-EDS). The disorder is
characterized by progressive multisystem fragility-related manifestations
(skin hyperextensibilty and fragility, progressive spinal and foot deformities,
large subcutaneous hematoma) and various malformations (facial features,
congenital eye/heart/gastrointestinal defects, congenital multiple contractures).
Glycosaminoglycan (GAG) chains from the affected skin fibroblasts were
composed of a negligible amount of DS and excess chondroitin sulfate (CS),
which was suggested to result from an impaired lock by 4-O-sulfation due
to D4ST1 deficiency followed by back epimerization from L-iduronic acid to
D-glucuronic acid. GAG chains of decorin from the affected skin fibroblasts
were composed exclusively of CS and no DS, the opposite features observed in
normal controls. Thus, skin fragility in the disorder was supposed to be caused by
impaired assembly of collagen fibrils mediated by decorin bearing a CS chain that
replaced a DS chain. The disorder stresses the importance of the role of CHST14/
D4ST1 and DS in human development and maintenance of extracellular matrices.

Introduction

Glycosaminoglycans (GAGs) such as dermatan sulfate (DS), chondroitin sulfate
(CS), and heparan sulfate are side chains composed of repeating disaccharides
bound to core proteins to form proteoglycans (PGs). Biosynthesis of CS and DS is
shown in Fig. 101.1. It is initiated by the synthesis of a tetrasaccharide linker region,
glucuronic acidf1-3galactoseB1-3galactosef1-4xylosep1-O- (GlcA-Gal-Gal-Xyl-),
onto serine residues of specific core proteins of PGs, by b-xylosyltransferase,
B1,4-galactosyltransferase-I, B1,3-galactosyltransferase-II, and B1,3-glucuronosyl-
transferase-1, respectively. Subsequently, a repeating disaccharide region [N-acetyl-
p-galactosamine(GalNAc)-GlcA], of chondroitin is elongated by the actions of
N-acetyl-p-galactosaminyltransferase-I, ~ N-acetyl-p-galactosaminyltransferase-II,
and CS-glucuronyltransferase-II encoded by chondroitin synthase —1, —2, and —3
and chondroitin polymerizing factor. CS chains are matured by modifications
by chondroitin 4-O-sulfotransferase, chondroitin 6-O-sulfotransferase, and uronyl
2-0- sulfotransferase (UST). A disaccharide repeating region of dermatan is
synthesized through epimerization of a carboxyl group at C5 from GlcA to
L-iduronic acid (IdoA) by dermatan sulfate epimerase (DSE). A mature DS chain
is synthesized through sulfation by dermatan 4-O-sulfotransferase (D4ST), dermatan
6-O-sulfotransferase (D6ST), and UST.

Databanks

TUBMB enzyme nomenclature: E.C.2.8.2.35
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Fig. 101.1 Biosynthesis of DS and CS (Kosho 2013). C chondroitin, CS chondroitin sulfate,
D dermatan, DS dermatan sulfate, Ser serine, Xyl p-xylose, Gal p-galactose, GIcA p-glucuronic
acid, GalNAc N-acetyl-p-galactosamine, /doA L-iduronic acid, Xy/T xylosyltransferase, Gall-I

. galactosyltransferase-I, GalT-Il  galactosyltransferase-II, GIcAT-I  glucuronyltransferase-I,
GaINAcT-I N-acetyl-p-galactosaminyltransferase-I, CS-GIcAT-II CS-glucuronyltransferase-II,
GalNAcT-II  N-acetyl-p-galactosaminyltransferase-Il, ChSy chondroitin = synthase, ChPF
chondroitin polymerizing factor, C4ST chondroitin 4-O-sulfotransferase, C6ST chondroitin
6-O-sulfotransferase, UST uronyl 2-O-sulfotransferase, DSE dermatan sulfate epimerase, D4ST
dermatan 4-O-sulfotransferase, and D6ST dermatan 6-O-sulfotransferase

Carbohydrate (N-acetylgalactosamine 4-0) sulfotransferase 14 (CHST14)

Species Gene symbol GenBank accession number UniProt ID PDB accession number
Mus musculus Chstl4 NM_028117.3 Q80V53 N/A
Homo sapiens CHSTI4 NM_130468 Q8NCHO N/A

Name and History
The CHSTI4 gene encodes dermatan 4-O-sulfotransferase-1 (D4ST1), which

catalyzes the 4-O-sulfation of GalNAc residues in DS. Evers et al. (2001) cloned
cDNA of CHSTI14, based on its homology to CHSTI0 coding for human natural
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killer-1 sulfotransferase. Evers et al. (2001) showed mRNA of CHSTI4 to be
expressed ubiquitously and the protein to transfer sulfate to the C-4 hydroxyl of
GalNAc in the sequence IdoA-GalNAc immediately after epimerization of GlcA to
IdoA and designated the enzyme as D4ST1. Mikami et al. (2003), who
had identified CHST14/D4ST1 independently by public database search, reported
further characterization of the enzyme specificities that partially desulfated DS also
served as an excellent acceptor, while nearly exhaustively desulfated DS had been
shown to be an acceptor (Evers et al. 2001). In 2009-2010, human CHST14/D4ST1
deficiency was identified as a clinically recognizable syndrome and designated as
“D4ST1-deficient Ehlers—Danlos syndrome (DD-EDS).”

Structure

The CHSTI4 gene, localized at 15q14, is a single exon gene with an open reading
frame (ORF) of 1,131 base pairs (Evers et al. 2001). Human CHST14/D4ST1,
consisting of 376 amino acids with an estimated molecular mass of 43 kDa, is a type
I membrane protein with an N-terminal transmembrane region, binding sites for
3’-phosphoadenosine-5'-phosphosulfate (PAPS), and two potential N-glycosylation
sites (Bvers et al. 2001).

Enzyme Activity Assay and Substrate Specificity

This enzyme catalyzes transfer of sulfate to C4 position of GalNAc residues of
dermatan. The standard reaction mixture (60 pl) includes 10 pl of the enzyme
sources, 50 mM imidazole-HCI, pH 6.8, 2 mM dithiothreitol, 10 pM [35 SIPAPS
(~1or3 x 10° dpm), and desulfated DS as an acceptor (10 nmol as disaccharide)
(Mikami et al. 2003). The reaction mixtures are incubated at 37 °C for 1 h and
subjected to gel filtration using a syringe column packed with Sephadex G-25
(superfine) (Mikami et al. 2003). [*>S]Sulfate incorporation into polysaccharides
is quantified by determination of the radioactivity in the flow-through fractions by
liquid scintillation counting (Mikami et al. 2003).

Both nearly exhaustively desulfated DS and partially desulfated DS serve as
excellent substrates for the enzyme (Evers et al. 2001; Mikami et al. 2003).

Preparation

Cell lysates are prepared with 200 pl of the M-PER ®mammalian protein extraction
reagent (Thermo Fisher Scientific Inc., Waltham, MA). A DNA fragment, which
encodes the human CHST14/D4ST1 protein lacking the first N-terminal 62 amino
acids including the predicted transmembrane region, was subcloned into the
BamHI site of the expression vector p3XFLAG-CMV-8 (Sigma), resulting in
the fusion of CHSTI4 to the preprotrypsin leader sequence and the 3XFLAG
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tag sequence at the N-terminus present in the vector. The expression plasmid
was transfected into COS-7 cells using FuGENE HD transfection reagent (Promega).
After 3 days the culture medium was incubated with the anti-FLAG affinity resin
(Sigma or Wako, Osaka, Japan), which was washed with 25 mM Tris, pH 7.4/
150 mM NaCl/0.05 % Tween-20, and then analyzed by SDS-PAGE followed by
western analysis using anti-FLLAG monoclonal antibody conjugated with horseradish
peroxidase (Sigma or Wako) (Mikami et al. 2003; van Roij et al. 2008).

Biological Aspects

Clinical features of human CHST14/D4ST1 deficiency suggest that CHST14/D4ST1
and DS would play a crucial role in fetal development and maintenance of connective
tissues in multiple organs/tissues. Pathophysiological evidence revealed in human
CHST14/D4ST1 deficiency indicates the substantial role of CHST14/D4ST1 to
regulate CS/DS disaccharide composition of a GAG chain of decorin (and probably
other DS-PGs), the GAG chains of which would exhibit various biological effects
such as appropriate assembly of collagen fibrils mediated by decorin. Ubiquitous
expression of CHSTI4 would also suggest multisystem effects of the enzyme.

Knockout and Transgenic Mice

Knockout mice were generated by homologous recombination and targeting of the
only coding exon (exon 1) of the Chstl4 gene (Tang et al. 2010; Bian et al. 2011).
Phenotypic analysis of the F2 mice showed that the mutation affected bone
metabolism, cardiology, neurology, ophthalmology, metabolism, and growth (Tang
etal. 2010). Chst14/D4st1-deficient mice had decreased neurogenesis and diminished
proliferation of neural stem cells (NSCs) accompanied by increased expression of
glutamate—aspartate transporter (GLAST) and epidermal growth factor (EGF) in
comparison with wild-type controls as well as Chst11/C4stl-deficient mice (Bian
et al. 2011). There is no report regarding Chstl4 transgenic mice.

Human Disease

Recessive loss-of-function mutations in the CHST14 gene were identified in patients
with three independently reported conditions: a rare type arthrogryposis syndrome,
“adducted thumb—clubfoot syndrome (ATCS)” (Diindar et al. 2009); a specific type
of Ehlers—Danlos syndrome (EDS), “EDS, Kosho type” (Kosho et al. 2010; Miyake
et al. 2010); and a subset of kyphoscoliosis-type EDS without lysyl hydroxylase
deficiency, “musculocontractural EDS” (Malfait et al. 2010). These conditions were
concluded to represent a single clinical entity, a new form of EDS coined as “D4ST1-
deficient EDS (DD-EDS)” (Kosho et al. 2011; Shimizu et al. 2011). To date, 26
patients with DD-EDS have been reported (Table 101.1) (Kosho 2013).
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Table 101.1 Reported patients with DD-EDS (Kosho 2013)

CHSTI4 Age at initial

Patient Family Origin mutations Sex publication References

1 1 Turkish V49X homo F 35y Diindar et al. 1997

2 1 Turkish V49X homo M 15y Diindar et al. 1997

3 1 Turkish V49X homo F 6y Diindar et al. 1997

4 2 Japanese  Y293Chomo M 4y Sonoda and Kouno 2000

S 2 Japmese  Y293Chomo M 7m  Sonodaand Kouno2000

6 3 Austrian  R213P homo M 0d"  Janeckeetal. 2001

7 3 Austrian  R213P homo M I2m Janecke et al. 2001

8 4 Turkish [R135G;L137Q] F 14m* Diindar et al. 2001

9 4 Turkish [RI35G;L137Q] M 1-4m® Diindar et al. 2001
homo

10 4 Turkish  [RI35G;L137Q] M 14 m® Diindar et al. 2001
homo

11 4 Turkish [R135G;L137Q] ™M 3m Diindar et al. 2001
homo

12 5 Japanese P281L/Y293C F 11y Kosho et al. 2005

13 6 Japanese P281L homo F 14y Kosho et al. 2005

14 7 Japanese P281L homo M 32y Kosho et al. 2010

15 8 Japanese K69X/P281L M 32y Kosho et al. 2010b

6 9 Japanese  P281L/C289S F 20y Kosho et al. 2010

w10 Japanese P281L/Y293C F 4y Kosho et al. 2010

18 11 Turkish V49X homo F 22y Malfait et al. 2010

19 11 Turkish V49X homo F 21y Malfait et al. 2010

20 12 Indian E334Gfs*107 F 12y Malfait et al. 2010

o homo

21 13 Japanese  P28IL/Y293C M 2y Shimizu et al. 2011

22 14 Japanese F209S/P281L M 6y Shimizu et al. 2011

23 15 Dutch V48X homo F 20y Voermans et al. 2012

24 16 Afghani R274P homo F 11y Mendoza-Londono et al.

2012
25 16 Afghani R274P homo F 0y Mendoza-Londono et al.
2012
26 17 Miccosukee G228Lfs*13 F 16y Winters et al. 2012

Homo homozygous mutation, / compound heterozygous mutation, F female, M male, y years old,
m months old, d day

“Dead at the time of publication

®Also reported in a paper by Yasui et al. (2003)

Clinical manifestations are summarized in Table 101.2, characterized by pro-
gressive multisystem fragility-related manifestations (skin hyperextensibility and
fragility, progressive spinal and foot deformities, large subcutaneous hematoma)
and various malformations (facial features, congenital eye/heart/gastrointestinal
defects, congenital multiple contractures) (Kosho et al. 2011; Shimizu et al. 2011).
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Table 101.2 Clinical manifestations in DD-EDS (Kosho et al. 2011). ASD atrial septal defect,
MVP mitral valve prolapse, MR mitral valve regurgitation, AR aortic valve regurgitation, ARD

aortic root dilation

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/micro-retrognathia (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 deformities (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

(continued)
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Table 101.2 (continued)

Ocular
Strabismus
Refractive errors (myopia, astigmatism)
Glmlcoma/clcva”l;ed intraocularkmp;qugy‘ -
Microcomea/microphthalmia R
Retinal detachment
Hearing

Hearing impairment

Neurological

Ventricular enlargement/asymmetry

Development

Hypotonia/gross motor delay

Characteristic craniofacial features including large fontanelle, hypertelorism,
short and downslanting palpebral fissures, blue sclerae, short nose with hypoplastic
columella, low-set and rotated ears, high palate, long philtrum, thin upper lip
vermilion, small mouth, and micro-retrognathia are noted at birth to early childhood
(Fig. 101.2a, b). Slender and asymmetrical facial shapes with protruding jaws are
noted from school age (Fig. 101.2¢) (Kosho et al. 2005, 2010, 2011; Shimizu et al.
2011; Kosho 2013).

Congenital multiple contractures, such as adduction—flexion contractures of
thumbs and talipes equinovarus, were cardinal features (Fig. 101.2d, g).
Peculiar finger shape, described as “tapering,” “slender,” and “cylindrical,” is
also noted (Fig. 101.2e, f). Talipes deformities (planus, valgus) (Fig. 101.2h)
and spinal deformities (scoliosis, kyphoscoliosis) with tall vertebral bodies and
decreased physiological curvature (Fig. 101.2j, k) develop. Marfanoid
habitus, recurrent joint dislocations, and pectus deformities (flat and thin,
excavatum, carinatum) are also evident (Kosho et al. 2005, 2010, 2011; Shimizu
et al. 2011; Kosho 2013).

Cutaneous features include hyperextensibility to redundancy, bruisability,
fragility leading to atrophic scars, acrogeria-like fine palmar creases or wrinkles
(Fig. 101.2e, 1), hyperalgesia to pressure, and recurrent subcutaneous infections
with fistula formation (Kosho et al., 2005, 2010; Shimizu et al., 2011).

The most serious complication is recurrent large subcutaneous hematoma, which
sometimes progresses acutely and massively to be treated intensively (admission,
blood transfusion, surgical drainage) and is supposed to be caused by the rupture of
subcutaneous arteries or veins (Fig. 101.2i) (Kosho et al. 2005, 2010, 2011;
Shimizu et al. 2011; Kosho 2013).

Sulfotransferase activity toward dermatan in the affected skin fibroblasts was
significantly decreased to 6.7 % in a patient with a compound heterozygous mutation
“P281L/Y293C” (Patient 12, in Table 101.1) and to 14.5 % in a patient with a homo-
zygous mutation “P281L" (Patient 14), compared with each age- and sex-matched
control (Miyake et al. 2010) (Fig. 101.3a(a)). Disaccharide composition analysis of

9
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Fig. 101.2 Clinical photographs of patients with DD-EDS (Kosho et al. 2005; Kosho et al. 2010).
Patient 12 at age 23 days (a), 3 years (b), 6 years (i), and 16 years (c). Patient 13 at age 3 months
(d), 5 years (e), and 28 years (f, j, k). Patient 14 in the neonatal period (g) and at age 28 years (h).
Patient number is according to Table 101.1

CS/DS chains isolated from the affected skin fibroblasts (Patient 12, 14) showed a
negligible amount of DS and excess CS, which was suggested to result from impaired
4-O-sulfation lock due to D4ST1 deficiency followed by back epimerization from IdoA
to GlcA (Diindar et al. 2009; Miyake et al. 2010) (Fig. 101.3a(b)). A major DS-PG in
the skin, decorin, was also investigated, which consists of a core protein and a single
GAG chain that plays an important role in assembly of collagen fibrils possibly through
electrostatic interaction between decorin DS chains and adjacent collagen
fibrils (Nomura 2006). GAG chains of decorin from the affected skin fibroblasts
contained exclusively CS and no DS disaccharides, while those from the controls
contained mainly DS disaccharides (approximately 95 %) (Miyake et al. 2010)
(Fig. 101.3a(c)).

Light microscopy of hematoxylin- and eosin-stained affected skin specimens
showed that fine collagen fibers were present predominantly in the reticular to
papillary dermis with marked reduction of normally thick collagen bundles (Miyake
et al. 2010) (Fig. 101.3b(a, b)). Electron microscopy showed that collagen fibrils in
affected skin specimens were dispersed in the reticular dermis, compared with the
regularly and tightly assembled ones observed in the control’s, whereas each collagen
fibril in affected skin specimens was smooth and round, not varying in size and shape,
similar to each collagen fibril of the control’s (Miyake et al. 2010) (Fig. 101.3b(c, d)).

These glycobiological and pathological findings suggested skin fragility in
this disorder to be caused by impaired assembly of collagen fibrils resulting
from the replacement of a DS with a CS chain of decorin (Miyake et al. 2010);
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| Collagen fibril

Core protein of decorin

» GAG chain of decorin, composed of DS

époo GAG chain of decorin, composed of CS

Fig. 101.3 (@) Glycobiological studies (Miyake et al. 2010). Control 1 is Patient 12’s age- and
sex-matched control. Mother is Patient 12's. Control 2 is Patient 14's age- and sex-matched
control. Patient number is according to Table 101.1. (a) Sulfotransferase activity of skin fibro-
blasts. (b) The total amounts of CS and DS derived from skin fibroblasts. The total disaccharide
contents of CS and DS are shown in a black box and a white box, respectively. (¢) Proportion of the
disaccharide units in the CS/DS hybrid chains in decorin secreted by the fibroblasts. A white box
and a light gray box indicate GlcA-GalNAc(4S) and GlcA-GalNAc(6S), respectively, both
composing CS. A dark gray box and a black box indicate IdoA-GalNAc(4S) and IdoA(2S)-
GalNAc(4S), respectively, both composing DS. (b). Pathological studies (Miyake et al. 2010).
Light microscopy (LM) of a hematoxylin- and eosin-stained skin specimen of Patient 16 in
Table 101.1 (a) and that of her age- and sex-matched control. (b) Scale bars indicate 500 pm.
Electron microscopy (EM) of a skin specimen of Patient 16 (¢) and that of the control (d). Scale
bars indicate 1 pm. (¢) Schema of binding model of decorin to collagen fibrils (Nomura 2006).
Putative spatial relationship between collagen fibrils and decorin in skin specimens of patients
with DD-EDS (a) and normal control subjects (b) (Kosho 2011)

(Kosho 2011) (Fig. 101.3¢(a, b)). The disorder represents the first human disorder
that emphasizes the role of CHST14/D4ST1 and DS to play in human development
and the maintenance of the extracellular matrices (Zhang et al. 2010).

Future Perspectives

Detailed evaluation of knockout mice and patients with DD-EDS would contribute
to delineate multisystem roles of CHST14/D4ST1 and DS. Pathological investiga-
tion of various organs/tissues would address the question whether involvement of
other organs/tissues might result from impaired assembly of collagen fibrils medi-
ated by decorin. Glycobiological investigation focusing on various DS-PGs would
uncover the contribution of DS-PGs in addition to decorin.
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Cross-References

p Carbohydrate (Chondroitin 4) Sulfotransferase 11-13 (CHST11-13)

» Carbohydrate (Chondroitin 6) Sulfotransferase 3; Carbohydrate
(N-Acetylglucosamine 6-0) Sulfotransferase 7 (CHST3,7)

» Dermatan Sulfate Epimerases (DSE, DSEL)

= Uronyl-2-Sulfotransferase (UST)
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