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voiding. She developed a large subcutaneous hematoma over the
buttock after falling, requiring surgical drainage. Treatment with
temporary intranasal administration of 1-desamino-8-p-arginine
vasopressin (DDAVP) after injuries was started.

At age 11 years, she weighed 29.5kg (2 SD), height 148.1 cm
(+0.2 SD), and OFC 54 cm (+0.2 SD). She had a slender face and a
Marfanoid habitus with pectus excavatum and progressing talipes
valgus and planus (Fig. 1K). Fine palmar creases and a ganglion on
the left foot were noted. Hyperopia had improved and frequency of
otitis media had decreased. Urinary retention persisted but manual
pressure voiding was not necessary. Heart murmurs were audible,
and cardiac ultrasonography showed moderate tricuspid valve
regurgitation, prolapse of the tricuspid and mitral valves, and
left-to-right shunt via a small atrial septal defect.

At age 12 years, menarche occurred. Kyphoscoliosis progressed
with lumbago, necessitating a brace. The ganglion on the left foot
was punctured and jellylike contents were suctioned, but soon it
swelled again. Persistent urinary incontinence occurred, and uro-
logical examinations showed involuntary contractions and hypes-
thesia of the bladder with normal voiding function. She developed a
large subcutaneous hematoma around the head and face after
hitting the forehead on a door mirror, with a decline of hemoglobin
concentration from 13.4 to 7.7 g/dl in several hours, and was
admitted in an intensive care unit (ICU).

She had severe constipation (defecation once a week) and
sometimes diarrhea (after having oily or watery foods), treated by
medication of Lactobaccilus and lactulose from age 15 years. Large
bowel sounds resembling a frog-croak were frequently heard. Atage
16 years, acute gastric ulcer occurred in the antrum, leading to
massive hematemesis. Gastric obstruction soon progressed, and
treatment with a proton pump inhibitor and intravenous hyperali-
mentation (IVH) was not effective. A large thrombus developed at
the site of inserting an IVH catheter, and an inferior vena cava filter
was placed. Distal gastrectomy with Billroth I reconstruction was
performed, complicated by a massive hematoma in the rectus
sheath necessitating intranasal administration of DDAVP and
transfusion of packed red cells and fresh frozen plasma. She
attended a class for handicapped children from her junior high
school days due to her physical fragility and mild learning disability.

When last seen by us at age 16 years, she weighed 49.4kg (—0.4
SD), height 159.2 cm (+0.3 SD), and OFC 55.8 cm (+0.2 SD). Her
face was slender with a protruding jaw (Fig. 1C,D). She suffered from
lumbago because of progressive kyphoscoliosis. The distal IP joints

in bilateral index to little fingers and the IP joints in bilateral thumbs '

could hardly be flexed or extended (Fig. 1G,H). The proximal IP
joints in bilateral index to little fingers and the MP joints in all fingers
could be flexed and extended, but could not be moved separately and
smoothly (see supporting information Video 1 which may be found
in the online version of this article). She had chronic dislocations of
bilateral distal radio-ulnar joints and radial heads. Bilateral talipes
valgus and planus progressed with extremely soft subcutaneous
tissues at the heels (Fig. 1L), resulting in difficulty in walking. The
IP joints in bilateral toes could not be moved and metatarsopha-
langeal joints could only be moved slightly. She had skin redundancy
(Fig. 1M) and fragility with atrophic scars (Fig. 1N), fine palmar
creases (Fig. 1H), and recurrent subcutaneous infections at the
elbows (Fig. 1I) and the buttocks with fistula formation.

Patient 2

The patient is a now 32-year-old Japanese woman. Part of her
history was described previously [Kosho et al., 2005]. She was born
at term as the third child of a healthy 27-year-old mother and a
healthy 37-year-old father, who were first cousins once removed.
Her birth weight was 2,500 g (=2 SD) and two elder sisters were
healthy. She suckled poorly, and was gavage fed for the first week of
life. At age 9 weeks, she was admitted for the treatment of multiple
contractures. Her craniofacial features included a large anterior
fontanelle, hypertelorism, strabismus, short and downslanting
palpebral fissures, a short nose with a hypoplastic columella, low
-set and rotated ears, a long philtrum, a thin upper lip vermilion, a
high palate, and micro-retrognathia (Fig. 2A). Skeletal features
included extension contractures with ulnar deviation of bilateral
wrists, flexion-adduction contractures of bilateral thumbs, flexion
contractures of the MP joints in bilateral middle to little fingers,
extension contractures of the distal IP joints in bilateral index to
little fingers (Fig. 2E,F), bilateral talipes equinovarus (Fig. 21), and a
congenital dislocation of the right hip. Active movement of her
fingers was poor. Mild skin hyperextensibility was noted. Talipes
equinovarus and finger-wrist contractures were treated with serial
plaster casts.

Atage 1 year and 2 months, she underwent surgical corrections of
bilateral talipes equinovarus. Anomalous insertions of the flexor
muscles (the tibialis posterior to the talus [normal, navicular and
cuneiform bones], the flexor digitorum longus to the abductor
hallucis muscle [normal, bases of distal phalanges of four lesser
toes], and the flexor hallucis longus to the calcaneus [normal, base
of distal phalanx of hallux]) (Fig. 3) were shown to cause talipes
equinovarus and inability to flex toes. Tendon sheaths of the
muscles were hypoplastic, and surrounding tissues were fragile
and hyperextensible. Skin hyperextensibility became more evident
with frequent bruises. At age 2 years, dislocation of the right hip
was treated through overhead traction and manual reduction
under general anesthesia. Her tentative clinical diagnosis was
Freeman—Sheldon syndrome.

Gross motor development was delayed: she raised her head atage
4 months, sat unassisted at 7 months, stood up assisted at 2 years
and 6 months; cruised furniture at 3 years, and waked alone with
short leg braces at 5 years. Generalized hypotonia and joint laxity
became evident, and bilateral talipes valgus and cavus progressed
(Fig. 27). Her face became longer with drooping eyelids and bushy
eyebrows (Fig. 2B). Atage 6 years, dislocations of the left hip and the
patella occurred, which were reduced manually. She also developed
a subcutaneous hematoma around the left knee that required
surgical drainage. She had constipation, and from incontinence
and recurrent urinary tract infections associated with an atonic
bladder and urinary retention. She had visual impairment from
myopia and astigmatism, and impaired hearing for high-pitched
sounds. At age 8 years, she developed a wound on the buttocks after
failing, followed by bacterial infections and fistula formation, which
lead to skin defects including decubitus necessitating plastic sur-
gery. At age 11 years, she fell and developed a large subcutaneous
hematoma over the head, requiring surgical drainage and transfu-
sion of packed red cells. At age 12 years, she had dislocation of the
left patella and left shoulder after minor injuries, which were

— 177 —



KOSHO ET AL.

1337

reduced manually, Her IQ was normal at 99. She attended a school
for handicapped children because of limitations of daily activities
bound to a wheelchair. Her clinical diagnosis was confirmed as EDS.
At age 15 years, her height was 140 cm (—3.2 SD). She had marked
muscle weakness with grip power 5kg in the right and 2 kg in the

left. She became exhausted easily. Frequent dislocations of the
shoulders and elbows were reduced manually by her. Scoliosis was
also noted.

At age 24 years, she underwent surgery for colonic perforation
associated with diverticulitis. At the operation, multiple colonic
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diverticula were observed. At age 26 years, visual impairment
progressed due to bilateral glaucoma with an elevation of intraoc-
ular pressure (IOP) to 20 mmHg in the right eye and 21 mmHg in
the left eye, accompanied by a decreased visual field. At age 28 years,
she suffered from a right pneumothorax, treated with chest
tube drainage. Acute cystitis also occurred, and cystolithiasis was
detected in the follow-up ultrasonography.

When seen by us at age 28 years, she was wheelchair-bound. She
had a slender face with a protruding jaw (Fig. 2C,D). Her thorax was
flat and thin. Her fingers were cylindrical. She had mild flexion
contractures of the distal IP joints in bilateral index to little
fingers, mild flexion-adduction contractures of bilateral thumbs
(Fig. 2G,H), and chronic dislocations of bilateral distal radio-ulnar
joints and the left radial head accompanied by ruptured tendon
of the extensor pollicis longus muscle. She also had talipes valgus
and cavus with extremely soft subcutaneous tissues at the heels
(Fig. 2K). She could rarely flex or extend the left thumb or all toes.
Her skin was redundant, bruisable, and fragile with atrophic scars.
Prominent wrinkles in the palms showed acrogeria (Fig. 2H). She
showed hyperalgesia to pressure such as measuring blood pressure
at the upper arms. She had chronic subcutaneous abscesses with
fistula formation at the elbows and buttocks. She suffered form

severe constipation (defecation once a week) requiring oral lax-
atives and Lactobaccilus, but sometimes had diarrhea. Large bowel
sounds resembling a frog-croak were frequently heard. Cardiac
ultrasonography showed no structural or functional abnormalities
in the mitral or aortic valve.

When last seen by us at age 31 years, she suffered from progressive
visual field loss, although IOP was controlled within the range of
14~16 mmHg through topical administration of a prostaglandin F2
o derivative (latanoprost) and a (-adrenergic receptor blocker
(timolol).

Patient 3

The patient, now a 32-year-old Japanese man, was the first child of a
healthy 31-year-old mother and a healthy 25-year-old father, who
were first cousins. His younger sister was healthy. He was delivered
by vacuum extraction at 40 weeks of gestation. His birth weight was
3,300 g (+0.5 SD), length 52.0cm (+1.3 SD), and OFC 35.0 cm
(+0.8 SD). He was admitted for the treatment of orthopedic
complications. He had a triangular face with a large skull, a large
anterior fontanelle, hypertelorism, short and downslanting palpe-
bral fissures, strabismus, a short nose with a hypoplastic columella,
low-set and rotated ears, along philtrum, a thin upper lip vermilion,
a small mouth, and micro-retrognathia (Fig. 4A). His skeletal
features included extension contractures of bilateral wrists, flexion
-adduction contractures of bilateral thumbs, flexion contractures of
the MP joints in bilateral index to little fingers, of the proximal IP
joints in the right index and middle fingers, and of the distal IP joint
in the left middle finger; extension contractures of the other IP
joints (Fig. 4D,E), rigidity of bilateral hip joints, and bilateral talipes
equinovarus (Fig. 4H). His skin was redundant with a lot of creases
(Fig. 4D,E). Widely spaced nipples and bilateral cryptorchidism
were noted. He was diagnosed as arthrogryposis. Talipes equino-
varus was treated with serial plaster casts, and was surgically
corrected at age 1 year and 8 months. He also underwent tendon
transplantations for defects of tendons to bilateral thumbs, and
orchiopexy.

At age 6 years, he developed a subcutaneous hematoma over
the buttocks after falling, followed by bacterial infections and
fistula formation. At age 8 years, a large subcutaneous hematoma
occurred spontaneously over the head and progressed acutely with
loss of consciousness, treated with emergency surgical drainage and
transfusion of packed red cells. Large subcutaneous hematomas
occurred in the left elbow at age 11 years, on the right shin followed
by a rupture of another vessel, which spread the hematoma from
the thigh to the ankle and made him bedridden for a month at age
14 years; on the right ankle necessitating admission at age 19 years,
on the left arm making him bedridden for 2 months at age 26 and
27 years, and on the right shin making him bedridden for 2 months
atage 29 years. He also suffered from recurrent joint dislocations of
the right knee twice at age 910 years and the left shoulder five times
at age 22—27 years. He was admitted for the treatment of bronchitis,
leading to hearing impairment. At age 29 years, a rupture of a small
intestine diverticulum was treated with emergency surgery.

When referred to us at age 30 years, his weight was 45kg
(—1.7 SD) and height 178 cm (+1.2 SD). He could walk indepen-
dently but used a wheelchair when he went out. He had a skull with a
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prominent occiput and a lot of white hair, and a slender and
asymmetric face with hypertelorism, strabismus, blue sclerae, a
short nose with a hypoplastic columella, low-set rotated ears, a long
philtrum, a thin upper lip vermilion, a high palate, crowded teeth,
and a protruding jaw (Fig. 4B,C). He had a Marfanoid habitus witha

flat and thin thorax and kyphoscoliosis. His fingers were slender and
cylindrical. He had contractures of fingers and toes with limited
flexion or extension (Fig. 4F,G,I), chronic dislocations of bilateral
distal radio-ulnar joints and radial heads, and progressive talipes
valgus and planus with extremely soft subcutaneous tissues at the
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heels (Fig. 4I). His skin was redundant (Fig. 4]), bruisable, and
fragile with atrophic scars (Fig. 4K). Prominent palmar wrinkles
showed acrogeria (Fig. 4G). He showed hyperalgesia to pressure
such as measuring blood pressure at the upper arms. He suffered
from constipation requiring oral laxatives and Lactobaccilus, but
sometimes had diarrhea. Large bowel sounds resembling a frog
croak were frequently heard. Cardiac ultrasonography showed
grade 2 aortic valve regurgitation without dilation of the ascending
aorta, and a trace of mitral valve regurgitation. Oththalmological
examinations showed microphthalmia, myopia, and astigmatism.
He showed hypogonadism without voice changes.

When last seen by us, his physical condition had deteriorated. He
was bedridden, because of recurrent subcutaneous large hemato-
mas around the buttocks and thighs possibly caused by spontane-
ous rupture of vessels or muscles. He also suffered from a
dislocation of the right hip joints after falling, followed by another
large hematoma throughout the right leg.

Patient 4

The patient is a now 32-year-old Japanese man. Part of his clinical
course was described previously [Yasui et al., 2003]. He underwent
surgery for bilateral talipes equinovarus at age 1 year. He was
diagnosed as EDS at age 4 years. He had six operations for bilateral
retinal detachment from age 16 years, and had surgery for carpal
tunnel syndrome at age 18 years. Talipes valgus and planus was
noticed at age 6 years, and progressed. He wore special orthopedic
shoes from age 9 years and underwent surgical fixations of bilateral
ankle joints at age 22 years.

At age 23 years, he was.admitted for surgical fixation of the left
toes. His weight was 38.0 kg (—2.4 SD) and height 168.5 cm (~0.4
SD). He had mild excavation of the left thorax and mildly hyper-
extensible skin with bruisability. During the preoperative evalua-
tion, prolonged bleeding time was noticed (11 min [normal, 1-5]).
He developed a large subcutaneous hematoma over the buttocks
after a mild injury, with a decline of hemoglobin concentration
from 9.2 to 4.9 g/dl. The hematoma was not resorbed with intrana-
sal DDAVP and intravenous carbazochrome sodium sulfate, tra-
nexamic acid, and packed red cells. It took 9 months for resorption
of the hematoma after a combined therapy of daily intranasal
DDAVP and weekly intramuscular conjugated estrogen. At age
31 years, he suffered from a right hemopneumothorax with a large
bulla, which was treated with chest tube drainage and transfusion of
packed red cells.

When last seen by us at age 31 years, his hemostatic condition was
controlled by weekly oral doses of conjugated estrogen and tempo-
rary intranasal DDAVP after injuries. He had a slender and asym-
metric face with hypertelorism, blue sclerae, a high palate, and a
protruding jaw. His skeletal features included slender fingers with
flexion contractures and limited movements, chronic dislocations
of bilateral radial heads, flexed and immobile toes, kyphoscoliosis,
and talipes valgus and planus with difficulty in walking, Acrogeria-
like palmar wrinkles were noted.

Patient 5

The patient, now a 20-year-old Japanese woman, was the first child
of a healthy 24 year-old mother and a healthy 25-year-old father.
She was delivered by cesarean section for a breech presentation at 39
weeks of gestation. Her birth weight was 2,800 g (—0.4 SD), length
47.0cm (—1.1 SD), and OFC 35.0cm (+1.0 SD). She exhibited
apnea with severe cyanosis on the day of her birth, and was admitted
to a neonatal ICU. Her craniofacial features included a large
anterior fontanelle, hypertelorism, short and downslanting palpe-
bral fissures, strabismus, a short nose with a hypoplastic columella,
a long philtrum, a thin upper lip vermilion, a small mouth, a high
palate, and micro-retrognathia. Her skeletal features included
pectus excavatum, slender fingers with flexion-adduction contrac-
tures of bilateral thumbs and extension contractures in bilateral
index to little fingers (Fig. 6A), and bilateral talipes equinovarus
(Fig. 6C,D). She hated to be hugged tightly. Bilateral talipes
equinovarus were treated with serial plaster casts, followed by
surgical corrections at age 1 year. At the operation, anomalous
insertions of the flexor muscles were noted: the flexor digitorum
longus and the flexor hallucis longus were not inserted to the toes,
but were fused in the soles, forming a fascia-like tissue. Bilateral hip
dislocations were treated by a brace, followed by a surgical correc-
tion in the right hip. Her skin was easily bruised and torn after a mild
injury. Recurrent joint dislocations occurred easily or spontane-
ously at the elbows, shoulders, and knees. Constipation was treated
with glycerin enema, and then improved with drinking milk or
coffee after age 2 years. She raised her head at age 8 months, sat
unassisted at age 1 year, and walked independently atage 2 years and
2 months. She was suspected to have EDS at around age 5 years.
She developed large subcutaneous hematomas over the buttocks
after falling at age 6 years and age 7 years. At age 9 years, she suffered
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from infectious endocarditis, treated with surgical resection of
vegetations and long-term administration of antibiotics. Menstru-
ation, beginning at age 14 years, was irregular. She developed a
massive subcutaneous hematoma in the right calf at age 16 years
(Fig. 6H), and over the skull after a mild injury at age 17 years,
necessitating admission in an ICU and transfusion of packed red
cells. She frequently had subcutaneous infections with fistula
formation at the elbows and the buttocks, treated with intravenous
administration of antibiotics.

When seen by us at age 19 years, her weight was 47 kg (—0.8 SD)

and height 158.5 cm (—0.1 SD). She had a slightly asymmetric and

slender face with hypertelorism, blue sclerae, strabismus, a short
nose with a hypoplastic columella, low-set ears, a small mouth, a
high and narrow palate, crowded teeth, and a mildly protruding
jaw. She had pectus excavatum, cylindrical fingers with hyper-
extensibility and flexion-adduction contractures of Dbilateral
thumbs (Fig. 6B), chronic dislocations of bilateral distal radio-
ulnar joints and radial heads, and talipes valgus and planus with
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extremely soft subcutaneous tissues at the heels (Fig. 6E), causing
difficulty in walking: Her skin was hyperextensible (Fig. 6F),
bruisable, and fragile with atrophic scars (Fig. 6G); and showed
hyperalgesia to pressure. Fine palmar creases were also noted.
Cardiac ultrasonography showed both aortic and mitral valve
regurgitation. Abdominal ultrasonography showed nephrolithia-
sis. Ophthalmological examinations showed myopia and astigma-

tism, as well as a mild elevation of IOP accompanied by mild visual
field loss.

Patient 6

The patient, now a 4-year-old Japanese girl, was the first child of a
healthy mother and a healthy non-consanguineous father, both
29 years of age. She was born by vaginal delivery with minimal labor
induction at 41 weeks and 5 days of gestation. Her birth weight was
3,004 g (—0.5 SD), length 48.0cm (—1.2 SD), and OFC 33.0cm
(—0.6 SD). She was admitted in a neonatal ICU for the evaluation
and treatment of orthopedic complications, including flexion-
adduction contractures of bilateral thumbs, extension contractures
of bilateral index to little fingers, flexion contractures of bilateral
wrists, rigidity of bilateral hip joints, and bilateral talipes equino-
varus. A large anterior fontanelle and diastasis recti with an
umbilical hernia were also noted. She showed no spontaneous
defecation and required a laxative suppository every day. Her initial
clinical diagnosis was Freeman—Sheldon syndrome. Bilateral talipes
equinovarus and finger-wrist contractures were treated with serial
plaster casts, followed by a surgical correction of the left talipes
equinovarus at age 1 year. Atrophy of the flexor hallucis longus
muscle was noted. Skin fragility was noticed at the operation, and
she was suspected to have EDS. She raised her head at age 5 months,
sat unassisted and rolled over at age 9 months, and walked inde-
pendently at age 1 year and 5 months. Developmental quotient at
age 10 months was 64 in physical/motor, 100 in manipulation, 82 in
receptive language, 55 in expressive language, 100 in social relation-
ships with adults, and 100 in feeding. Brain and spine MRI, for
evaluating delayed closure of the anterior fontanelle, showed
tethering of a spinal cord at L3-4 level (normal, L1-2) at age 1 year
and 6 months. She underwent duraplasty and resection of protrud-
ed coccygesat age 1 year and 11 months. Around age 3 years, she did
not need to have laxative suppositories for constipation but only
oral magnesium oxide. At age 3 years and 1 month, a subcutaneous
cyst appeared at the sacral region, which was resected surgically. At
age 3 yearsand 11 months, a sacral abscess occurred and was treated
with surgical drainage, followed by recurrent subcutaneous infec-
tions and fistula formation. Two calcified nodules were detected
in the abscess. Ophthalmological examinations showed bilateral
decreased visual acuity, myopia, astigmatism, and elevated IOP
(26 mmHg in the right eye; 29 mmHg in the left), treated with
topical administration of a beta-adrenergic receptor blocker
(carteolol). Otological examinations showed mild hearing im-
pairment of high-pitched sound with a threshold of 30 dB at 1 kHz
and 40 dB at 4 kHz.

When seen by us at age 4 years, her weight was 13.0kg (—1.3 SD),
height 96.2 cm (—1.2 SD), and OFC 49.0 cm (—0.9 SD). Her facial
characteristics included hypertelorism, blue sclerae, strabismus,
short palpebral fissures, a short and depressed nose with a

hypoplastic columella, low-set and rotated ears, redundant cheeks,
a long philtrum, a thin upper lip vermilion, and a high palate. Her
skin was hyperextensible (Fig. 7D) and bruisable, but only one
traumatic would was noticed with an atrophic scar. She had fine
palmer creases of hands and could not flex or extend the DIP joints
in all fingers (Fig. 7A,B). She had talipes planus, slender and
immobile toes, and soft subcutaneous tissues at the heels (Fig.
7C). A mild pectus excavatum and widely spaced nipples were also
observed. She hated to be hugged tightly, suggesting hyperalgesia to
pressure,

RADIOLOGICAL EXAMINATIONS

Radiographs of hands were available in Patient 1 at age 16 years
(Fig. 10), Patient 2 at age 28 years (Fig. 2L,M), Patient 3 at age
31 years (Fig. 4L,M), and Patient 5 at age 19 years (Fig. 6I-L).
Diaphyseal narrowing of the phalanges and metacarpals, and
dislocations of bilateral distal radio-ulnar joints were noted.
Radiographs of feet were available in Patient 1 at age 16 years
(Fig. 1P), Patient 2 at age 28 years (Fig. 2N), and Patient 6 at age
4 years (Fig. 7E—H). Talipes valgus and planus or cavum, with
diaphysial narrowing of the phalanges and metatarsals, were
noted. Radiographs of spines were available in all patients.
Variable degrees of scoliosis or kyphoscoliosis and decreased
physiological kyphosis of thoracic spines with tall vertebral
bodies were noted: Patient 1 at age 16 years (Fig. 1Q,R; scoliosis
witha Cobbangle of 32° at T12-L4, kyphosis with akyphoticangle
of 72° at T11-L3), Patient 2 at age 28 years (Fig. 20,P; scoliosis
with a Cobb angle 0of 27° at C7-T8,20° at T8-T12, 15° at T12-14),
Patient 3 at age 31 years (Fig. 4N; scoliosis with a Cobb angle of 8°
at T4-T12 and 6° at T12-L4), Patient 4 at age 31 years (Fig. 5;
scoliosis with a Cobb angle, of 10° at T1-T10), Patient 5 at age
19 years (Fig. 6M,N; scoliosis with a Cobb angle of 12° at T3-T11),
and Patient 6 at age 2 years (Fig. 71,]; scoliosis with a Cobb angle of
6° at T5-L2). Ectopic calcification was noted in Patients 2 and 5
(Figs. 2M and 6K,N).

BIOCHEMICAL SCREENING

Biosynthesis of procollagens Iand III on cultured dermal fibroblasts
from Patients 1, 3, 5, and 6 was analyzed as described previously
[Hata et al., 1988]. Fibroblasts of all four patients showed normal
production of type I and type III procollagens (data not shown),
excluding vascular type EDS.

Urinary pyridinoline and deoxypyridinoline excretion was eval-
uated with HPLC in Patients 1 and 5 as described previously
[Pasquali, 1994; Steinmann, 1995]. Normal deoxypyridinoline to
pyridinoline ratio was observed in both patients (data not shown),
excluding kyphoscoliosis type EDS.

GENETIC SCREENING

G-banded chromosomes were normal in Patients 1, 2, and 6.
Direct sequencing of TGFBRI and TGFBR2, according to the
method by Sakai et al. [2006], showed no mutation in Patients
1 and 2.
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DISCUSSION short and downslanting palpebral fissures, blue sclerae, short

nose with hypoplastic columella, low-set and rotated ears, high
Clinical features of the six patients are summarized in Table I.  palate, long philtrum, thin upper lip vermilion, small mouth,
Strikingly similar manifestations occur according to the ages, and micro-retrognathia in infancy; slender and asymmetric face
including: (1) Craniofacial: large fontanelle, hypertelorism, with protruding jaw from adolescence; (2) Skeletal: congenital
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contractures of fingers, wrists, hips, and feet (talipes equinovarus)
with anomalous insertions of flexor muscles; progressive joint
laxity with recurrent dislocations; slender and/or cylindrical fingers
and progressive talipes valgus and cavum or planus, with diaphyseal
narrowing of the phalanges, metacarpals, and metatarsals; inability
to move fingers and toes separately or smoothly; pectus deformities
(flat or excavated); scoliosis or kyphoscoliosis with decreased
physiological curvatures of thoracic spines and tall vertebrae; (3)
Cutaneous: progressive hyperextensibility, bruisability, and fragility
with atrophic scars; fine palmar creases from childhood to adoles-
cence and prominent palmar wrinkles showing acrogeria in
adulthood; recurrent subcutaneous infections with fistula forma-
tion; (4) Cardiovascular: cardiac valve abnormalities; recurrent
large subcutaneous hematomas from childhood; (5) Gastrointesti-
nal: constipation, diverticula perforation; (6) Respiratory: (hemo)
pneumothorax; (7) Ophthalmological: strabismus, glaucoma, ref-
ractive errors. Hearing impairment of high-pitched sounds and
gross developmental delay are also frequent. Initial diagnosis was
Freeman—Sheldon syndrome in Patients 2 and 6, arthrogryposis in
Patient 3, and EDS in the others, according to predominant
manifestations with ages. In view of these findings, it is reasonable
to consider that the patients would share a single disorder consisting
of four clinical elements: craniofacial characteristics, congenital
multiple contractures, progressive joint and skin laxity, and pro-
gressive multisystem tissue fragility. Parental consanguinity in two
patients suggested an autosomal recessive mode of inheritance.
The disorder shows all hallmarks of EDS, which are skin hyper-
extensibility, joint hypermobility, and tissue fragility affecting skin,
ligaments, joints, blood vessels, and internal organs [Steinmann
et al., 2002]. Characteristic faces are noted in vascular type (thin,
delicate, and pinched nose; thin lips; tight skin; hollow cheeks;
prominent staring eyes; and tight, firm, lobeless ears) [Beighton
et al., 1998; Steinmann et al., 2002], dermatosparaxis type (puffy
eyelids with excessive periorbital skin, and large fontanelle)
[Steinmann et al., 2002], progenoid form (frontal bossing, sparse
scalp hair, prominent eyes, down-slanting palpebral fissures, mid-
face hypoplasia, and small mouth) [Faiyaz-Ul-Haque et al., 2004],
and EDS-like spondylocheirodysplasia (down-slanting palpebral
fissures, protruding eyes, and blue sclerae) [Giunta et al., 2008], all
of which could be distinguishable from our series. Congenital
contractures are noted in vascular type (talipes equinovarus),
kyphoscoliosis type (talipes equinovarus), arthrochalasia type
(hip dislocation) [Beighton et al., 1998; Steinmann et al., 2002],
and EDS-like spondylocheirodysplasia (finger contractures and
talipes equinovarus) [Giunta et al., 2008]; but distinct finger-wrist
contractures or progressive talipes valgus and cavum or planus after
corrections of equinovarus, observed in our series, have not been
described. Spinal deformities are noted in kyphoscoliosis type
(kyphoscoliosis), arthrochalasia type (kyphoscoliosis) [Beighton
et al., 1998; Steinmann et al., 2002], and EDS-like spondylocheir-
odysplasia (platyspondyly, osteopenia, and irregular endplates)
[Giunta et al., 2008], whereas decreased physiological curvatures
of thoracic spines and tall vertebrae have not been described. Skin
hyperextensibility, bruisability, and fragility with atrophic scars in
our series were similar to classical type, kyphoscoliosis type, and
arthrochalasia type [Beighton et al., 1998; Steinmann et al., 2002],
but prominent palmar wrinkles in our adult patients have not been

described in previous EDS types. Recurrent large subcutaneous
hematomas, occurring after childhood, were the most serious
complications in our series, which could have been fatal if the
treatment (transfusion of packed red cells or emergency surgical
drainage) had been delayed. Superficial or intramuscular small
arteries were supposed to be ruptured after minor injuries, followed
by acute spread of hemorrhage because of markedly loose subcuta-
neous tissue. Arterial lesions (dissection, aneurysm, and rupture)
are the most important complications in vascular type and occa-
sional but the major life-threatening complications in kyphosco-
liosis type. However, aorta, branches of aorta, and major arteries in
limbs have been affected in vascular type [Oderich et al., 2005]; and
aorta and medium-sized arteries (middle cerebral artery, vertebral
artery, femoral artery, and intrathoracic artery) have been affected
in kyphoscoliosis type [Wenstrup et al., 1989; Steinmann et al.,
2002; Yeowell and Steinmann, 2008]. Normal production of type
T'and III procollagen excluded vascular type and normal urinary
deoxypyridinoline to pyridinoline ratio evaluated with HPLC
excluded kyphoscoliosis type. Furthermore, this condition is dis-
tinguishable to other connective tissue disorders such as Marfan
syndrome (MFS) [Dietz, 2009] and Loeys—Dietz syndrome (LDS)
[Loeys and Dietz, 2008]. Although FBN1 molecular analysis was not
performed in our series, distinct facial characteristics and profound
skin and joint laxity as well as other serious multisystem compli-
cations have never been reported in MFS. No mutation in TGFBRI
or TGFBR2 excluded LDS.

- Present patients shared many clinical features with a Pakistani
sister and brother reported by Steinmann et al,, [1975], including
characteristic face (a slender and asymmetric face with hypertelor-
ism, downslanting palpebral fissures, blue sclerae, a short nose with
a hypoplastic columella, a high palate, a long philtrum, and a small
mouth in the brother at age 18 years); talipes equinovarus and
progressive talipes vagus and planus after corrections; joint laxity;
scoliosis or kyphoscoliosis with tall vertebral bodies; arachnodac-
tyly with diaphysial narrowing of phalanges, metacarpals, and
metatarsals; skin hyperextensibility, bruisability, and fragility with
atrophic scars; hyperalgesia to pressure; and delayed motor devel-
opment. The sibs have been classified into a subtype of kyphosco-
liosis type EDS [Steinmann et al., 2002], though lysyl hydroxylase
activity was proved to be normal [Wenstrup et al., 1989].

In conclusion, we propose that these present patients represent a
new clinically recognizable type of EDS characterized by distinct
craniofacial features, multiple congenital contractures, progressive
joint and skin laxity, and progressive multisystem fragility-related
manifestations, including recurrent large subcutaneous hemato-
mas and other cardiac, respiratory, gastrointestinal, ophthalmo-
logical complications.
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Introduction

Ehlers-Danlos syndrome (EDS) is a heterogeneous connective
tissue disorder characterized by joint and skin laxity and tissue
fragility [Steinmann et al., 2002], affecting as many as 1 in 5,000
individuals. The pathomechanisms of EDS consist of dominant-
negative effects of mutant procollagen «-chains, ®-chain haplo-
insufficiency, and deficiency of collagen-processing enzymes
[Mao and Bristow, 2001]. In a revised nosology [Beighton et al,,
1998], EDS was classified into six major types as well as additional
minor forms. We previously described two unrelated patients
showing characteristic facial and skeletal features with partial
similarity to kyphoscoliosis type EDS but without lysyl hydro-
xylase deficiency (EDS-VIB) [Kosho et al., 2005]. Through long-
term clinical evaluation of them as well as additional four
unrelated patients including one reported previously [Yasui et al.,
2003], we confirmed that these patients represent a new type of
EDS [Kosho et al.,, 2010]. The evidence that two of six probands
were born between consanguineous parents (Fig. 1A) suggests that
this disease is inherited in an autosomal recessive fashion. Thus,
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we performed homozygosity mapping to find the disease-
causative gene and successfully identified pathological mutations
in the carbohydrate sulfotransferase 14 (CHSTI14: GenBank
reference sequence, NM_130468.3) gene, in all six probands.
CHSTI14 encodes dermatan 4-O-sulfotransferase 1 (DD4ST1),
which transfers active sulfate to the N-acetyl-D-galactosamine
(GalNAc) residues of dermatan sulfate (DS). Furthermore, we
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Figure 1. CHST!4 mutations in the patients. A: Pedigrees of the

patients. Mutations in both alleles were found in all. B: A schematic
representation of D4ST1 encoded by CHST74. Arrows indicate the
position of mutations found in the patients. The red and blue boxes
indicate a 5'-phosphosulfate binding site (5-PSB} and a 3'-phosphate
binding site (3'-PB), respectively. Light blue, yellow, and purple boxes
denote cytoplasmic, transmembrane, and luminal regions, respectively.
*p.Y293C (c.878A > G) is the same missense mutation identified in the
Japanese ATCS sibs reported [Diindar et al., 2009]. C: DAST1 amino
acid alignment for three missense mutations evolutionally conserved.

conducted pathological and glycobiological investigations to
reveal the pathomechanism of this disease.

Materials and Methods

Subjects

We analyzed six Japanese patients clinically diagnosed as
showing a specific type of EDS [Kosho et al., 2005, 2010] in this
study. Briefly, they clinically resemble the kyphoscoliosis type EDS
characterized by joint laxity, progressive scoliosis, tissue fragility
with atrophic scars, easy bruising, arterial rupture, and Marfanoid
habitus. However, the lysyl hydroxylase deficiency, which is the
reliable diagnostic test for the kyphoscoliosis type, was not
observed in the probands [Kosho et al., 2005, 2010]. One of the
authors (T.K.) evaluated all cases. This study was approved by the
institutional review boards of Yokohama City University School of
Medicine, Shinshu University School of Medicine, and Hokkaido
University Graduate School of Advanced Life Science. Informed
consent was obtained from all subjects involved in this study.

Mapping and Mutation Analysis

We performed the whole genome linkage analysis using
Affymetrix Human Mapping single nucleotide polymorphism
(SNP) 10K Xbal 142 2.0 array (Affymetrix, St. Clara, CA) in
two affected probands (patients 2 and 3) and six unaffected

members from two consanguineous families. Haplotype analysis
was performed using seven microsatellite markers (D1551002,
D1581007, D15S118, D1551044, D15S214, D158978, and D15S117)
purchased from Applied Biosystems (Bedford, MA). These
markers were designed based on the Marshfield genetic map
(http://research.marshfieldclinic.org/genetics). We screened three
affected individuals (patients 1, 2, and 3) for mutations in seven
genes (THBSI, FSIPI, VSP39, MEIS2, DLL4, CHACI, and
CHST14) among 109 known genes within the 7.3-Mb candidate
locus. After identifying a mutation, we only screened CHSTI4
(NM_130468.3) in the remaining individuals (patients 4, 3, and
6). We amplified genomic DNA by PCR using four primer sets
(sequences available on request). Nucleotide changes found in the
patients were checked in 376 Japanese control samples (752
alleles). Compound heterozygosity was confirmed by direct
sequencing of the patients’ parents or allele specific sequencing
after cloning of respective regions covering two different mutation
sites of CHST14. Nucleotide numbering reflects cDNA numbering
with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.

Primary Fibroblast Culture

We obtained skin fibroblasts from patient 1 at age 6 years, her
mother at 27 years, and patient 3 at 29 years. Their age- and sex-
adjusted normal controls (a 6-year-old girl: control 1 and a
36-year-old man: control 2) were purchased from Japan Health
Sciences Foundation (http://www.jhsf.or.jp/). Cells were cultured
in Dulbecco’s modified Eagle’s medium with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/mi penicillin, 100 U/ml strepto-
mycin, and 2mM 1-glutamine (Invitrogen, Carlsbad, CA).

Sulfotransferase Assays

COS-7 cells transiently transfected with the N’-V5-D4ST1
vectors using FuGENE™ 6 (Roche Diagnostics, Indianapolis, IN)
and human fibroblasts were lysed with 200ul of M-PER®
mammalian protein extraction reagent (Thermo Fisher Scientific
Inc., Waltham, MA). Sulfotransferase activities of each cell lysate
toward dermatan, chemically desulfated DS were assayed as
described before [Mikami et al., 2003]. The [**S]sulfate incor-
poration was quantified by determination of the radioactivity in
the flow-through fractions of the gel filtration chromatography by
liquid scintillation counting.

Disaccharide Composition Analysis of Chondroitin {CS)/DS
Chains Isolated from Fibroblasts

Cell lysates of fibroblasts cultured on 100-mm plates were
digested with actinase E (Kaken Pharmaceutical Co., Ltd., Tokyo,
Japan) and GAG-peptides were recovered by 80% ethanol as
described [Uyama et al, 2006}. After being desalted using a
centrifugal filter, Amicon™ Ultra-4 (Ultracel-3k, Millipore Corp.,
Billerica, MA), the GAG-peptides were digested with CSase ABC
from Proteus vulgaris (EC 4.2.2.20) (Seikagaku Corp., Tokyo, Japan)
[Yamagata et al., 1968], a mixture of CSase AC-I from Flavobacter-
ium heparinum (EC 4.2.2.5) (Seikagaku Corp.) [Yamagata et al.,
1968], and AC-Il from Arthrobacter aurescens (EC 4.2.2.5)
(Seikagaku Corp.) [Hiyama and Okada, 1975], or CSase B from
Flavobacterium  heparinum (EC 4.2.2.19) (IBEX Technologies,
Kawasaki, Japan) [Michelacci and Dietrich, 1974]. The digests were
labeled with a fluorophore 2-aminobenzamide (2AB) and aliquots
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of the 2AB-derivatives of CS/DS oligosaccharides were analyzed by
anion-exchange HPLC on a PA-03 column (YMC Co., Kyoto, Japan)
as previously described [Kinoshita and Sugahara, 1999].

Immunoblotting

Each cell lysate of COS-7 cells expressing the recombinant
N’-V5-D4ST1 was subjected to SDS-PAGE using a 10-20% SDS-
polyacrylamide gradient gel. The serum-free conditioned medium
from fibroblast cultures was collected and concentrated using
Amicon Ultra-4 filters (Ultracel-30k). An aliquot of the sample
was digested with CSase ABC, CSase AC, CSase B, or buffer alone,
and each digest was subjected to SDS-PAGE using a 7.5%
SDS-polyacrylamide gel. Immunoblotting was carried out using anti-
V5 antibody (Invitrogen) for D4ST1-transfected cells or antihuman
decorin antibody (clone 115402; R&D Systems, Minneapolis, MN)
for secreted decorin DS proteoglycan from fibroblasts.

PAI1 and SMAD7 Expression Analysis with TGF-p1
Stimulation

Fibroblasts were grown to 70-80% confluence in 24-well multiplates
and transfected with 200 ng of empty, wild-type, or mutant CHST14
expression vector, using FuGENE 6. At 24 hr after transfection, cells
were transferred to low serum medium (0.2% FBS) and, after 8hr
treated with TGE-B1 (1ng/ml; PeproTech Inc., Rocky Hill, NJ) for
24 hr. Total RNA was extracted using the SV-Total RNA Isolation
system (Promega, Madison, WI). Randomly primed cDNA was
synthesized using the Tagman Multiscribe Reverse Transcriptase kit
(Applied Biosystems). Real-time PCR was carried out on the
StepOnePlus Real-Time PCR system (Applied Biosystems) using
the QuantiTect SYBR Green PCR kit (Qiagen, Tokyo, Japan). The
following primers were used for amplification: CHST14, 5'-CTATGA-
GAGGCTGGAGGCTG-3 and 5'-AGGCAAAGAGGGAGAAGTCC-3';
PAIl, 5'-CAGACCAAGAGCCTCTCCAC3' and 5'- GACTGTTCC-
TGTGGGGTTGT-3"; SMAD7, 5'-TTGCTGTGAATCTTACGGGA-3'
and 5'-CCAGATAATTCGTTCCCCCT-3'; and GAPDH, 5'-ACCA-
CAGTCCATGCCATCAC-3 and 5 -TCCACCACCCTGTTGCTGTA-3'.

Reporter Gene Assay

Fibroblasts were grown to 70-80% confluence in 24-well
multiplates and transfected with plasmid DNA mixtures using
FuGENE 6. The DNA mixture involved 100 ng of SBE4-luc vector,
200 ng of empty, wild-type, or mutant CHST14 expression vector,
and 25 ng of a reference vector, pRL-TK. The SBE4-Luc vector is a
TGF-B-responsive reporter containing four tandem copies of a
SMAD-binding element (SBE) linked to luciferase [Zawel et al.,
1998]. At 24 hr after transfection, cells were transferred to low
serum medium (0.2% FBS) and, after 8 hr, treated with TGF-B1
(1ng/ml) for a further 24 hr. Luciferase activities were measured
using the PG-DUAL-SP reporter assay system (Toyo Ink., Tokyo,
Japan) and a Lumat LB 9507 luminometer (Berthold Technologies
GmbH & Co. KG, Bad Wildbad, Germany). Relative luciferase
activity was calculated by normalizing the transfection efficiency
of Renilla luciferase activity against the reference vector.

SMAD2 Phosphorylation with TGF-p1 Stimulation

Fibroblasts were grown to 70-80% confluence in six-well
multiplates and were transfected with 1.5 pg of empty, wild-type,
or mutant CHST14 expression vector, using FuGENE 6. At 24 hr
after transfection, cells was transferred to low serum medium
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(0.2% FBS) and, after 8 hr, were treated with TGF-$1 (1 ng/ml) for
30min. Cells were lysed using M-PER protein extraction kits
(Pierce, Rockford, IL) containing a protease inhibitor cocktail
(Roche Diagnostics). Proteins in the cell lysate were separated on
SDS-PAGE gels and electrophoretically transferred to PVDE
membranes. After blocking with 5% nonfat dry milk in PBS-
Tween, the membranes were incubated. first with antibodies
against phospho-SMAD2 or SMAD?2 (Cell Signaling Technology,
Danvers, MA) and then with goat polyclonal antibodies against
rabbit IgG conjugated with horseradish peroxidase (Cell Signaling
Technology). Band intensities were measured using Image]
software (http://rsbweb.nih.gov/ij/).

Pathology

Skin specimens were obtained from the upper arms of patients
5 and 6. For light microscopy using a BX51 microscope (Olympus,
Tokyo, Japan), skin' specimens were fixed with 20% buffered
neutral formalin solution and 3-5-um sections were stained with
H&E. For transmission electron microscopy, skin specimens were
fixed in 2.5% glutaraldehyde for 2hr, postfixed in 1% osmium
tetroxide for 2hr, dehydrated in a graded ethanol series, and
embedded in epoxy resin (Epon 812, TAAB, Berks, UK). Semithin
sections (4um) were stained with toluidine blue. Ultrathin
sections (100nm) were stained with uranyl acetate and lead
citrate and examined with a transmission electron microscope
(JEM-1011, JEOL Ltd., Tokyo, Japan).

Statistical Analyses

All values are described as mean+SEM. Where appropriate, we
assessed between-groups effects by unpaired ¢ tests for two groups and
ANOVA with Dunnett’s adjustment for more than two groups using
GraphPad Prism 5 for Windows, version 5.02 (www.graphpad.com).

The detailed methods are described in the Supp. Methods.

Results

Genetic Analysis

We performed homozygosity mapping of two independent
consanguineous families (families 2 and 3) and identified the largest
8.15-Mb homozygous region at chromosome 15q14~q15.3 with the
maximum LOD Score 2.885, and by using additional microsatellite
markers narrowed it down to a 7.3-Mb region (Supp. Fig. S1).
Among 109 known genes within this region, the CHSTI4 gene
(encoding D4ST1) harbored the same homozygous missense
mutation (c.842C>T: p.P281L) in the two families and compound
heterozygous mutations in the other four (Fig. 1A and B). Mutations
include one nonsense (c.205A>T: p.K69X) and three missense
mutations (¢.842C>T: p.P281L, c.866G > C: p.C289S, and ¢.878A>G:
p.¥293C) occurring at evolutionally conserved amino acids (Fig. 1C).
They were absent in 376 Japanese normal controls.

Sulfotransferase Activity

DA4ST1 transfers a sulfate group from 3’-phosphoadenosine
5'-phosphosulfate to position 4 of the N-acetyl-D-galactosamine
(GalNAc) residues of DS, which is abundantly expressed in skin,
aortic wall, tendon, and bone [Penc et al., 1998]. Mutant D4ST1
proteins showed significantly decreased sulfotransferase activity
towards dermatan (Fig. 2A) regardless of similar expression levels
(Fig. 2B). The sulfotransferase activity was also measured in the
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Figure 2. Glycobiological studies. A: Sulfotransferase activity of the recombinant D4ST1 of a control and four mutant forms: p.K69X, p.P281L,
p.C289S, and p.Y293C. The activity is shown as the incorporation of [**S]S0, from the donor [**S]PAPS into the acceptor dermatan. Values are
the mean+ SEM (n = 3) **P<0.0001 versus WT by one-way ANOVA with Dunnett's adjustment. B: Immunoblotting for the exogenous D4ST1
expression in C0S-7 cell using the anti-V5 antibody. The mutant p.K63X was too small to be detected (predicted to be approximately 11kDa).
C: Sulfotransferase activity toward dermatan in the skin fibroblasts derived from patients 1 and 3, mother of patient 1, and sex- and age-matched
healthy controls (controls 1 and 2 for patients 1 and 2, respectively) (mean+ SEM, n=3). **P<0.0001 by two-tailed unpaired ¢ test. D: Anion-
exchange chromatograms of DS disaccharides obtained by CSase B digestion of GAG-peptides from the skin fibroblasts. The elution positions of
authentic 2AB-labeled disaccharide standards are indicated by numbered arrows. 1, AHexUA-GaINAc; 2, AHexUA-GalNAc(6S); 3, AHexUA-
GalNAc(4S); 4 AHexUA(2S)-GalNAc(6S); 5, AHexUA(2S)-GalNAc(4S); 6, AHexUA-GaINAc(4S,6S), and 7, AHexUA(2S)-GalNAc(4S,6S). Asterisks
indicate impurities. E: The total amounts of CS and DS derived from skin fibroblasts. The total disaccharide contents of CS (black box) and DS
(white box) were calculated based on the peak areas in the chromatograms of the digests with CSase AC and CSase B, respectively.

lysates of primary fibroblasts. The mean activity of the fibroblast
lysates of the patients was significantly decreased to 6.7% (patient
1) and 14.5% (patient 3) of each age- and sex-matched control 1
and 2, respectively (Fig. 2C). These data indicate mutations in this
study result in loss of function.

Glycosaminoglycan (GAG) Chain Analysis

The disaccharide compositions of DS and chondroitin
sulfate (CS) in fibroblasts derived from patients and controls
were analyzed by anion-exchange HPLC after digestion with
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chondroitinase (CSase) B and a mixture of CSases AC-I and AC-II
(CSase AC), respectively. CSase B cleaves the N-acetyl-D-galactosa-
minidic linkage in the GalNAc(4S)-L-iduronic acid (IdoUA) (+28S)
sequences and vyields unsaturated disaccharides, AHexUA
(4,5-unsaturated hexuronic acid)-GalNAc(4S) and AHexUA(2S)-
GalNAc (4S) [Sugahara and Mikami, 2007; Yoshida et al., 1993],
where 2§ and 45 represent 2-O-sulfate and 4-O-sulfate, respectively.
The 4-O-sulfation of GalNAc residues is essential for recognition by
CSase B. In contrast, CSase AC does not act on IdoUA-containing
sequences but degrades the N-acetyl-D-galactosaminidic linkages in
the GalNAc (+4S, +6S)-D-glucuronic acid (GlcUA) sequences
[Linhardt et al., 2006], where 6S stands for 6-O-sulfate. When
digested with CSase B, 4-O-sulfated unsaturated disaccharides were
detected only in the controls but not in the patients (Fig, 2D and
Supp. Table S1), suggesting that D4ST1 is the major enzyme for
4-O-sulfation of DS in normal human skin fibroblasts and cannot be
compensated functionally either by chondroitin 4-O-sulfotransferase
1or2.

To investigate whether the loss-of-function mutations in D4ST1
lead to an increase in nonsulfated dermatan, the GAG fraction
prepared from the fibroblasts of the patients and controls
were digested with CSase ABC, which cleaves all the N-acetyl-D-
galactosaminidic linkages in CS/DS chains including the non-
sulfated GalNAc-IdoUA sequence that is resistant to CSase B
[Yoshida et al, 1993]. Notably, the proportion of the non-
sulfated. disaccharide AHexUA-GalNAc in the patients was very
low (Supp. Table S1), suggesting that nonsulfated dermatan was
negligible. Conversion of GlcUA to IdoUA most likely occurs even
in the patients. However, the epimerization reaction is reversible
that favors the GlcUA formation, and D4ST1 probably functions
as the “4-O-sulfation lock” of IdoA [Malmstrom, 1984]. Hence,
the defect in D4ST1 probably allowed back epimerization
reactions converting IdoUA to GIcUA to form CS in the patients.
The total amount of CS/DS disaccharides did not show a
significant difference between the patients and controls (Fig. 2E).
CS disaccharides produced by digestion with CSase AC
increased markedly in the cell lysates of fibroblasts from the
patients compared with those from the controls, suggesting
the upregulation of CS chain biosynthesis (diverted from DS) in
the patients. :

Glycosaminoglycan of Decorin

‘We then examined decorin as a major DS proteoglycan in skin.
Decorin directly binds to collagen via its core protein and the GAG
side chains aggregate and function as interfibrillar bridges [Scott,
1996, 2003]. Decorin purified from the fibroblasts of the patients
was resistant to CSase B, indicating that its GAG side chain
consisted of only CS but no DS disaccharides, while decorin in the
controls contained a hybrid C5/DS chain (Fig. 3A). Actually, the
GAG side chain of decorin from the controls was mainly
composed of DS disaccharides (approximately 95%), IdoUA-
GalNAc(4S), and IdoUA(2S)-GalNAc(4S), but contained a small
portion of CS disaccharide, GlcUA-GalNAc(4S) (Fig. 3B). In
contrast, no DS disaccharides were detected in the decorin
proteoglycan from the patients (Fig. 3B). Its GAG side chain most
likely consisted of only CS disaccharides including 4-O-sulfated
and 6-O-sulfated disaccharide units. These data and those shown
in Figure 2E suggest that the DS chain of decorin proteoglycan in
the patients has been replaced by CS.

TGF-p Signaling Is Unaltered in Fibroblasts Derived from
Patients

DS proteoglycan is known to be related to TGF-B signaling
[Hocking et al., 1998; Tiedemann et al., 2005; Yamaguchi et al.,
1990]. As decorin neutralizes TGF-B1 activity [Yamaguchi et al.,
1990}, we examined whether CHST14 aberrations would affect
TGF-B1 signal transduction. We overexpressed wild-type or
mutant CHST14 ¢cDNA in the fibroblasts from patients in which
endogenous CHST14 expression was negligible and found that the
levels of CHST14 expression from transgenes were approximately
300-fold those of endogenous mutant CHST14 expression at 56 hr
after transfection (Supp. Fig. S2A). To investigate whether
CHST14 overexpression would affect TGF-f signaling in the
patient fibroblasts, we performed three different experiments.
First, we measured the expression of PAIIl and SMAD?, which are
direct downstream targets of TGF-B. The expression of PAIl and
SMAD?7 was significantly upregulated at 24hr after TGF-B1
treatment. However, the degree of upregulation was not different
between the cells transfected with empty or CHST14 expression
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Figure 3. Disaccharide composition analysis of CS/DS chains of decorin. A: Immunoblot of decorin proteoglycans. Each serum-free

conditioned medjum of skin fibroblasts was digested with CSase ABC,

CSase AC, CSase B, or buffer alone (—) and then subjected to Western

b!_otﬁng using an antihuman decorin antibody. The arrow and arrowheads indicate the decorin proteoglycans and the core protein of decorin
Wlthqut a CS/DS side chain, respectively. B: Proportion of the disaccharide units in the C$/DS hybrid chain in decorin proteoglycans secreted by
the fibroblasts. White, light gray, dark gray, and black boxes are GlcUA-GalNAc(4S), GlcUA-GalNAc(5S), 1doUA-GalNAc(4S), and IdoUA(2S)-

GalNAc(4S), respectively.
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vectors (Supp. Fig. S2B). Second, TGF-B1 transmits signals to the
nucleus via phosphorylation of SMAD2/3 proteins. Therefore, a
reporter gene assay was performed using SBE4-luc vector, a TGE-
B-responsive reporter containing four tandem copies of the
SMAD-binding element (SBE). CHSTI4 overexpression did not
affect the reporter activity upregulated by TGF-P1 treatment
(Supp. Fig. S2C). Third, we examined the level of phosphorylated
SMAD2 proteins by Western blot analysis. Although TGF-B1
treatment clearly stimulated the phosphorylation of SMAD?2, there
were no significant differences between the cells transfected with
empty or CHST14 vectors (Supp. Fig. $2D). The same results from
these three experiments were obtained using fibroblasts from
another patient (data not shown). Furthermore, we confirmed
that overexpression of the mutant D4ST1 enzymes identified in
patients did not affect TGF-P signaling in normal fibroblasts (data
not shown). These results imply that TGF-p signaling might not
be changed in the fibroblasts from patients with a D4ST1 deficit.

Histopathological Examination

Hematoxylin and eosin (H&E)-stained light microscopy on
patients’ skin specimens showed that fine collagen fibers were

predominant in the reticular to papillary dermis and normally
thick collagen bundles were markedly reduced (Fig. 4). Electron
microscopy showed that the collagen fibrils were dispersed in the
reticular dermis, compared with regularly and tightly assembled
ones observed in the control, whereas each collagen fibril was
smooth and round, not varying in size and shape, similar to each
fibril of the control (Fig. 4).

Discussion

In this study, we identified a total four CHST14 mutations
(three missense and one nonsense) in six Japanese patients
presenting with a new type of EDS [Kosho et al., 2010]. This
disorder represents all hallmarks of EDS: skin hyperextensibility,
joint hypermobility, and tissue fragility affecting skin, ligaments,
joints, blood vessels, and internal organs [Steinmann et al., 2002].
Tentatively we categorized patients 1 and 2 before as EDS VIB, a
subtype of kyphoscoliosis type without lysyl hydroxylase defi-
ciency, based on cutaneous (hyperextensibility, bruisability,
fragility with atrophic scars) and skeletal (generalized joint laxity,
kyphoscoliosis, Marfanoid habitus) features as well as mild delay
of motor development with hypotonia in infancy [Kosho et al.,

Control

EM (x 12K) HA&E (x 100)

EM (x 30K)

Patient 5

Patient &

Figure 4. Pathological examination of dermal tissues from patients. H&E-stained light microscopy (upper picture) on skin specimens of patients 5
and 8 { x 100) shows that fine collagen fibers were present predominantly in the reticular to papillary dermis with marked reduction of normally thick
collagen bundles. Electron microscopy (EM) { x 12,000 middle picture; x 30,000 lower picture) showed that collagen fibrils were dispersed in the
reticular dermis, compared with the regularly and tightly assembled ones observed in the control subject. However, each collagen fibril was smooth
and round, not varying in size, similar to the control. Scale bars indicate 500 um (upper picture), 2pm (middie), and 1 pm {lower).
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Figure 5. Putative model for abnormal collagen bundle assembly in this disease. A: The scheme of the collagen biosynthesis. Three alpha
collagen chains are self-assembled into form a tropocollagen unit. Tropocollagens are packed via decorin to form a collagen fibril. Decorin core
protein directly binds to collagen’s particular amino sequence. Collagen fibrils assemble to form the collagen fiber, also called a collagen bundle
when thick. B: The relationship between collagen fibril and decorin proteoglycan. Collagen fibrils are assembled into a collagen bundle by the
antiparallel complex of the CS/DS hybrid GAG chains of decorin proteoglycan like a bridge to keep the space between fibrils and make collagen
fiber tighter. G, D: The structural alteration of collagen fibers by mechanical compression in normal and affected states, respectively. CS/DS
hybrid chains are able to bend against mechanical compression and rebound to form the original structure, because GAG chains function as
suspension (C). D4ST1 defects result in absence of CS/DS hybrid chains in decorin (D). Replaced CS chains might not form collagen bundles
properly. Even if they can form bundles, decorin CS chains cannot resist mechanical stresses and collagen fibrils get scattered after repetitive
stresses irreversibly, as observed in patients (D). Red arrows indicate mechanical pressures. E: Comparisons of collagen fiber formation in
normal (left), D4ST1 deficiency (middle), and decorin {core protein) deficiency {right). Collagen fibrils normally aggregate in line and form
collagen fibers. The fibrils are round and uniform. In D4ST1 deficiency, collagen fibrils are scattered, although the shape and size of collagen
fibrils are unchanged. lrregular shapes and sizes of collagen fibrils were seen in decorin null mice [Danielson et al., 1997], being apparently
different from those in D4ST1 deficiency.

2005]. Patients in our series [Kosho et al, 2010] shared many fissures, high palate, talipes equinovarus, progressive talipes vagus
clinical features with a Pakistani sister and brother reported by and planus, joint laxity, scoliosis, skin hyperextensibility, bruis-
Steinmann et al. [1975], including down-slanting palpebral ability, and fragility with atrophic scars; hyperalgesia to pressure,
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radiologically identified tall vertebral bodies and diaphysial
narrowing of phalanges, metacarpals, and metatarsals; and delayed
motor development. The sibs have been classified into EDS VIB
[Steinmann et al., 2002], with the lysyl hydroxylase activity proved
to be normal [Wenstrup et al., 1989]. Pathological findings were
similar to those observed in our series: light microscopically,
collagen bundles were interspersed with filamentous material that
stained only faintly; and, electron microscopically, a great
proportion of collagen fibrils was not integrated into bundles
but dispersed into the ground substance [Steinmann et al., 1975].

CHST14 has recently been demonstrated as the causative gene
for adducted thumb~clubfoot syndrome (ATCS; MIM# 601776),
another autosomal recessive disorder [Diindar et al., 2009]. ATCS
has been categorized as a new type of arthrogryposis, based on
characteristic clinical pictures from birth to early childhood,
including adducted thumbs and clubfoot as well as craniofacial
dysmorphism (broad or bossed forehead, brachycephaly, late-
closing large fontanelle, hypertelorism, downslanting palpebral
fissures, blue sclerae, low-set posteriorly rotated or dysplastic ears,
high or cleft palate, short neck), arachnodactyly with tapering
fingers, cryptorchidism, inguinal hernia, atrial septal defect,
kidney defects, cranial ventricular enlargement, and psychomotor
retardation [Diindar et al., 1997, 2001; Janecke et al., 2001; Sonoda
and Kouno, 2000]. In a recent study by Diindar et al. [2009],
ATCS has been again categorized as a connective tissue disorder,
based on additional clinical pictures from childhood to adoles-
cence, including skin fragility, bruisability, and translucency; joint
laxity, and osteopenia. In 11 ATCS patients from four families
identified to date [Diindar et al., 2009], 5 died in early infancy or
childhood: a male from a Austrian family (p.R213P) died shortly
after birth due to respiratory failure [Janecke et al., 2001]; a female
from a Turkish family (p.V49X) died at age 6 years [Diindar et al.,
1997], and a female and two males from a Turkish family
(p.[R135G]+[L137Q]) died before 4 months of age [Diindar
et al,, 2001]. ATCS patients may have wider and more severe
manifestations than our series, implicating roles for DS not only
in connective tissue maintenance but also in embryonic develop-
ment [Diindar et al., 2009]. Furthermore, a skin specimen from a
patient was interpreted as showing normal structure and
ultrastructure [Diindar et al., 2009]. To date, it would be difficult
to delineate whether a new type of EDS we have proposed and
ATCS would be distinct clinical entities or a single clinical entity
(D4ST1 deficiency) with variable inter- and intrafamilial expres-
sions and with different presentations depending on the patients’
ages at diagnosis. Longitudinal clinical information of ATCS
patients would solve this issue.

Collagen bundles are composed of many collagen fibrils linked
via antiparallel CS/DS chain complexes (Fig. 5A and B). The
property of reversible deformation of proteoglycan comes from
antiparallel anionic GAG chain formation [Scott, 2003]. Interest-
ingly, the structure of DS chains is flexible, whereas that of CS
chains is rigid, because L-IdoUA residues in DS can switch readily
between almost equi-energetic 'C,, “Sq, and *C, conformers; by
comparison GlcUA in CS adopts purely the *C, conformation
[Casu et al., 1988; Catlow et al., 2008]. Transition from the CS/DS
hybrid chain of decorin to a CS chain probably decreases the
flexibility of the GAG chain and break the GAG antiparallel
complex after compression stresses (Fig. 5C and D). This
irreversible event could explain the progressive course of this
disease. In the patients, the size and shape of the collagen fibrils
seemed normal, whereas the collagen bundles were not properly
organized. In decorin null mice, dermal collagen fibrils showed
huge varieties of size and shape [Danielson et al., 1997]. These

findings suggest that the core protein of decorin is important for
collagen fibril formation, and that the CS/DS hybrid chain of
decorin proteoglycan regulates the space between the collagen
fibrils and forms collagen bundles as reported previously (Fig. 5E)
[Scott, 1995]. Decorin is able to neutralize the growth-stimulatory
activity of TGF-B1 in Chinese hamster ovary cells through the
interaction of TGF-B1 with decorin via its core protein, not via a
GAG chain [Yamaguchi et al, 1990]. In our transfection
experiments with CHSTI4 cDNAs, no significant effects on
TGF-B signaling between wild-type and mutants were detected,
implying the importance of the decorin core protein (not GAG)
for TGF-P signaling (Supp. Fig. $2).

In conclusion, we have detected CHSTI4 mutations causing a
new type of EDS with distinct craniofacial characteristics, multiple
congenital contractures, progressive joint and skin laxity, and
multisystem fragility related manifestations. Abnormal collagen
bundle formation would be a main pathology associated with a
decorin GAG abnormality. Decorin GAG side chains in the
patients consist of only CS but no DS disaccharides. CS/DS hybrid
chains are more flexible than CS chains. Collagen bundles bound
by CS chains instead of CS/DS chains in patients should be more
fragile than those in controls. These findings underscore the
important aspects of decorin proteoglycans in the extracellular
matrix and provide new insights for human connective tissue
disorders.
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