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of autosomal recessive diseases that manifest in the offspring of
consanguineous relationships.

In conclusion, we rapidly identified a nonsense mutation in
MCT8 in a family with X-linked leucoencephalopathy using
only a single lane of exome sequencing. This method is powerful
for unbiased screening of disease-related mutations in X-linked
or recessive conditions.
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A Response to: Loss of
Dermatan-4-sulfotransferase 1
(D4ST1/CHST14) Function Represents
the First Dermatan Sulfate
Biosynthesis Defect, “Dermatan
Sulfate-Deficient Adducted
Thumb-Clubfoot Syndrome”. Which
Name is Appropriate, “Adducted
Thumb-Clubfoot Syndrome” or
“Ehlers—Danlos Syndrome™?

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

EDS comprises a heterogeneous group of heritable connective
tissue disorders, with the hallmarks being skin hyperextensibility,
joint hypermobility, and tissue fragility affecting the skin, ligaments,
joints, blood vessels, and internal organs [Steinmann et al., 2002].
Dominant-negative effects or haploinsufficiency of mutant procol-
lagen a-chain genes or deficiency of collagen-processing enzymes
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have been found to cause EDS [Mao and Bristow, 2001]. In a revised
nosology, EDS was classified into six major types [Beighton et al,,
1998] and several other forms have also been identified based on the
molecular and biochemical abnormalities [Abu et al., 2008; Giunta
et al,, 2008; Kresse et al., 1987; Schalkwijk et al., 2001; Schwarze
etal., 2004].

Homozygous or compound heterozygous CHST14 mutations
have been found in 11 patients aged 0 day to 6 years at the initial
publication (from four families) with ATCS [Diindar et al., 1997,
2001, 2009; Janecke et al., 2001; Sonoda and Kouno, 2000], in six
patients aged 2-32 years (from six families) with EDSKT [Kosho
et al,, 2005, 2010; Miyake et al., 2010; Yasui et al., 2003], and in three
patients aged 12-22 years (from two families) with MCEDS [Malfait
et al., 2010]. Lack of detailed clinical information from later child-
hood to adulthood in ATCS and lack of detailed clinical information
from birth to early childhood in EDSKT and MCEDS have made it
difficultto determine whether the three conditions would be distinct
clinical entities or a single clinical entity with variable expressions
and with different presentations depending on the patients’ ages at
diagnosis [Miyake et al., 2010], though the latter notion was sus-
pected to be appropriate [Janecke et al., 2011; Malfait et al,, 2010].
We, therefore, have just published an article in American Journal
of Medical Genetics Part A, describing detailed clinical findings and
courses of two additional unrelated EDSKT patients, aged 2 and
6 years, which could definitely unite the three conditions [Shimizu
et al, 2011]. Furthermore, we have presented a comprehensive
review of all reported patients with D4ST1 deficiency, which con-
cludes that the three conditions constitute a clinically recognizable
disorder, characterized by progressive multisystem fragility-related
manifestations and various malformations and allows us to term the
disorder “D4ST1-deficient EDS” [Shimizu et al., 2011]. The clinical
manifestations are summarized in Table 1.

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

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

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

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

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

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

Based on the clinical, molecular, ultrastructural, and glycobiolog-
ical data to date, D4ST1 deficiency is characterized by a unique set
of clinical features consisting of progressive multisystem fragility-
related manifestations and various malformations (Table 1). Fur-
ther clinical and etiological evidences would solve the problem
regarding which name should be the most appropriate: “Der-
matan Sulfate-Deficient Adducted Thumb-Clubfoot Syndrome” or
“D4ST1-Deficient EDS” Until then, we propose that the name
“D4ST1-Deficient EDS (Adducted Thumb-Clubfoot Syndrome)”
would be preferable.
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The designation microcephalic osteodysplastic primordial
dwarfism (MOPD) refers to a group of autosomal recessive
disorders, comprising microcephaly, growth retardation, and
a skeletal dysplasia. The different types of MOPD have been
delineated on the basis of clinical, radiological, and genetic
criteria. We describe two brothers, born to healthy, consangui-
neous parents, with intrauterine and postnatal growth retarda-
tion, microcephaly with abnormal gyral pattern and partial
agenesis of corpus callosum, and skeletal anomalies reminiscent
of those described in MOPD type 1. This was confirmed by the
identification of the homozygous ¢.55G >A mutation of
RNU4ATAC encoding U4atac suRNA. The sibs had yellowish-
gray hair, fair skin, and deficient retinal pigmentation. Skin
biopsy showed abnormal melanin function but OCA genes were
normal. The older sib had an intracranial hemorrhage at 1 week
after birth, the younger developed chilblains-like lesions at the
age 2'/, years old but analysis of the SAMHD I and TREX] genes
did not show any mutations. To the best of our knowledge,
vasculopathy and pigmentary disorders have not been reported
in MOPD 1. © 2011 Wiley Periodicals, Inc,

Key words: microcephalic osteodysplastic primordial dwarfism I
(MOPD I); abnormal gyral pattern; pigmentary disorder; hypo-
genesis of corpus callosum; chilblains; fair skin; U4atac snRNA;
vasculopathy; retinal pigmentation; microdontia

INTROBUCTION

The term “microcephalic osteodysplastic primordial dwarfism”
(MOPD) refers to the entities Seckel syndrome and microcephaly
osteodysplastic primordial dwarfism (MOPD) type I/II and type II

© 2011 Wiley Periodicals, Inc.
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[Majewski et al., 1982; Meinecke and Passarge, 1991]. Variants of
MOPD or Seckel-like syndrome have been described [Shebib et al.,
1991; Buebel et al,, 1996]. They share common findings such as severe
intrauterine and postnatal growth retardation, microcephaly,

Additional supporting information may be found in the online version of
this article.
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prominent nose, and micrognathia, but they have been delineated
on the basis of specific clinical and radiological criteria. Recently,
mutations of the U4ATAC snRNA gene were identified as a cause of
MOPD [, while the PCNT gene was mutated in MOPD Il and some
Seckel syndrome patients [Griffith et al., 2008; Rauch et al., 2008;
Edery et al., 2011; He et al., 2011]. Abnormalities of CEP152 and
CENPJwere found in other Seckel syndrome individuals [ Al-Dosari
et al,, 2010].

MOPD I was first described by Taybi and Linder [1967] as
cephaloskeletal dysplasia and fewer than 30 cases have been
reported [Thomas and Nevin, 1976; Winter et al., 1985; Haan
et al., 1989; Meinecke and Passarge, 1991; Meinecke et al., 1991;
Easonetal., 1995; Berger et al., 1998; Sigaudy et al., 1998; Vichi et al.,
2000; Klinge et al., 2002; Juric-Sekhar et al., 2011]. Skeletal findings
in MOPD linclude platyspondyly and vertebral clefting, horizontal
acetabular roofs, elongated and curved clavicles, and short long
bones with enlarged metaphyses including age-dependent bowing
and undermodeled long bones. Malformations of the central
nervous system have been reported such as migration disorders,
partial or complete agenesis of the corpus callosum, hypoplastic
frontal lobes, and vermis agenesis [Winter et al., 1985; Haan et al,,

'1989; Meinecke and Passarge, 1991; Meinecke et al., 1991; Klinge
et al., 2002; Juric-Sekhar et al., 2011]. Congenital heart disease and
renal tubular “leakage” were described in single cases [Eason et al.,
1995; Sigaudy et al., 1998].

Recently, defects in a component of the minor spliceosome were
identified in MOPD L. Mutations of RNU4ATAC encoding U4atac
snRNA were found within the important structure known as the 5/
and 3’ stemloop, presumably disrupting snRNA’s secondary struc-
‘ture leading to a <10% level of functional RNA [Edery et al., 2011;
Heetal.,2011; Helietal., 2011]. The depletion of proteins specific to
the Ul2-dependent spliceosome results in cellular growth arrest,
thus severity of the minor spliceosome defects probably is
transcript-specific [Edery et al., 2011; He et al., 2011].

We have studied two sibs with MOPD I associated with pig-
mentary disorder and vasculopathy. We present genetic analysis
and clinical evaluation of this family.

CLINICAL REPORTS

Family History

The parents are healthy first cousins with unremarkable family
history except for a paternal sister with short stature and delayed
puberty (Fig. 1). Mother and father were 19 and 22 years old,
respectively, at the time of birth of their first child. Parental height,
weightand head circumference were on the 50th centile of both. The
father had a normally pigmented skin, dark hair, and dark green iris
color while the mother had fair skin, dark hair, and dark green iris
color. Fundi of father were normal and mother had unilateral
cataract and normal fundus pigmentation in the unaffected eye.
- Skin biopsy and ultrastructure study of the hairbulb melanocytes of
the parents showed normal melanocyte and melanosome archi-
tecture. The parents have no normal children.

Patient 1

The male propositus was the first-born child of this family. He was
preceded by a spontaneous abortion. Ultrasound scan in the 36th

week of gestation showed intrauterine growth retardation with
small biparietal diameter (BPD) and oligohydramnios. The boy was
born at 39 weeks of gestation by cesarean section. Birth weight was
1,500 g (—3.7 SD); birth length and head circumference were not
recorded. At the age of 1 week, weak cry, lethargy, and poor feeding
were noticed. He was admitted to the hospital where brain CT scan
showed fresh bleeding in the occipital region and falx cerebri. He
was discharged after 7 days as his neurological examination results
were normal and neither physical abnormalities nor seizures were
noted. Complete blood picture, coagulation time and prothrombin
time and concentration revealed normal results. We first saw the
child at 2/, years. On examination weight, length and head circum-
ference were 7,000g (—5.3 SD), 74.5cm (—4.5 SD), and 37.5cm
(—8 SD), respectively. He had a (Fig. 2} fair complexion, sloping
forehead, sparse eyebrows, large prominent eyes, nystagmus, prom-
inent nose, flat philtrum, micrognathia, bilateral clinodactyly of 5th
digits, dysplastic nails, knock knees, rocker-bottom feet, and
normal toe nails.

Skeletal radiological examination (Fig. 3) of the pelvis at the age
of 1 year showed horizontal acetabular roofs and unossified pubic
bones. The femora appeared proportionately short. The metaphy-
ses of the femora and tibiae were broad with irregular ends. The
tibiae and fibulae were short and equal length.

At age 3 years, his weight, height and head circumference were
9,200g (—3.4 SD), 79.5cm (—3.8 SD), and 38.5cm (—8.4 SD),
respectively. He had a highly arched palate, multiple thick labial
frenula, microdontia, enamel hypocalcification, and tooth caries
with early loss of teeth (Fig. 1). Periapical radiographs of man-
dibular incisors showed normal roots of the erupted teeth.
Psychomotor development was moderately delayed (he sat unsup-
ported at 10 months, walked independently at 2 9/;, years, and had
only a few words at 3 years). He had a cheerful personality.

At age 5 years, his weight, height and head circumference
were 12kg (—2.9 SD), 93 cm (—3.3 SD), and 39.5cm (—9.1 SD),
respectively. No history of repeated infections, eczema, or seizures
had occurred until now.
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Laboratory studies documented iron deficiency anemia on
several occasions. Results of leukocyte and platelet count, urine
analysis, blood sugar, and metabolic screening were normal.
Abdominal ultrasound findings were normal. Hearing on auditory
brainstem response (ABR) was normal. His karyotype was 46, XY.
Breakage analysis of 50 metaphases gave no evidence for excess
spontaneous breakage. Fluorescent in situ hybridization (FISH)
was performed to rule out the 15p and Xp22 deletions harboring the
OCA2 and OCAI genes, respectively, showed normal results.

EEG showed paroxysmal and generalized abnormal discharge of
sharp and slow wave activity. Ophthalmological examinations
showed blue and translucent irides and horizontal nystagmus.
There was lack of fundal pigment without foveal landmarks.

Roentgenograms (Fig. 3) showed short long bones of the upper
and lower limbs. Radii and ulnae appeared thin with a narrow
medullary cavity. The femoral and proximal tibial metaphyses were
slightly splayed and had an irregular margin. The fibulae were
longer than the tibiae proximally. The iliac wings had an almost
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normal configuration and the acetabular roofs were still almost
horizontal. The hands showed short metacarpals of the thumbs and
the phalanges were short, particularly the middle and distal ones.
‘Brain MRI (Fig. 4) at age 2 years showed abnormal gyral pattern,
partial agenesis of corpus callosum and mild hypoplasia of the
vermis.

The ultrastructure of the hair melanocytes showed normal
melanocyte and melanosome architecture. There were no macro-
melanosomes. Incubation of hair bulbs was not done. Skin biopsy
(Fig. 5) showed normal epidermis with no evidence of pigmenta-
tion. Melanosomes at the base of the epidermis were absent.
'Langerhans cells are seen at the upper part of the epidermis. Further,
'$-100 staining showed non-functioning melanocytes but Langer-
‘hans cells were stained.

Patient 2

He is the younger brother of Patient 1. Ultrasound scan in
the 32nd week of gestation showed oligohydramnios and an
inappropriately small baby with small BPD. He wasborn at 40 weeks

of gestation by cesarean section. Birth weight was 1,850 g (—3.1SD).
Birth weight was 1,850 g (—3.1 SD). Birth length and head circum-
ference were not recorded. Neonatal jaundice developed in the first
few days of life. He was referred at age 2 months (Fig. 6). On
examination weight, length, and head circumference were 2,750 g
(—5.3SD), 46 cm (—5.03 SD), and 30 cm (—6.25 SD), respectively.
Fair skin was noticed as well as microcephaly, no scalp hair, sloping
forehead, relatively large prominent nose, absent eyebrows, large
prominent eyes, nystagmus, and micrognathia. His ears were small,
posteriorly angulated, and apparently low set. His hands were small,
the fingers were short and tapering and bilateral clinodactyly was
also noticed. He had talipus varus equino feet and dysplatic toe
nails. The skin was dry with cutis marmorata.

Neonatally, skull films (Fig. 7) showed small anterior fontanelle,
dolicocephaly with prominent occiput and a small, receding fore-
head. On the chest radiographs, the ribs were narrow posteriorly
and the anterior end was splayed. There was vertebral platyspon-
dyly, cleft of cervical vertebrae and narrowing of the interpedicular
distance especially in the cervical region. Ophthalmological exami-
nation documented identical findings to those of Patient 1
(transillumination of a blue iris, and lack of retinal pigment).

At age 8 months, weight, length, and head circumference were
5,750 g (—3SD), 61 cm (—3.9 SD), and 36 (—6 SD), respectively. He
had grayish, yellowish, sparse scalp hair, sparse eyebrows, flat
philtrum, and micrognathia. He could sit unsupported. Dental
examination at that time showed high palate, and multiple thick
labial frenula but no eruption of teeth. Radiograph of the pelvis
(Fig. 7) at that age showed normal configuration of the iliac wings,
horizontal and smooth acetabular roofs. There was incomplete
ossification of the pubic bones. The femoral necks were short and
narrow. Femora had a thin cortex. At this age, brain MRI showed
poorly developed gyri, agenesis of corpus callosum but brain
structures in the posterior fossa appeared normally developed.

The patient was re-evaluated at age 1 year. At that time, his
weight, length, and head circamference were 6 kg (—4.2 SD), 66 cm
(—3.8 SD), and 37 cm (—6 SD), respectively. Dental examination
showed that one of the lower incisors had erupted. The tooth was
small with enamel hypocalcification. His development was mildly
delayed, he was able to stand with support, grasped objects within
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reach and transferred them from one hand to the other and could
vocalize one syllable sounds. Contact with family, environment and
his behavior were normal for age. Chest roentgenogram (Fig. 7)
showed increased thickness of the ribs. The clavicle appeared curved
and elongated. The long bones of the upper limbs had a normal
configuration. The hands showed short metacarpals of the thumbs
and the phalanges were short. Fundus examination showed the
same picture. He had repeated chest infections and was admitted to
hospital. Further, he developed tonic—clonic convulsions (not
related to fever) with good response to valproate.

Follow up at the age of 2'/, years showed weight, length, and head
circumference: 7.750kg (—3.5 SD), 77 cm (—3.8 SD), and 37.5cm
(—8.1 SD), respectively. Swollen reddish blue feet with acral
eruptions on the soles (Fig. 6) were observed. These lesions were
in the form of infiltrated, painful purplish papules. The big toe
showed areas of necrosis with crust formation but no destruction of
joints or gangrene formation. These skin lesions were exacerbated
and recurrent in winter but usually resolve spontaneously within
3 weeks.

He had very dry skin on back and abdomen. He could stand with
support and had started to communicate using few words. Ultra-
structure of hair melanocytes was normal. There were no macro-
melanosomes. Incubation of hair bulbs was not done. Skin biopsy
showed abnormal melanin function similar to that of his elder sib.
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Urinary amino- and organic acids were normal. Studies of blood
picture, immunoglobulins, antiphospholipid antibodies, and liver
function tests gave normal results. Findings on abdominal ultra-
sonography, echo cardiography, and EEG were normal. Hearing on
auditory brain response (ABR) was normal. His karyotype was
46, XY without any evidence for spontaneous excess breakage.

Patient 3

This 15-year-old girl is the youngest paternal aunt of Patients 1 and
2 and was referred for short stature and delayed puberty. The
parents were non-consanguineous; the mother was 36 and the
father 39 years old at the time of her birth. This was the fifth
pregnancy; the other four pregnancies were normal but further
information on birth weight, length, and head circumference were
notavailable. On examination, her head circumference was 51.5 cm
(—2.3SD), height 143 cm (—3.15 SD), and weight 34 kg (—2.1 SD).
Pubertal development was delayed. She had fair skin, deep green
iris, and dark hair color. External genitalia were normal. She had no
history of acrocyanosis, vasculitis, or seizures. IQ assessment
(WISC-R) gave a score of 86. Hand films showed a delayed bone
age. No skeletal changes were found in radiological assessment of
long bones. Endocrine assessment showed growth hormone defi-
ciency. Thyroid function, follicular stimulating hormone and
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lutinizing hormone levels and blood picture were all normal.
Abdomino-pelvic sonography showed normal prepubertal size
of uterus and ovaries. Ophthalmic examination showed neither
pendular nystagmus nor iris transillumination and fundus exami-
nation showed only some peripheral scattered areas of lack of
pigmentation. Her karyotype was normal.

MUTATION ANALYSIS AND RESULTS

This research was reviewed and approved by the Research Ethics
Committee of the National Research Centre according to “World
Medical Association Declaration of Helsinki” and written informed
consent was obtained.

Genomic DNA of our patients, their parents and the paternal
aunt were screened for mutations in the RNU4ATAC gene in
Yokohama City University. The gene and its flanking sequences
were amplified by PCR and Sanger sequenced according to He et al.
[2011]. Sequencing the U4ATAC gene showed a homozygous
mutation g.55G > A in the two male sibs. The g.55G > A mutation
was detected in the heterozygous state in the parents and the
parental aunt using restriction fragment length polymorphism
(RFLP) and was not found in 200 normal chromosomes of Egyptian

“origin (Fig. 8). Screening of the OCAI, 2, 3, 4 genes was performed
with normal results. In view of the chilblains skin lesions, screening
of TREX1 and SAMHDI genes was done in the Medical Molecular
Genetics Department, National Research Centre, Egypt. These
genes are the most commonly encountered with chilblains yet
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identified. The single exon of TREXI and 16 coding exons of
SAMHDI and their flanking sequences were amplified by PCR
and sequenced in both directions [Lee-Kirsch et al., 2007; Xin et al.,
2011]. No pathogenic homozygous or heterozygous mutations
were identified either in TREXI or SAMHDI.

DISCUSSION

These brothers had MOPD based on clinical and radiological
findings. The radiological changes are diagnostic of MOPD L
Analysis of the recently discovered U4ATAC gene in MOPD 1
demonstrated the homozygous mutation (g.55G > A) similar to
that found in the German MOPD I family described by He et al.
[2011]. Thus, our patients have molecularly confirmed MOPD I
with additional pigmentary changes which may either be newly
observed manifestations of MOPD 1 or a coincidental finding,
possibly due to homozygosity at another locus (F may be higher
than 1/16 if ancestors were inbred). It was unexpected to find a
heterozygous aunt with isolated growth hormone deficiency. Since
the parents are clinically normal, the condition of the aunt probably
does not represent heterozygosity of the MOPD I gene.
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Pigmentary changes have not been reported in MOPD I
Café-au-lait spots, freckling, dark pigmentation around the
neck, on the trunk and in the axilla, hypopigmentation and
poikiloderma were described only in MOPD II [Kantaputra
et al., 2004; Webber et al., 2008]. While in Seckel syndrome, few
patients show streaks of brown pigmentation in the neck, groins,
and axillae and diffuse hypopigmented macules and papules were
described before [Brackeen et al., 2007]. Our patients had fair skin
color and hair and skin biopsy showed decreased function of the
melanocytes. In addition, they had chorioretinal hypopigmenta-
tion in the absence of other ocular abnormalities, such as misrout-
ing of the optic nerve fibers. The retinal changes observed in our
patients do not indicate a specific retinal disorder but are like those
associated with albinism. Thus, we considered one of the oculo-
cutaneous albinism syndromes, but this diagnosis was ruled out
after molecular testing. Pigmentary retinopathy has in fact been
reported in patients with MOPD II and Seckel syndrome [Guirgis
et al., 2001; Maclean et al., 2002].

Cataract is another finding described in MOPD I [Vichi et al,,
2000] and atypical patients with MOPD II [Toriello et al., 1986;
Hersh et al., 1994]. The mother of the two sibs had a unilateral
cataract. It is unknown whether this condition could be due to the
carrier status of the recessive gene.

We are aware of the reported Spanish patients with severe
microcephaly, oculocutaneous albinism, hypogenesis of corpus
callosum, and hypoplasia of the distal digital phalanges [Castro-
Gago et al., 1983]. However, our patients did not show distal
phalangeal deficiency.

Abnormalities of CNS vessels or vasculopathy are common in
MOPD I patients, less common in Seckel syndrome manifested as
cerebral aneurysms, tortuous vessels or moyamoya disease leading
to life threatening CNS hemorrhages and strokes in early life
[D’Angelo et al., 1998; Nishimura et al., 2003; Brancati et al.,
2005; Bober et al., 2010] but never described in MOPD 1. Patient
1 had intracranial hemorrhage at the age of 1 week that resolved
spontaneously thereafter. A bleed in the occipital region/posterior
falx as in Patient 1 may represent birth trauma to cavernous sinus.
No other bleeding manifestations occurred in the sibs postnatally.

We were intrigued by the observation of acrocyanosis and the
chilblain lesions in the younger brother that developed at the age of
2'/, years. These events might be a reflection of pathological
vascular changes in specific organs/tissues. Nevertheless, the nor-
mal results of SAMHDI and TREX1 sequencing in our patients led
us to speculate that RNU4ATAC may play an important role in
cerebral and even skin vasculopathy, and further studies of the role
of RNU4ATAC in blood vessel integrity will be very important.

More generally, we ruled other conditions associated with
chilblains like lesions such as antiphospholipid syndrome, neonatal
systemic lupus or Aicardi—Goutiéres syndrome seem unlikely to be
relevant from a clinical or pathogenic viewpoint.

We would like to highlight the oro-dental anomalies found in
our MOPD I patients that have not been discussed before probably
due to the early lethality of these cases. The two sibs reported here
had microdontia and enamel hypocalcification. In another word,
the teeth appeared proportionate to their dental arches and overall
body size. Compared to MOPD II, microdontia in both dentitions,
bulbous crowns, hypoplastic alveolar processes, opalescent teeth,
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and short roots were reported [Kantaputra et al., 2004, 2011]. In
Seckel syndrome, tooth anomalies include atrophic or absent teeth,
macrodontia, hypoplasia of enamel, overcrowded and short roots
[Thompson and Pembrey, 1985; Kjaer et al., 2001].

There was phenotypic variability between the two sibs (Table I).
Although the eldest boy had normal skin, no seizures, hypoplastic
cerebellar vermis and could walk, talk, and repeat short sentences,
his younger sib had very dry, hyperkeratotic skin, seizures, normal
cerebellum and could not walk or talk. This phenotypic variability
strongly suggests a significant role for splicing of various functional
genes relevant to corresponding phenotypes [Wang and Cooper,
2007; Graveley, 2008]. Further characterization of distinct muta-
tions in RNU4ATAC will shed light on some of these difficulties of
clinical classification.

The growth pattern of the two sibs revealed interesting results
showing very severe growth retardation in the infantile period but
some improvement in the weight and length thereafter in spite of
the continuous deceleration head circumference.

Compared to MOPD II and Seckel syndrome, MOPD I has poor
prognosis. Death usually occurs in the first year of life due to
infectious diseases and rarely in early childhood (Table I). Also of
interest is the unusually long survival of the first patient reported
here for more than 5 years.

In conclusion, we describe unexpected findings of pigmentation
disorders and vasculopathy in two sibs with MOPD I syndrome. We
could not draw any firm conclusion on the relationship between the
RNU4ATAC mutation and the pigmentation disorder and chil-
blains like lesions in our two patients. There could be a causal
variant not genotyped in this study that is responsible for these
traits. In the mean time, the recurrence of these traits in the two sibs
led us to suggest that this mutation may contribute to the associ-
ation of pigmentation disorder and vasculopathy. Further studies
of MOPD I patients are absolutely necessary to determine the true
prevalence of the reported abnormalities.
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REPORT

Mutations in POLR3A and POLR3B Encoding RNA
Polymerase Il Subunits Cause an Autosomal-Recessive
Hypomyelinating Leukoencephalopathy

Hirotomo Saitsu,!.* Hitoshi Osaka,?2 Masayuki Sasaki,3 Jun-ichi Takanashi,* Keisuke Hamada,s
Akio Yamashita,6 Hidehiro Shibayama,” Masaaki Shiina,5 Yukiko Kondo,! Kiyomi Nishiyama,?!
Yoshinori Tsurusaki,! Noriko Miyake,! Hiroshi Doi,! Kazuhiro Ogata,> Ken Inoue,®

and Naomichi Matsumotol*

Congenital hypomyelinating disorders are a heterogeneous group of inherited leukoencephalopathies characterized by abnormal
myelin formation. We have recently reported a hypomyelinating syndrome characterized by diffuse cerebral hypomyelination with
cerebellar atrophy and hypoplasia of the corpus callosum (HCAHC). We performed whole-exome sequencing of three unrelated individ-
uals with HCAHC and identified compound heterozygous mutations in POLR3B in two individuals. The mutations include a nonsense
mutation, a splice-site mutation, and two missense mutations at evolutionally conserved amino acids. Using reverse transcription-PCR
and sequencing, we demonstrated that the splice-site mutation caused deletion of exon 18 from POLR3B mRNA and that the transcript
harboring the nonsense mutation underwent nonsense-mediated mRNA decay. We also identified compound heterozygous missense
mutations in POLR3A in the remaining individual. POLR3A and POLR3B encode the largest and second largest subunits of RNA
Polymerase III (Pol IIT), RPC1 and RPC2, respectively. RPC1 and RPC2 together form the active center of the polymerase and contribute
to the catalytic activity of the polymerase. Pol III is involved in the transcription of small noncoding RNAs, such as 5S ribosomal RNA
and all transfer RNAs (tRNA). We hypothesize that perturbation of Pol Il target transcription, especially of tRNAs, could be a common

pathological mechanism underlying POLR3A and POLR3B mutations.

Congenital hypomyelinating disorders form a heteroge-
neous group of central nervous system leukoencephalo-
pathies that is characterized by abnormal myelin forma-
tion. Although these conditions are readily recognized
by brain magnetic resonance imaging (MRI), many cases
are not diagnosed correctly.' Several syndromes affecting
myelination, such as hypomyelination with hypodontia
and hypogonadotropic hypogonadism (4H) syndrome
(MIM 612440) and hypomyelination with atrophy of
the basal ganglia and cerebellum (H-ABC) (MIM
612438), have been described.>> We have recently
reported a hypomyelinating syndrome characterized by
diffuse cerebral hypomyelination with cerebellar atrophy
and hypoplasia of the corpus callosum (HCAHC).®
Individuals with HCAHC do not show hypodontia or
atrophy of the basal ganglia, which are observed in 4H
syndrome and H-ABC; however, diffuse hypomyelina-
tion, atrophy, or hypoplasia of the cerebellum and corpus
callosum are overlapping features of these three
syndromes, suggesting that there might be a common
underlying pathological mechanism.

Here, we report on four individuals with HCAHC
from three unrelated families (Figure 1A; Table 1). Clinical

information and peripheral blood or saliva samples were
obtained from the family members after obtaining written
informed consent. Experimental protocols were approved
by the Institutional Review Board of Yokohama City
Unijversity. To identify pathogenic mutations, we per-
formed whole-exome sequencing of three probands from
three unrelated families (individuals 1, 3, and 4). DNAs
were captured with the SureSelect Human All Exon 50Mb
Kit (Agilent Technologies, Santa Clara, CA) and sequenced
with one lane per sample on an Illumina GAlIx (Illumina,
San Diego, CA) with 108 bp paired-end reads. Image
analysis and base calling were performed by sequence
control software real-time analysis and CASAVA software
v1.7 (llumina). A total of 90,014,368 (individual 1),
86,942,264 (individual 3), and 92,168,758 (individual 4)
paired-end reads were obtained and aligned to the human
reference genome sequence (GRCh37/hg19) with MAQ’
and NextGENe software v2.00 with sequence condensa-
tion by consolidation (SoftGenetics, State College, PA).
This approach resulted in more than 88% of target exomes
being covered by ten reads or more (see Table S1, available
online). Single nucleotide variants (SNVs) were called with
MAQ and NextGENe. Small insertions and deletions were
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Figure 1. Mutations in POLR3B and POLR3A

(A) Pedigrees of four kindreds with HCAHC are shown. We identified four mutations in POLR3B encoding RPC2 in three individuals from
two unrelated families and two mutations in POLR3A encoding RPC1 in one family. The segregation of each mutation is shown.

(B) Schematic representation of RPC2 (upper) and RPC1 (lower) proteins with Pfam domains (from Ensembl). Locations of each amino-
acid-altering mutation are depicted with electropherograms. All of the missense mutations occurred at evolutionally conserved amino
acids. Homologous sequences were aligned with the CLUSTALW website.

(C-F) 3D representations of RPC1 and RPC2 mutations. Mutated amino acids in RPC1 and RPC2 are shown along with their equivalent
positions in the homologous RPB1 and RPB2 subunits of RNA Polymerase II (amino acid and its position in parenthesis). The structure
and positions of mutations are illustrated by PyMOL with the crystal structure (PDB accession number 3GTP). RPB3, RPB9, and RPB11
subunits, which are specific to RNA Polymerase II, have been omitted from the figure. RPB1 is shown in green, RPB2 in sky blue, RPBS in
yellow, RPB6 in dark blue, RPB8 in pink, RPB10 in orange, RPB12 in purple, DNA in brown, and RNA in red. Amino acids that interact
with mutated amino acids are also shown.
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Table 1. Clinical Features of the Individuals
Clinical Features Individual 1 Individual 2 Individual 3 Individual 4
Genes POLR3B POLR3B POLR3B POLR3A

Mutations, DNA

¢.1857-2A>C, ¢.2303G>A

¢.1857-2A>C, ¢.2303G>A

¢.1648C>T, c.2778C>G

€.2690T>A, ¢.3013C>T

Mutations, protein p-Asn620_Lys652del, p-Asn620_Lys652del, p-Arg550X, p.11e897Asn,
p-Arg768His p.Arg768His p-Asp926Glu p.Argl005Cys
Gender M F F M
Current age (years) 27 30 16 17
Intellectual disability mild mild moderate mild
Cognitive regression - - - -
Seizures - - - -
Initial motor development normal normal normal normal
Age of onset (years) 3 3 2 4
Motor deterioration - - - +
Wheelchair use - - - +
Optic atrophy - - - -
Myopia + + - +
Nystagmus + + - -
Abnormal pursuit + + -
Vertical gaze limitation + + + -
Dysphagia - - -
Hypersalivation - - - -
Cerebellar signs + + +
Tremor - + +
Babinski refex - - - -
Spasticity - - mild -
Peripheral nerve involvement - - - -
Nerve biopsy NA NA NA NA
Hypodontia - - - -
Hypogonadism + + - -

NA is an abbreviation for not available.

detected with NextGENe. Called SNVs were annotated
with SeattleSeq Annotation.

We adopted a prioritization scheme to identify the
pathogenic mutation in each individual, similar to the
approach taken by recent studies (Table $2).57'¢ First, we
excluded the variants registered in the dbSNP131 or 1000
Genome Project from all the detected variants. Then,
SNVs commonly detected by MAQ and NextGENe
analyses were selected as highly confident variants; 364
to 374 SNVs of nonsynonymous (NS) or canonical splice-
site (SP) changes, along with 113 to 124 small insertions
or deletions (indels), were identified per individual. We
also excluded variants found in our 55 in-house exomes,
which are derived from 12 healthy individuals and 43
individuals with unrelated diseases, reducing the number

of candidate variants to ~250 per individual. Assuming
that HCAHC is an autosomal-recessive disorder based on
two affected individuals in one pedigree (individuals 1
and 2), we focused on rare heterozygous variants that are
not registered in the dbSNP or in our in-house 55 exomes.

We surveyed all genes in each individual for two or more
NS, SP, or indel variants. We found three to eight candidate
genes per individual (Table S2). Among them, only
POLR3B encoding RPC2, the second largest subunit of
RNA Polymerase III (Pol III), was common in two individ-
uals (individuals 1 and 3). The inheritance of the variants
in POLR3B (transcript variant 1, NM_018082.5) was exam-
ined by Sanger sequencing. In individual 1, we confirmed
that a canonical splice-site mutation (c.1857-2A>C
[p.Asn620_Lys652del]), 2 bp upstream of exon 18, was
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inherited from his father, and that a missense mutation
(c.2303G>A [p.Arg768His]) in exon 21 were inherited
from his mother (Figure 1A). The two mutations were
also present in an affected elder sister (individual 2) but
not present in a healthy elder brother. In individual 3,
we confirmed that a nonsense mutation (c.1648C>T
[p.Arg550X]) in exon 16 was inherited from her father
and that a missense mutation (c.2778C>G [p.Asp926Glu])
in exon 24 was inherited from her mother (Figure 1A). The
two mutations were not present in a healthy younger
brother. To examine the mutational effects of c.1857-
2A>C and c.1648C>T, reverse transcription PCR and
sequencing with total RNA extracted from lymphoblastoid
cells derived from the individuals was performed as
previously described.'* We demonstrated that the ¢.1857-
2A>C mutation caused deletion of exon 18 from the
POLR3B mRNA (Figures 2A-2C), resulting in an in-frame
33 amino acid deletion (p.Asn620_Lys652del) from RPC2
(Figure 1B). In addition, the mutated transcript harboring
the nonsense mutation (c.1648C>T) was found to be
expressed at a much lower level compared with the wild-
type transcript (Figure 2D). The expression level of the
mutated transcript was increased after treatment with
30 uM cycloheximide (CHX),** which inhibits nonsense-
mediated mRNA decay (NMD), indicating that the mutant
transcript underwent NMD (Figure 2D). The two missense
mutations (p.Arg768His and p.Asp926Glu) found in the
three individuals occurred at evolutionary conserved
amino acids (Figure 1B). Among the other candidate genes
in individuals 1 and 3, MSLN (MIM 601051), encoding
mesothelin isoform 1 preproprotein that is cleaved into
megakaryocyte potentiating factor and mesothelin, is
a potential candidate in the family of individual 1 as its
homozygous variant segregated with the phenotype;
however, it is expressed in epithelial mesotheliomas,
and the mutation affects less conserved amino acid
(Table S3). The other candidate genes’ variants did not
cosegregate with the phenotype. Thus, mutations in
POLR3B are most likely to cause HCAHC in two families.

In individual 4, in whom no POLR3B mutations were
found, there were six candidate genes for an autosomal-
recessive model. Among them, POLR3A (MIM 614258,
GenBank accession number NM_007055.3), harboring
two missense mutations, appeared to be a primary candi-
date because it encodes the largest subunit of Pol HI
(RPC1) (Figure 1A and Table S2). By Sanger sequencing,
we confirmed that a missense mutation (c.2690T>A
[p.11e897Asn]) in exon 20 was inherited from his father
and that another missense mutation (c.3013C>T
[p.Arg1005Cys]) in exon 23 was inherited from his mother
(Figure 1A). The two mutations were not present in
a healthy younger sister. The two missense mutations
(p.Ile897Asn and p.Argl005Cys) occurred at relatively
conserved amino acids (Figure 1B). In total, we found
four mutations in POLR3B and two mutations in POLR3A.
Evaluation of the missense mutations by PolyPhen-2
program showed that three mutations (p.Arg768H:is,
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Figure 2. Effects of Splice-Site and Nonsense Mutations in
POLR3B

(A) Schematic representation of the genomic structure of POLR3B
from exon 16 to 19. Exons, introns, and primers are shown by
boxes, dashed lines, and arrows, respectively. The mutation in
intron 17 is depicted as a red dot.

(B) RT-PCR analysis of individuals 1 and 2 with ¢.1857-2A>C and
a normal control. Two PCR products were detected from the indi-
vidual’s cDNA: the upper band is the wild-type (WT) transcript,
and the lower band is the mutant. Only a single wild-type ampli-
con was detected in the control.

(C) Sequence of WT and mutant amplicons clearly showed exon
18 skipping in the mutant allele.

(D) Analysis of the ¢.1648C>T mutation. Sequence of PCR prod-
ucts amplified with genomic (upper), cDNA from untreated cells
(middle), and cDNA from CHX treated cells (lower) as a template.
Although untreated cells show extremely low levels of c.1648C>T
mutant allele expression, cells treated to inhibit NMD show signif-
icantly increased levels of mutant allele expression.

p-Asp926Glu, and p.Ille897Asn) were probably damaging
and that p.Arg1005Cys is tolerable. The ¢.2303G>A muta-
tion (POLR3B) was found in one allele out of 540 Japanese
control chromosomes. The remaining five mutations were
not detected in 540 Japanese control chromosomes, indi-
cating that the mutations are very rare in the Japanese
population. Among the other candidate genes in individ-
uals 4, IGSF10, a member of immunoglobulin superfamily,
is a potential candidate because its variants segregated with
the phenotype (Table S3); however, considering a close
relationship between POLR3A and POLR3B, and the fact
that POLR3A mutations have been recently reported in
hypomyelinating leukodystrophy (see below),'? POLR3A
abnormality is the most plausible culprit for HCAHC in
individual 4.

The structure of Pol II**™* and Pol I1**'® is highly
homologous, especially in the largest subunits. Thus, we
extrapolated the mutations of RPC1 or RPC2 onto the
structure of yeast Pol II (Protein Data Bank [PDB] accession
number 3GTP)" (Figure 1C). RPB1 and RPB2 subunits of
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