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truncating OFDI mutations in male patients

Tsurusaki Y, Kosho T, Hatasaki K, Narumi Y, Wakui K, Fukushima Y,
Doi H, Saitsu H, Miyake N, Matsumoto N. Exome sequencing in a family
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Oral-facial-digital syndrome type 1 (OFD1; OMIM #311200) is an
X-linked dominant disorder, caused by heterozygous mutations in the
OFDI gene and characterized by facial anomalies, abnormalities in oral
tissues, digits, brain, and kidney; and male lethality in the first or second
trimester pregnancy. We encountered a family with three affected male
neonates having an ‘unclassified” X-linked lethal congenital malformation
syndrome. Exome sequencing of entire transcripts of the whole X
chromosome has identified a novel splicing mutation (c.2388+1G > C) in
intron 17 of OFDI, resulting in a premature stop codon at amino acid
position 796. The affected males manifested severe multisystem
complications in addition to the cardinal features of OFD1 and the carrier
female showed only subtle features of OFD1. The present patients and the
previously reported male patients from four families (clinical OFD1;
Simpson-Golabi-Behmel syndrome, type 2 with an OFDI mutation;
Joubert syndrome-10 with OFDI mutations) would belong to a single
syndrome spectrum caused by truncating OFD1 mutations, presenting with
craniofacial features (macrocephaly, depressed or broad nasal bridge, and
lip abnormalities), postaxial polydactyly, respiratory insufficiency with
recurrent respiratory tract infections in survivors, severe mental or
developmental retardation, and brain malformations (hypoplasia or
agenesis of corpus callosum and/or cerebellar vermis and posterior fossa
abnormalities).
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Oral-facial-digital syndrome type 1 (OFD1; OMIM
#311200), originally described by Papillon-Leage and
Psaume (1) and further delineated by Gorlin and
Psaume (2), is an X-linked dominant developmental
disorder with an estimated prevalence of 1:50,000,
caused by mutations in the OFDI] gene (OMIM
#300170) (3-5). The disorder is characterized by facial
anomalies and abnormalities in oral tissues, digits, brain
and kidney (5). Almost all affected individuals with
OFD1 are female, with highly variable expression,
possibly resulting from random X inactivation (6).
Affected males are generally lost in the first or second
trimester of pregnancy (4). To date, only one liveborn
male case with clinically definite OFD1 and a normal
karyotype has been reported; the patient was born
at 34 weeks of gestation and died 21 h after birth
due to heart failure (7). In this report, we describe a
family with three affected male neonates having an
‘unclassified’ X-linked lethal congenital malformation
syndrome. Exome sequencing of entire transcripts of
the whole X chromosome has successfully identified a
causative splicing mutation in OFDI.

Subjects and methods
Clinical report

11-2, a 22-year-old woman, was referred to our clinic
for genetic counseling (Fig. 1). Her deceased brother
(I1-4) had severe multiple congenital abnormalities. She
had two sons (III-1 and III-5) with similar congenital
abnormalities and a healthy boy (III-3) as well as
two miscarriages (I1I-2, artificial; III-4, spontaneous).
During genetic counseling and molecular investigations,
she had another healthy boy (III-5). After identification
of a heterozygous OFDI mutation, she was examined
for features of OFD1. Only a few accessory frenulae
and irregular teeth with no facial anomalies or tongue
abnormalities were observed (Fig. 2a—e). A radiograph
of her hands showed no abnormalities (Fig. 2f) and
an abdominal ultrasonography detected no cysts in
the kidneys, liver, or pancreas (data not shown).
I-2, allegedly, had no apparent malformations or
complications including renal diseases.

II-4 was born by caesarean section because of pla-
cental abruption at 33 weeks of gestation. Pregnancy
was complicated by polyhydramnios. Apgar score was
3 at 1 min. His birth weight was 2056 g (+0 SD),
length was 45.0 cm (40.5 SD), and occipitofrontal cir-
cumference (OFC) was 34.0 cm (+2.0 SD). He man-
ifested severe respiratory insufficiency and was trans-
ferred to a neonatal intensive care unit (NICU). His
craniofacial features included a prominent forehead,
a large fontanelle (5 x 5 cm), a low posterior hair-
line, microphthalmia, hypertelorism, short palpebral fis-
sures, depressed nasal bridge, low-set ears, a small
cleft lip and a soft cleft palate, narrowing of the tip
of the tongue, and a hypoplastic gum (Fig. 2g). Addi-
tional physical features included redundant neck skin,
postaxial polydactyly of the left hand (Fig. 2h), wide
halluces (Fig. 2i), micropenis, and left cryptorchidism.
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Fig. 1. Familial pedigree.
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Ultrasonography revealed hypoplastic gyri, an atrial
septal defect, and patent ductus arteriosus. Ophthal-
mological examination detected microcornea and reti-
nal detachment. Intubation was impossible because of
laryngeal anomalies and the patient died 11 h after birth.
Additional autopsy findings included partial atelectasis
and bilateral hydroureters.

III-1 was delivered by emergency caesarean section
at 39 weeks of gestation. Pregnancy was complicated
by polyhydramnios and intrauterine growth retardation,
with moderate macrocephaly. His birth weight was
3064 g (4+0.1 SD). He was admitted to a NICU because
of respiratory insufficiency, and received mechanical
ventilation. His craniofacial features included microph-
thalmia, hypertelorism, short palpebral fissures, epi-
canthus, low-set ears, and a cleft lip and palate.
Additional physical features included bilateral poly-
dactyly of hands (postaxial) and feet (preaxial), and
an ectopic urethral opening. Ultrasonography revealed
hydrocephalus, agenesis of the corpus callosum and
cerebellar vermis, and a complete atrioventricular sep-
tal defect. Ophthalmological examination detected per-
sistent pupillary membrane and optic disc coloboma.
G-banded chromosomes were normal (46,XY). The
patient died at age 14 days due to heart failure.

II1-5 was delivered by caesarean section at 32 weeks
of gestation. Pregnancy was complicated by polyhy-
dramnios, intrauterine growth retardation, and con-
genital heart defects. His birth weight was 1704 g
(—0.2 SD), length was 40.0 cm (—0.8 SD), and
OFC was 33.3 cm (+2.0 SD). He was admitted to
a NICU because of respiratory insufficiency, and
received mechanical ventilation. His craniofacial fea-
tures included a prominent forehead, hypertelorism,
dysplastic ears, a small cleft lip, and a soft cleft palate
(Fig. 2j,k). Ulirasonography revealed hydrocephalus
with Dandy-Walker malformation and hypoplastic left
heart syndrome. G-banded chromosomes were normal
(46,XY). The patient died 1 day after birth. Additional
autopsy findings included agenesis of the cerebellar ver-
mis (Fig. 21), enlargement of the fourth ventricle and
aqueduct, anomalous positioning of the esophagus, mild
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Fig. 2. Clinical photographs of II-2 (a~f), II-4 (g~i), and III-5 (j—1).

pulmonary congestion, and insufficient lobulation of the
right lung.

The three affected male neonates, having strikingly
similar clinical manifestations (Table 1), are considered
to have had a congenital malformation syndrome
with X-linked inheritance. Array-CGH analysis using
4200 BAC clones identified no pathologic genomic
copy number abnormalities. Direct sequencing of
MID, performed because of a partial similarity to
these neonates’ syndrome to X-linked Opitz-G/BBB
syndrome (OMIM #300000) (8), revealed no mutation.

Library preparation

Genomic DNA for II-2, II-3, II-3, and II-6 was
extracted from peripheral blood using the Gentra
PureGene Blood Kit (QIAGEN, Hilden, Germany),
and genomic DNA for III-5 was extracted from the
preserved dried umbilical cord using the DNeasy Blood

& Tissue Kit (QIAGEN). Three micrograms of high-
quality (absorbance at 260 nm/absorbance at 280 nm:
1.8-2.0) genomic DNA from II-2 was fragmented
using the Covaris model S2 system (Covaris, Woburn,
MA). The target peak size was 150 bp. After the
size of sheared DNA was checked using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA), adapter sequences were ligated to the ends
of DNA fragments, and amplified according to the
manufacturer’s protocol (Agilent Technologies).

Exome capture and next-generation sequencing

Library DNA was hybridized for 24 h at 65°C using the
SureSelect Human X Chromosome Demo Kit (Agilent
Technologies). Captured DNA was diluted to a concen-
tration of 8 pM and sequenced on a Genome Analyzer
IIx (Hlumina, San Diego, CA) with 76-bp paired-end
reads. We used only one of the eight lanes in the flow
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Table 1. Variant priority scheme after exome sequencing®

MAQ
NexTGENE 1I-2  (SEATTLESEQ)
Total variants called 22,176 — 58,081
Chr X 3441 - 4383
Unknown SNP variants 910 — 882
(dbSNP131, 1000 genomes) - — -
Overlap of NExTGENE — 169 -
and MAQ
NS/SS - 17 —
Except for variants at — 15 —_

segmental duplications

NS, non-synonymous; SNP, single-nucleotide polymorphism;
SS, splice site (£2).

avaq was annotated with SEATTLESEQ ANNOTATION. The
annotation includes gene names, dbSNP rs ID, and SNP
functions (e.g. missense), protein positions and amino acid
changes.

cell for II-2 (Illumina). Image analyses and base calling
were performed using sequence control software real-

_ time analysis and OFFLINE BASECALLER software v1.8.0
(Illumina). Reads were aligned to the human reference
genome (UCSC hgl9, NCBI build 37.1).

Mapping strategy and variant annotation

The quality-controlled (Path Filter) reads were mapped
to the human reference genome (UCSC hgl9, NCBI
build 37.1), using mapping and assembly with qual-
ity (MaQ) and NEXTGENE software v2.0 (SoftGenet-
ics, State College, PA). Single-nucleotide polymor-
phisms in MAQ-passed reads were annotated using
the SEATTLESEQ ANNOTATION website (http://gvs.gs.
washington.edu/SeattleSeqAnnotation/).

Priority scheme and capillary sequencing

Called variants found by each informatics method were
filtered in terms of location on chromosome X, unreg-
istered variants (excluding registered dbSNP131 and
1000 Genomes), overlapping variants called in common
by NEXTGENE and MAQ, and non-synonymous changes
and splice-site mutations (2 bp from exon—intron
junctions) (Table 1). The variants were confirmed as
true positives by Sanger sequencing of polymerase
chain reaction (PCR) products amplified using genomic
DNA as a template, except for variants within genes
at segmental duplications. Sanger sequencing was per-
formed on an ABI3500x]l or ABI3100 autosequencer
(Life Technologies, Carlsbad, CA). Sequencing data
were analyzed using SEQUENCHER software (Gene
Codes Corporation, Ann Arbor, MI).

Reverse transcription-PCR

Total RNA was isolated from EBV-transformed lym-
phoblastoid cell line (EBV-LCL) derived from 1I-2 and
healthy control subjects using the RNeasy Plus Mini
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Kit (QIAGEN). Five micrograms of total cellular RNA
was used for reverse transcription with the Super Script
IIT First-Strand Synthesis System (Life Technologies).
Two microliters of synthesized complementary DNA
was used for PCR with the following primers: ex17-F
(5-CTACCATCACCCACTGAGTC-3’) and ex19-R
(5-TGAGACATATCCCCGGCAG-3'). Amplified PCR
products were electrophoresed in agarose gels, puri-
fied from gels using the QIAquick Gel Extraction
Kit (QIAGEN), cloned into pCR4-TOPO vector (Life
Technologies) and sequenced.

X-chromosome inactivation assay

The human androgen receptor (HUMARA) assay
was performed as previously reported (9). Genomic
DNA of I-2 was digested at 37°C for 18 h with
two methylation-sensitive enzymes, Hpall and Hhal.
PCR was performed using digested and undigested
DNA with HUMARA primers (FAM-labeled ARf:
5-TCCAGAATCTGTTCCAGAGCGTGC-3'; ARr: 5'-
CTCTACGATGGGCTTGGGGAGAAC-3'). DNA frag-
ment analysis was performed on an ABI3130x!
autosequencer (Life Technologies). Fragment data were
analyzed with GENEMAPPERT SOFTWARE version 4.1
(Life Technologies).

Resulis
Exome sequencing

Because this disorder was assumed to be an ‘X-linked
recessive’ disorder based on the initial pedigree infor-
mation, we focused on the X chromosome. Approxi-
mately 4.5 Gb of sequence data were generated, 87.3%
of which was mapped to the human reference genome
(UCSC hgl19, NCBI build 37.1). MAQ was able to align
53,242,972 reads to the whole genome.

Two informatics methods identified 17 potential
pathogenic changes (15 missense mutations, 1 non-
sense mutation, and 1 splice-site mutation) (Table 1).
The nonsense mutation was a false positive and all 13
missense mutations were inconsistent with the pheno-
type (no co-segregation). The mutation ¢.2388+4-1G>C
was identified at the splice-acceptor site of intron 17
in OFDI, heterozygously in II-2, and hemizygously in
II1-5, but was absent in II-3, 1I-3, and III-6 (Fig. 3a)
as well as 93 normal female controls (0/186 alleles).

RT-PCR, direct sequencing

To examine the mutational effects of ¢.2388+1G>C,
reverse transcriptase-polymerase chain reaction (RT-
PCR) was performed. Only a 239-bp PCR product
(wild-type allele) was observed in healthy control
individuals (Fig. 3b). By contrast, a longer 1364-bp
product was detected in II-2. Sequencing of the 1364-bp
product revealed that a 1125-bp sequence of intron
17 was retained, producing a premature stop codon at
amino acid position 796 (Fig. 3b). These data indicate
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Fig. 3. (a) Gene structure of OFDI with the mutation (c.23884-1G>C) (upper). Electropherograms of the family members. Wild-type sequences
are seen in II-3, II-3 and III-6. Heterozygous and hemizygous mutations are observed in II-2 and III-5, respectively. (b) Reverse transcriptase-
polymerase chain reaction analysis showing both 239-bp and 1364-bp products in II-2, and only 239-bp products in two normal female controls.

The 239-bp product is normal and the 1364-bp product is aberrant.

that the ¢.23884-1G>C mutation in OFDI] is most
likely the causal mutation in this family.

X-chromosome inactivation assay

X-chromosome inactivation patterns was random pat-
terns in II-2 available for this study (ratio > 38:62).

Discussion

Exome sequencing detected a single-base substitution
(c.2388+1G>C) in OFD1, resulting in an error in splic-
ing of intron 17 and a premature stop codon at amino
acid position 796, in an affected male (III-5) and a car-
rier female (II-2) in this family with an ‘unclassified’
X-linked lethal congenital malformation syndrome. II-
4 and TII-1, who had strikingly similar clinical man-
ifestations to III-5, are likely to have had the same
OFD] mutation as III-5, although their DNA was
not available. Through reassessment of clinical fea-
tures of the family, the three affected males shared
facial, oral, and digital malformations characteristic of
OFD1 (4). Additionally, they exhibited more severe

complications in various systems including congenital
heart defects, genitourinary malformations, and oph-
thalmological abnormalities. II-2 was also found to have
subtle features of OFD1 (accessory frenulae and irreg-
ular teeth). Thus, we have concluded that the ‘unclassi-
fied” X-linked lethal congenital malformation syndrome
in this family was clinically compatible with OFD1.
An OFDI mutation (¢.2123_2126dupAAGA in exon
16, p.Asn711Lysfs*3) was also detected in a fam-
ily with an X-linked recessive mental retardation syn-
drome (10). Nine affected males had macrocephaly and
severe mental or developmental retardation, and suf-
fered from recurrent respiratory tract infections leading
to early death in eight. Only an 11-year-old boy sur-
vived with severe mental retardation (IQ 20), obesity,
and brachydactyly. His younger brother had postax-
ial polydactyly. No cognitive, oral, facial, digital, or
renal abnormalities were detected in heterozygous car-
rier females in that family. The patients were later
classified into an infantile lethal variant of Simpson-
Golabi-Behmel syndrome (type 2) (SGBS2, OMIM
#300209), which had consisted of only one family,
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genetically mapped to Xp22, including four mater-
nally related affected males with hydrops at birth,
craniofacial anomalies (macrocephaly, low-set poste-
riorly angulated ears, hypertelorism, short and broad
nose with anteverted nares, large mouth with thin
upper vermilion border, prominent philtrum, high-
arched or cleft palate, and short neck), redundant
skin, hypoplastic nails, skeletal defects involving upper
and lower limbs, gastrointestinal and genitourinary
anomalies, hypotonia and neurological impairment, and
early death within the first 8 weeks (11, 12). Other
OFDI mutations were detected in two families with
Joubert syndrome-10 (JBTS10, OMIM #213300) (13).
A mutation (c.2844_2850de]AGACAAA in exon 21,
p-Lys948Asnfs*9) in a family with eight affected males
caused severe mental or developmental retardation and
recurrent infections in all; postaxial polydactyly in five,
retinitis pigmentosa in three, and a molar tooth sign on
brain magnetic resonance imaging (MRID) in two. No
heterozygous carrier females had any symptoms sim-
ilar to those in the affected males. Another mutation
(c.2767delG in exon 21, p.Glu923Lysfs*4) was found
de novo in a 12-year-old male patient with severe men-
tal retardation, macrocephaly, obesity, postaxial poly-
dactyly, and a molar tooth sign on brain MRI (13).

To discuss whether these male patients with hem-
izygous truncating OFDI mutations would have differ-
ent conditions (OFD1, SGBS2, or JBTS10) or belong
to the same syndrome spectrum, we have created a
comprehensive list of clinical manifestations in all of
them (Table 2) (7, 10, 13). Macrocephaly, polydactyly
(postaxial), respiratory insufficiency with recurrent res-
piratory tract infections in survivors, and severe mental
or developmental retardation were shared by all the
families (7, 10, 13). Nasal bridge features (depressed
or broad) and lip abnormalities (cleft lip, pseudocleft
lip, full lips, and prominent philtrum) were shared by
the families with OFD1 and JBTS10 (7, 13). Brain mal-
formations including hypoplasia or agenesis of corpus
callosum, hypoplasia or agenesis cerebellar vermis as
well as posterior fossa abnormalities (large, occipital
encephalocele) were also shared by the families with
OFD1 and JBTS10 (7, 13). III-5 in the present fam-
ily was described to have Dandy-Walker malformation
on brain ultrasonography. Three patients with JBTS10
were described to have a molar tooth sign on brain MRI,
which is the characteristic neuroradiological hallmark
of Joubert syndrome (13). Dandy-Walker malformation,
typically consisting of agenesis or hypoplasia of cere-
bellar vermis, a cystic dilatation of the fourth ventricle,
and an enlarged posterior fossa with a high position
of the tentorium, is usually distinguishable from Jou-
bert syndrome, characterized anatomically by agenesis
or hypoplasia of cerebellar vermis and enlargement of
the superior cerebellar peduncles and deep interpedun-
cular fossa resulting from a lack of normal decussation
of superior cerebellar peduncular fiber tracts, lead-
ing to the characteristic ‘molar tooth’ appearance on
transverse computed tomography and MRI of the mid-
brain (14); and clinically by hypotonia, developmental
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retardation, abnormal respiratory patterns, and oculo-
motor apraxia (15). However, Joubert syndrome could
be present in association with Dandy-Walker malfor-
mation (15); and in such a case, Dandy-Walker mal-
formation was reported to have initially masked the
molar tooth sign because of a cystic dilatation of the
fourth ventricle (16). Some authors state that the pres-
ence of the molar tooth sign does not, in itself, allow
a diagnosis, Joubert syndrome, to be made; but that
clinical evidence of the syndrome including hypotonia
and developmental retardation accompanied by either
abnormal breathing or abnormal eye movements should
be present (14, 17). Typical respiratory abnormalities
in Joubert syndrome, represented by short alternate
episodes of apnea and hyperpnea or episodic hyperp-
nea alone (18), were not described in the patients with
JBTS10, with only one presenting with stridor and
intermittent cyanosis soon after birth (13). Abnormal
eye movements including oculomotor apraxia were not
mentioned in those with JBTS10 (13). In view of these
evidences, it is reasonable to consider that the male
patients with OFDI mutations, identified to date, would
belong to a clinical continuum with wide intra- and
inter-familial phenotypic variations of a single disorder.

A review by Macca and Franco (4) summarized
all reported mutations in OFD1 patients. In total, 99
different mutations (7 genomic deletions and 92 point
mutations) were identified, including 67 frameshift
mutations (58%), 14 missense mutations (12%), 14
splice-site mutations (12%), 13 nonsense mutations
(11%), and an in-frame deletion. Point mutations occur
only in the first 17 exons (OFD]I consists of 23 exons).
A significant genotype—phenotype correlation between
high-arched/cleft palate and missense and splice-site
mutations has been identified (19). In addition, cystic
kidney is more frequently associated with mutations
in exons 9 and 12 (19). Quantitative PCR analysis of
OFDI1 mRNA levels in EBV-LCLs from two families
with JBTS10 showed that 30% and 58% of OFDI
expression remained, suggesting that the mutant mRNA
would be subject to nonsense-mediated decay and
that the phenotypic variability observed for OFDI
mutations would be caused by changes in activity
of remaining truncated OFD]1 protein (13). To date,
premature stop codons at 713 in exon 16 (19), 796
in exon 17 (this report), 926 in exon 21 (13), and
956 in exon 21 (13) are associated with survival in
males with hemizygous truncating OFDI mutations
and no or subtle clinical manifestations in females
with heterozygous OFDI mutations. Heterozygous
truncating OFD] mutations preserving normal exons
1-16 have been reported in only two families with
typical female OFD1 patients: a single-base deletion
(¢.2349delC in exon 17, p.lleu784Serfs*85) (20) and a
deletion of complete exon 17 (21). Mutations producing
longer truncated protein (~ exon 17) might cause a
milder form of the disorder that could not be detected
in typical female OFD1 patients, but could be detected
in male patients with multiple congenital anomalies and
probable lethality in childhood.
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Table 2. Clinical features of male patients with OFD7 mutations

Family
Family 1 (present family) 2b Family 3° Family 49 (W07-713) ) Carrier
Family 59
Patient -4 -1 -5 1 V-1 V-3 V-11 6 Patients  1lI-9 V-10 6 Patients (UW87) 19 Females
Age 0d/D 144d/D 1d/D 1My 18 m/D 3y/D D 34y 35y D @)
Birth weight (g) (gestational age) 2056 (33) 3064 (39) 1704 (32) 3850 (40) 4120 (38) 1915 (35) 3050 (Te) 4090 (41)
Macrocephaly (>1.5 SD) + + + + + Some +
Obesity + — - - +
Craniofacial (87.3%?2) — - -
Facial anomalies (69.1%2)

Prominent forehead + +

Redundant neck skin + +

Hypertelorism + + + —+

Epicanthus +

Short palpebral fissures + +

Nasal bridge features Dep Dep Br Br Dep

Low-set ears + + + + +

Lip abnormalities (32.6%2) PCL CL PCL PCL FL,PP  F, PP PCL PCL (1)

Oral

Palatal abnormalities (49.6%°%) CSP CP CSP CsP HP

Accessory frenulae (63.7%°%) + (4)

Tongue abnormalities (84.1%%) Nar MG Lob (3)

Teeth abnormalities (43.3%%) Ir (1)
Skeletal

Short fingers/brachydactyly + + — +

Postaxial polydactyly (3.7%%) LtH BiH BiHRtBLT RtH - BiHF  BHF (@)  BiHLF

Preaxial polydactyly (19.3%2) BiBrHx BiF BiBHx BiBIT
Respiratory

Laryngeal anomalies +

Respiratory insufficiency + + + +

Recurrent infections + + + + + + + (6) +
Cardiovascular

Congenital heart defects ASD, PDA  AVSD HLHS AVSD -
Genitourinary

Cystic kidney - - - — - — - —

Urinary tract abnormalities HU EUO

Genital abnormalities MP, C
Gastrointestinal

Esophageal abnormalities +
Ophthalmological

Microphthalmia/microcornea +

Persistent papillary membrane +

JWIOIPUAS UONBULIOJ[BWI [BY}9] PIUI[-X Ue [IM Afruie] & ul Supuanbas swoxsy
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Table 2. Continued

Family
Family 1 (present family) ob Family 3¢ Family 49 (W07-713) . Carrier
Family 59 ~———

Patient -4 11 -5 1 V-1 V-3 IV-11 6 Patients [lIF9 IV-10 6 Patients uwa?) 19 Females

Optic disc coloboma -+

Optic nerve atrophy +

Retinal detachment +

Retinitis pigmentosa + + + (1) —
Central nervous system (48.4%?2)

Hydrocephalus + + + - - +

Gyrus abnormalities Hp PM - - -

Corpus callosum abnormalities Ag Ag - - - Hp

Cerebellar vermis abnormalities Ag Ag - — - Hp Hp

Thick superior cerebellar peduncles — - — -+ +

Molar tooth sign — - - + + +

Dandy-Walker malformation + - - -

Posterior fossa abnormalities L — - — L EC
Developmental/mental retardation S S + S S S + (Al) S

+, present; —, absent; blank, data not available; Ag, agenesis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; BHx, bifid halluces; Bi, bilateral; BLT, bifid little toe; Br,
broad; C, cryptorchidism; CL, cleft lip; CP, cleft palate; CSP, cleft soft palate; d, days; D, death; Dep, depressed; EC, encephalocele; EUQ, ectopic urethral opening; F, foot/feet; FL,
full lips; H, hand(s); HF, hands and feet; HLHS, hypoplastic left heart; Hp, hypoplasia; HP, high palate; HU, hydroureter; Hx, halluces; Ir, irregular; L, large; Lob, lobulated; Lt, left;
m, months; MG, midline groove; MP, micropenis; Nar, narrowing of the tip of the tongue; PCL, pseudocleft of the upper lip; PDA, patent ductus arteriosus; PM, polymicrogyria; PP,

prominent philtrum; R, right; S, severe; Te, term; T, thumbs; vy, years.

aFrom Macca and Franco (4).
PFrom Goodship et al. (7).
°From Budny et al. (10).
9From Coene et al. (13).
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Exome sequencing in a family with an X-linked lethal malformation syndrome

High-throughput, next-generation sequencing (NGS)
has had a tremendous impact on human genetic
research (22). Moreover, techniques enabling enrich-
ment of selected regions enable us to use NGS
efficiently and to identify the causative genes for a
reasonable number of genetic disorders as well as
susceptibility genes for complex diseases and health-
related traits (23). In particular, X-linked disorders are
good candidates for exome sequencing. We recently
identified a nonsense mutation in MCT8 causing X-
linked leukoencephalopathy in a family from only
two affected male samples (24). We have also iden-
tified two possible but inconclusive missense variants
(LICAM and TMEMI87) in a family with an atyp-
ical X-linked leukodystrophy from only two affected
male samples (25). In this study, exome sequencing
accompanied by appropriate bioinformatics techniques
and a co-segregation evaluation successfully revealed
a disease-causing mutation in OFDI, which could not
have been assumed to be a candidate based on the
clinical manifestations of the affected male patients.
Unbiased rapid screening through these technologies
is a powerful method for the detection of mutations
in unexpected causative genes in undiagnosed patients
with multiple congenital malformations.

In conclusion, we have identified a causative splic-
ing mutation in OFDI, through exome sequencing, in
a family with three males having an ‘unclassified” X-
linked lethal congenital malformation syndrome. The
affected males manifested severe multisystem compli-
cations in addition to the cardinal features of OFD1
and the carrier female showed only subtle features of
OFD1. The present patients, as well as the previously
reported male patients from four families (one with clin-
ical OFD1; one with SGBS2 and an OFDI mutation;
two with JBTS10 and OFDI mutations), would belong
to a single syndrome spectrum caused by truncating
OFDI] mutations, presenting with craniofacial features
(macrocephaly, depressed or broad nasal bridge, and lip
abnormalities), postaxial polydactyly, respiratory insuf-
ficiency with recurrent respiratory tract infections in
survivors, severe mental or developmental retardation,
and brain malformations (hypoplasia or agenesis of cor-
pus callosum and/or cerebellar vermis and posterior
fossa abnormalities).
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The diagnostic utility of exome sequencing in Joubert
syndrome and related disorders

Yoshinori Tsurusaki!, Yasuko Kobayashi?, Masataka Hisano®, Shuichi Ito?, Hiroshi Doi!, Mitsuko Nakashimal,
Hirotomo Saitsu!, Naomichi Matsumoto! and Noriko Miyake!

Joubert syndrome (JS) and related disorders {JSRD) are autosomal recessive and X-linked disorders characterized by hypoplasia
of the cerebellar vermis with a characteristic ‘molar tooth sign’ on brain imaging and accompanying neurological symptoms
including episodic hyperpnoea, abnormal eye movements, ataxia and intellectual disability. JSRD are clinically and genetically
heterogeneous, and, to date, a iotal of 17 causative genes are known. We applied whole-exome sequencing (WES) to five

JSRD families and found mutations in all: either CEP290, TMEM6&7 or INPP5E was mutated. Compared with conventional
Sanger sequencing, WES appears to be advantageous with regard to speed and cost, supporting its potential utility in

molecular diagnosis.
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Joubert syndrome (JS) and related disorders (JSRD) are autosomal
recessive and X-linked disorders characterized by hypoplasia of the
cerebellar vermis with the characteristic neuroradiological ‘molar
tooth sign’ and accompanying neurological symptoms including
dysregulation of breathing pattern, ataxia and developmental delay.
JSRD are classified into six subtypes: pure JS, JS with ocular defect, JS
with renal defect, JS with oculorenal defects, JS with hepatic defect
and JS with orofaciodigital defects.! To date, 17 causative genes have
been identified in JSRD: INPP5E? TMEM216,> AHII,* NPHPI,>
CEP290,° TMEM67,” RPGRIPIL® ARLI3B° CC2D2A,'° OFD1M
TTC21B,'* KIF7,® TCTN1,'* TMEM237,'> CEP41,'8 TMEM]138,"
and C50RF42.'® Because of the clinical and genetic heterogeneity in
JSRD, it can be very difficult to identify the causative mutations in
individual cases.

We encountered five non-consanguineous Japanese families with
JSRD (Figure la) and molar tooth sign was observed in all patients
(Figures 1b—e, Supplementary Table 1). Peripheral blood samples were
obtained from patients and their family members after written
informed consent was given. To identify causative mutations, we
performed whole-exome sequencing (WES) in five probands of the
five families (one proband from each family). DNA was processed
using the SureSelectXT Human All Exon 50 Mb library or V4 (51 Mb)
library (Agilent Technologies, Santa Clara, CA, USA), and sequenced
on a Genome Analyzer IIx sequencer (Ilumina, San Diego, CA,
USA) with 108bp paired-end reads, or on a HiSeq2000 sequencer
(Tlumina) with 101bp paired-end reads and 7bp index reads.

Image analysis and base calling were performed by Illumina pipeline.
Approximately 3.8-6.0 Gb of sequence data were mapped to the human
reference genome (GRCh37.1/hgl9) with Novoalign or Burrows-
Wheeler Aligner. The mean depth of coverage was 55-125 reads,
with 88-96% of all coding exons being covered by 5 X or more reads.

Out of all variants within exons and = 20-bp intronic regions
from the exon-intron boundaries, those registered in dbSNP135,
1000 Genomes and ESP5400 and located within the segmental
duplications were removed. Homozygous or compound heterozygous
variants of 17 JSRD causative genes were then picked up. In patients
1, 2, 3 and 4 whose DNA was captured by the SureSelectXT Human
All Exon 50 Mb library, ~90% of the entire coding regions in 13 of
17 causative genes were covered by 5 X reads or more. In patient 5
captured by the V4 (51 Mb) library, >90% of the coding region was
covered by 5 x reads or more (Supplementary Table 2), indicating
that the V4 library offered superior coverage to the SureSelectXT
library around the regions of the JSRD genes.

All patients from the five families possessed novel compound
heterozygous mutations or a homozygous mutation in known genes
later confirmed by Sanger sequencing (Figure la): ¢.1862G>A
(p.R621Q)/c.700dupC (p.L234Pfs*56) in INPP5E (9q34.3) for family
1; ¢.5788A>T (p.K1930%)/c.6012-12A>T in CEP290 (12q21.32) for
family 2; ¢.329A>G (p.D110G)/c.2322 + 5delG in TMEM67 (8q22.1)
for family 3; homozygous ¢.6012-12A>T in CEP290 for family 4; and
c.214G>T (p.E72*%)/c.6012-12A >T in CEP290 for family 5. No other
variants within 17 known genes have been identified after excluding
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Figure 1 Familial pedigree and brain MRI of the patients. (a) JSRD families and mutations. (b) T2-weighted axial images of [1I-1, family 1. (c) T2-weighted
axial images of 111-2, family 1. (d) T2-weighted axial images of 1lI-1, family 2. (e) T2-weighted axial images of 111-2, family 2. The molar tooth sign is

visible in all patients (arrowheads).

the variants of dbSNP135, 1000 Genomes and ESP5400. Clinical
phenotypes caused by respective mutated genes are discussed in
Supplementary text. In families 1, 2 and 4 in which parental samples
were available, all parents were heterozygous carriers of one of the
mutations. As parental samples were unavailable from families 3 and
5, we determined whether two mutations resided on different alleles
by cloning an reverse transcriptase-PCR (RT-PCR) product ampli-
fied from total RNA of lymphoblastoid cells into a pCR4-TOPO
vector (Life Technologies, Carlsbad, CA, USA) and sequencing. Each
mutation was found in a different allele for both families (data not
shown). Another variant, ¢.1894A > G (p.K632E) in CEP290, of family
2 was not found to be pathogenic based on web-based analyses such
as SIFT, PolyPhen-2 and Mutation Taster (Supplementary Table 3). In
families 2, 4 and 5 with a CEP290 abnormality, ¢.6012-12A>T was
shared. On the basis of our in-house 135 exome data, the allele
frequency of the mutation was 1/270 allele (0.74%), indicating that it
may be a rare variant in Japanese. The other mutations were not
found in our in-house 135 exome data.

Splicing effects were examined in families 3 and 4. RT-PCR was
performed on RNA from lymphoblastoid cells of family members
using primers spanning exons 42/43 and 45/46 in family 4 and
exons 20/21 and 24/25 in family 3 (sequence information available
on request). In family 4, only an aberrant cDNA was detected in
1I-2, whereas the parents (I-1 and I-2) showed two different
products including one wild-type, which was detected in a control-
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(Supplementary Figures la, b). Sequencing of the mutant product
revealed a 57-bp insertion corresponding to the 3/-side of intron 43.
As a result, a premature stop codon was introduced at intron 43.
In family 3, RT-PCR detected a mutant cDNA in II-1 together with
a wild-type product, which was detected in a control. Sequencing of
the mutant product confirmed the skipping of exon 22, resulting in
an in-frame 27 amino-acid deletion (Supplementary Figures 1c, d).

WES has proved a powerful tool for the identification of novel
genes in genetic diseases. It also has tremendous potential for clinical
diagnosis and is now being applied in the molecular diagnosis
of single-gene disorders such as neurofibromatosis type 1, Marfan
syndrome and multi-gene disorders such as retinitis pigmentosa.!®
As shown here, WES would also be suitable for the diagnosis of
JSRD, another multi-gene disorder. Though the read-coverage of the
old version of SureSelect did not sufficiently collect genomic DNAs
for four genes (INPP5E, TMEM?216, KIF7 and TCTNI), the perfor-
mance of the V4 (51 Mb) library was satisfactory for all genes.
Further, as exome capture technology is based on hybridization it
can be refractory to homologous regions, so other methods such
as multiplex PCR amplification and multiple microdroplet PCR
technology could be useful in addition.

In conclusion, we were able to identify causative mutations in five
non-consanguineous families with JSRD using WES. The diagnostic
utility of WES is obvious, implying that WES or other next-generation
sequencing technologies will be a main factor of molecular diagnosis.
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Abstract Whole-exome sequencing of two affected sibs
and their mother who showed a unique quadriceps-
dominant form of neurogenic muscular atrophy disclosed a
heterozygous DYNCIHI mutation [p.H306R (c.917A>G)].
The identical mutation was recently reported in a pedigree
with the axonal form of Charcot-Marie~Tooth disease.
Three other missense mutations in DYNCIHI were also
identified in families with dominant spinal muscular atrophy
with lower extremity predominance. Their clinical features
were consistent with those of our family. Our study has
demonstrated that the same DYNCIHI mutation could cause
spinal muscular atrophy as well as distal neuropathy, indi-
cating pleotropic effects of the mutation.

Keywords Spinal muscular atrophy with lower extremity
predominance - DYNC1HI - Whole-exome sequencing -
Charcot—Marie-Tooth disease - Allelic disease

Authorship Y.T. and S.S. contributed equally to this work.

Y. Tsurusaki - H. Doi - H. Saitsu - N. Miyake + N. Matsumoto (<)
Department of Human Genetics, Yokohama City University
Graduate School of Medicine,

3-9 Fukuura, Kanazawa-ku,

Yokohama 236-0004, Japan

e-mail: naomat@yokohama-cu.ac.jp

S. Saitoh (B<)

Department of Pediatrics and Neonatology, Graduate School
of Medical Sciences, Nagoya City University,

Kawasumi-1, Mizuho-cho, Mizuho-ku,

Nagoya 467-8601, Japan

e-mail: ss11@med.nagoya-cu.ac.jp

K. Tomizawa

Department of Pediatrics, Nakashibetsu Town Hospital,
Nakashibetsu, Japan

Published online: 31 July 2012

530

Introduction

DYNCIHI encodes cytoplasmic dynein heavy chain 1,
which is a subunit of the primary motor protein responsible
for retrograde axonal transport in neurons [1]. Weedon et al.
first identified a missense mutation [p.H306R (c.917A>G)]
of DYNCIH]I in a large family with axonal Charcot—Marie—
Tooth (CMT) disease by using exome sequencing, indicat-
ing the significance of DYNCIH]I in the peripheral nerve
axon [2]. Subsequently, Harms et al. reported three other
missense mutations in the tail domain of DYNCIHI in
families with dominant spinal muscular atrophy with lower
extremity predominance (SMA-LED, OMIM 158600),
expanding the role of DYNCIH]I to maintenance of motor
neuron itself [3]. Recently, two de novo missense mutations
have also been identified in patients with severe intellectual
disability and variable neuronal migration defects [4].
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Therefore, DNYC1HI may have broad biological effects on
development and maintenance of the nervous system.

In this study, we describe a family containing three indi-
viduals with dominant spinal muscular atrophy with lower
extremity predominance. Exome sequencing identified an
identical DYNCIHI mutation found in a pedigree with
axonal CMT [2], demonstrating the pleotropic effects of
the DYNCIHI mutation.

Subjects and methods
Subjects

Patient 1 This female patient was born after 41 weeks of
gestation. Pregnancy was uneventful. Birth weight was
3,080 g. Her initial development was normal, and head
control was recognized at 3—4 months. Late infantile motor
development was mildly delayed, and she could walk unas-
sisted at 1 year and 8 months. Unstable gait persisted there-
after, and she was referred to us at 3 years and 1 month of
age for evaluation. On examination, proximal lower limb-
dominant muscle atrophy and decreased deep tendon reflex
were noted. Gower's sign was positive. No other neurolog-
ical deficits were demonstrated. No sensory disturbance or
ataxia was present.

The following examinations were performed at 3 years
and 1 month of age. Neither serum transaminase nor crea-
tine kinase was elevated. Motor nerve conduction velocity
was within the normal limits (55.8 m/s for the right tibial
nerve). Brain MRI revealed normal findings. Muscle com-
puted tomography (CT) demonstrated severe atrophy and
lipid degeneration, predominantly in the bilateral quadriceps
femoris muscle (Fig. 1). The upper limbs and distal lower
limbs were not affected. A muscle biopsy from the quadri-
ceps femoris muscle demonstrated severe grouping atrophy
of type 2 fibers with a massive increase in the amount of
fibrous tissue and sparse enlarged type 1 fibers (Fig. 2).

The patient is currently 18 years old and graduated from
regular high school. Her motor development has steadily
progressed, and she only shows moderate proximal lower
limb-dominant muscle weakness and atrophy. She can walk
unassisted and shows a waddling gait and positive Gower's
sign. No sensory disturbance or ataxia is noted. She does not
have any inteliectual disability.

Patient 2 Patient 2 is the half brother of patient 1. He was
born after 38 weeks of gestation to the same mother and a
different father from patient 1's. His birth weight was
2,405 g. He could control his head at 3—4 months, turn over
at 6 months, and sit unassisted at 7-8 months. His motor
development was delayed thereafter, and he walked unas-
sisted at 1 year and 7 months. His mental development was
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normal. Because of a persistently unstable gait, he was
hospitalized and examined at 5 years and 11 months.
Physical examination revealed moderate muscle weakness
in the proximal lower limb, but Gower's sign was negative.
Deep tendon reflex was normal. No sensory disturbance or
ataxia was recognized. Ankle joint contracture and foot
deformity were absent.

The following examinations were performed at 5 years
and 11 months of age. Serum transaminase and creatine
kinase levels were normal. Brain and spinal MRI revealed
no abnormal findings. Motor nerve conduction velocity and
amplitude were within the normal limits (51.1 m/s, 4.6 mV
for the right median nerve, 51.1 m/s, 9.9 mV for the right
tibial nerve). Sensory nerve conduction velocity and ampli-
tude were also within the normal limits (57.3 m/s, 28.4 uV
for the right median nerve, 63.7 m/s, 9.6 uV for the right
sural nerve). Needle electromyography of the anterior tibial
muscle showed long high-amplitude discharges (3.5—
4.0 mV, 10 ms) consistent with a neurogenic pattern, al-
though no denervation potential, including positive sharp
wave or fibrillation potential, was present, while the right
biceps brachii showed inconclusive results. Muscle CT
revealed severe atrophy and lipid degeneration, most pre-
dominantly in the bilateral quadriceps femoris. The upper
limbs and distal lower limbs were not affected (Fig. 1).

The patient is now 12 years old and can walk unassisted
but with a waddling gait. He has shown no further deterio-
ration of motor function. Proximal lower limb weakness and
wasting are evident, but the patient shows no upper limb
weakness. No sensory disturbance or ataxia has been
recognized.

Patient 3 Patient 3 is the mother of the two sibs. She is
currently 50 years of age. No family history (except for her
children) of neuromuscular disorders was noted. Until we
examined the second sib, she had not been noted to have
proximal lower limb muscle weakness. She did not recall
her infantile development, and it was impossible to obtain
further information. She graduated from a regular high
school, married, and raised her children. She has not shown
any neurological deterioration. She did not show a waddling
gait, but had difficulty squatting. She was examined at
44 years of age. Her deep tendon reflex was normal, and
no ankle joint contracture was present. Muscle CT revealed
bilateral quadriceps-dominant muscle atrophy and lipid de-
generation (Fig. 1). She also demonstrated mild muscle
atrophy in her hip. Unfortunately, CT of the distal lower
limb muscle could not be performed.

Exome sequencing

We performed the whole-exome sequencing of two patients
(II-1 and 1I-2; Fig. 3a). Three micrograms of genomic DNA



Neurogenetics

Fig. 1 Muscle imaging.
Muscle computed tomography
images of patient II-1 at the age
of 3 years and 1 month (upper),
patient II-2 at the age of 5 years
and 11 months (middle), and
patient I-1 at the age of 44 years
(lower) are displayed. R right, L
left

-2

upper arm

was processed using a SureSelect Human All Exon Kit v.1
(approximately 180,000 exons covering 38 Mb of the
CCDS database) (Agilent Technologies, Santa Clara, CA)
according to the manufacturer's protocol. Captured DNA
was diluted to a concentration of 8 pM and sequenced on
a Genome Analyzer IIx (Illumina, San Diego, CA) with 76-
bp paired-end reads. We used two of the eight lanes in the
flow cell (Illumina). Image analyses and base calling were

upperanm

buttock

upper arm
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thigh

lower leg
thigh

forearm

buttock lower leg

forearm thigh (uppen)

buttock

thigh (lower)

performed by sequence control software real-time analysis
and/or Off-line Basecaller software v1.6.0 (Illumina).
Alignment was performed using CASAVA software v1.6.0.
The quality-controlled (Path Filter) reads were mapped to
the human reference genome (UCSC hgl9, NCBI build 37),
using mapping and assembly with quality (MAQ) and
NextGENe software v2.0 (SoftGenetics, State College,
PA). SNPs in MAQ-passed reads were annotated using the
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Fig. 2 Histological study. Hematoxylin—eosin staining (upper) and
ATPase staining (pH=4.6, lower) of the quadriceps femoris muscle
of patient II-1. The scale bar indicates 100 pum in length

SeattleSeq Annotation website (http://gvs.gs.washington.edu/
SeattleSeqAnnotation/).

Fig. 3 Genetic study. a A
Familial pedigree. b The gene

structure of DYNCIH] with the
mutation [p.H306R 1
(c.917A>G)] (upper), the

protein structure with functional 1
domains (middle), and reported
mutations corresponding to

respective diseases (lower).

AAA ATPase domains (AAA 1

to 6), A4AC unrelated seventh 11
domain. ¢ Sequences of a

control and the family members

are displayed. Heterozygous B
mutations are observed in

patients I-2, II-1, and II-2

Priority scheme and capillary sequencing

We adopted a prioritization scheme used in recent studies to
identify the pathogenic mutation [5-7]. Called variants
found by each informatics method filtered into unregistered
variants (excluding registered dbSNP131 and 1,000
genomes), overlapping variants called in common by
NextGENe and MAQ, nonsynonymous changes (NS),
splice site mutations (+2 bp from the exon—intron junctions)
(SS), small insertions or deletions (indels), and overlapping
variants called in II-1 and II-2 were checked, and variants
found in our 33 in-house exomes derived from 19 healthy
individuals and 14 individuals with unrelated diseases were
excluded (Table 1). An online human genome mutation
database (HGMD, https://portal.biobase-international.com/
hgmd/pro/start.php) was referred to as a reference for
disease-causing mutations. The variants were confirmed
as true positives by Sanger sequencing of polymerase
chain reaction products amplified using genomic DNA
as a template. Sanger sequencing was performed on an
ABI3500XL or ABI3100 autosequencer (Life Technologies,
Carlsbad, CA). Sequencing data were analyzed using
Sequencer software (Gene Codes Corporation, Ann Arbor,
MI).

A total of 177 Japanese control samples (354 alleles)
were check by high-resolution melting analysis using a
LightCycler 480 (Roche Diagnostics, Otsu, Japan) to see
the variant frequency. The reaction was performed in 10 pl
containing 10 ng of genomic DNA, 0.2 mM dNTPs,

C
Control f“\f\f\/‘*“ﬁ/\/v\ \

12 ANAN/ \*‘.A/\/\Af[\&

-1 e

-2 omom

Normalallele A A A C
Mutant allele A A A C G
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Table 1 Variant priority scheme
of exome sequencing data

MAQs were annotated using
SeattleSeq annotation. The an-
notation includes gene names,
dbSNP rs IDs, and SNP func-
tions (e.g., missense), protein
positions and amino acid

Half sister Half brother

NextGENe  MAQ (SeattleSeq)  NextGENe  MAQ (SeattleSeq)
Total variants called 73,966 174,757 73,370 163,707
Autosomal+chr X 71,522 174,165 70,068 163,013
Unknown SNP variants (dbSNP, 11,132 21,284 10,857 19,858

1,000 genomes)

Overlap of NextGENe and MAQ 1,598 1,482
NS/SS/T 426 411
Overlapping in half sibs 135
Unknown variants (in-house 62

changes. NS nonsynonymous, database)

SS splice site (+2 bp), / indels

0.125 U of ExTaq (Takara Bio, Inc., Otsu, Japan), 1x buffer,
and 1.5 uM SYTO9 (Invitrogen, Carlsbad, CA).

Results

Approximately 9.8 and 9.5 Gb of sequence data were gener-
ated for II-1 and II-2, respectively. This approach resulted in
more than 85.8 % (II-1) and 86.5 % (I1-2) of the target regions
being covered by ten reads or more. Two informatics methods
identified 62 potentially pathogenic changes (Table 1). We
found a missense mutation [p.H306R (c.917A>G)] in
DYNCIHI from among 62 variants using the HGMD as a
reference; this mutation has been reported as a causative
mutation for CMT disease [2]. The heterozygous missense
mutation was confirmed in I-2, II-1, and II-2 (Fig. 3b). This
missense mutation was not found in 177 control samples.

Discussion

The identical DYNCIHI mutation (p.H306R) found in a
large pedigree with axonal type of CMT disease was
detected by exome sequencing in a family with a unique
form of quadriceps-dominant neurogenic muscular atrophy
[2]. Three members of the family demonstrated very similar
clinical features, which were distinct from CMT disease.
The most striking feature was a unique distribution of mus-
cle involvement. The quadriceps femoris muscle was almost
selectively involved in the early course of the disease, and
the proximal lower limb was predominantly involved
throughout the disease course. Recently, three other mis-
sense mutations were detected in families with SMA-LED.
Clinical features of the current family are essentially con-
sistent with those of SMA-LED, hallmarks of which are
early childhood onset of proximal leg weakness with muscle
atrophy and nonlength-dependent motor neuron disease
without sensory involvement [3]. Nonprogressive clinical
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course despite early childhood onset as in our family should
be another hallmark of SMA-LED. These cumulative data
clearly indicate that DYNCIH] plays an essential role in
maintenance of spinal motor neurons and their axon.

Thus far, four missense mutations (p.H306R, p.I584L,
p-K671E, p.Y970C) identified in human cases of CMT or
SMA-LED are located in the same tail domain for
DYNCI1H]1 dimerization. It is of note that three missense
mutations (p.F580Y, p.G1042A, p.T1057C) found in mouse
models are also located in the tail domain [8-10]. These
mice involve not only spinal motor neurons but also sensory
and cortical neurons. The tail domain is thought to be
essential for dimerization of dynein heavy chains, and thus,
missense mutations in the tail domain may disrupt function of
dynein complex formation in a dominant negative manner.
Two distinct de novo mutations (p.E1518K, p.H3822P) iden-
tified in patients with severe intellectual disability and variable
neuronal migration defects were located outside of the tail
domain. These patients also showed possible peripheral nerve
involvement, but formal neurophysiological investigation was
not available. Since mice with Dynclhl abnormality show
broad central nervous system involvement, DNYCIH] is like-
ly to cause a wide range of neuronal migration disorders.

CMT disease with the p.H306R mutation has been desig-
nated as CMT20 (OMIM 614228). Most members of the
pedigree with p.H306R reported by Weedon et al. demonstrat-
ed distal dominant muscle weakness, while one patient showed
proximal lower limb-dominant muscle atrophy as in our family
[2]. Therefore, the same missense mutation in the tail domain
could cause CMT20 phenotype and SMA-LED phenotype
even within the same pedigree. It is hard to explain the under-
lying mechanism of pleotropic effects of the mutation. Further
studies are absolutely necessary to elucidate phenotype—geno-
type correlation and pleiotropic mutational consequences.
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