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and P = 0.1778, respectively). Blue sclera, lower lip pits, spine/rib
abnormality, hip joint dislocation, umbilical hernia, kidney dys-
function, cryptorchidism, liver abnormality, spleen abnormality,
premature thelarche, neonatal hyperbilirubinemia, and anemia
were observed only in the mutation-positive group.

‘We compared the clinical features between the MLL2-mutated and
KDMG6A-mutated groups (Figs. 3—5, Supplemental Table IIT). High
arched eyebrows, short fifth fingers, and hypotonia in infancy were
more frequent in individuals with MLL2 mutations than in indi-
viduals with KDM6A mutations (P = 0.0364, 0.0039, and 0.0283,
respectively). Short stature was more frequent in individuals with
KDMB6A mutations (P = 0.0485). Although not statistically signif-
icant, postnatal growth retardation was observed in all individuals
with KDM6A mutations, whereas this was observed in only half of
the individuals with MLL2 mutations.
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Most clinical features were observed at a similar ratio in both groups
(Supplemental TableIV), except for prominent ears and hypotonia,
which were more frequently observed in the truncating-type group
than in the non-truncating-type group (P = 0.0339 and
P = 0.0248, respectively). However, the facial appearance of indi-
viduals in the truncating-type group was more typical, based on the
ten originally reported patients with KS [Kuroki et al., 1981; Nii-
kawa et al., 1981], than that in the non-truncating-type group
(Figs. 3 and 4). Except for patient KMS-58, the facial appearance of
patients with a non-truncating-type mutation was rather less
typical. It should be noted that these patients had thick eyebrows
(not present in patient KMS-56). Furthermore, ectropion of the

lower eyelid, depressed nasal tip, short columella, and prominent
ears all seemed less obvious in the individuals with a non-truncat-
ing-type mutation.

A KDMG6A mutation was identified in two females (KMS-65 and
KMS-81). Individual KMS-65 (c.3354_3356del, which predicts p.
Leul119del) showed a random X-inactivation pattern [Miyake
et al., 2013], while individual KMS-81 with a frame-shift mutation
showed marked skewing (98:2; Supplemental Fig. 1A). By RT-PCR
using mRNA derived from a lymphoblastoid cell line from patient
KMS-81, we confirmed that both the mutated and normal alleles
were transcribed at similar levels when nonsense-mediated mRNA
decay (NMD) was inhibited by cycloheximide treatment (Supple-
mental Fig. 1B). In untreated cells, or cells treated with dimethyl-
sulfoxide (negative control), the mutant allele was transcribed at a
lower level than the wild-type allele, indicating that NMD partially
eliminated the mutant.

Exome Sequencing

Among the five patients who were also analyzed by whole exome
sequencing, mutations were identified and later confirmed by
Sanger sequencing in four (Table I). Fragments with an 11 base-
pair insertion (¢.3326_3336dup) of MLL2 in patient KMS-21 could
not be amplified by Ex Taq, but could be amplified by LA Taq with
LA buffer and confirmed by Sanger sequencing. Three other
mutations were missed by HRM analysis (Table I).
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We identified 50 MLL2 and five KDM6A mutations among 81
patients with KS and add to the 246 MLL2 mutations described in
patients with KS [Ngetal., 2010; Hannibal etal., 2011; Lietal., 2011;
Micale et al., 2011; Paulussen et al., 2011; Banka et al., 2012a,b;
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Kokitsu-Nakata et al., 2012; Tanaka et al., 2012; Bogershausen and
Wollnik, 2013; Makrythanasis et al., 2013] (Human Gene Mutation
Database Professional 2012.3; https://portal.biobase-international.
com/hgmd/pro/gene.php). Our mutation-positivity rate for either
genewas 67.9% (55/81), and that for MLL2 only was 61.7% (50/81);
these figures are compatible with those reported in a review (55—
80%) [Banka et al., 2012b]. Mutation-negative patients suggest the
existence of unknown genes to cause KS or misdiagnosis.

As for the phenotype—genotyperelationship, Banka etal. [2012b]
suggested that feeding problems, kidney anomalies, premature
thelarche, joint dislocation, and palatal malformation were more
frequently observed in patients with MLL2-mutations than in
patients with normal MLL2 sequence. Hannibal et al. [2011]
reported that renal anomalies were more common in patients
who had MLL2 mutations compared to those who did not. Li

et al. [2011] reported that short stature and renal anomalies were
more frequent in patients with MLL2-mutations than in those with
normal MLL2 sequence. In our study, premature thelarche was
observed only in patients with MLL2 mutations, but this was not
significant (P = 0.1137). The frequencies of kidney anomalies, hip
joint dislocation, and short stature were not different when com-
paring those with and without MLL2 mutations (P = 0.3030,
P =1.0000, and P =0.0717, respectively; Supplemental
Table V). High arched eyebrows, palatal malformation (cleft pal-
ate/lip), low posterior hairline, and short fifth finger were more
frequently observed in individuals with MLL2 mutations than in
patients with normal MLL2 (P = 0.0118, P = 0.0284, P = 0.0493,
and P = 0.0137, respectively; Supplemental Table V).
X-inactivation skewing in patients with KS has been discussed
since the discovery of the KDM6A deletion in a female with KS
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[Lederer et al., 2012; Miyake et al., 2013]. In two female patients
reported here, patient KMS-65, who had an in-frame deletion,
showed a random X-inactivation pattern, but patient KMS-81,
who had a truncating-type mutation, showed marked skewing. X-
inactivation skewing was also reported in two affected females with
KDMG6A deletion reported by Lederer et al. [2012]. cDNA sequence
analysis of patient KMS-81 indicated that the mutant allele of
KDMG6A was expressed at a similar level to the wild-type allele
under NMD inhibition. This result suggests that KDM6A mostly
escapes X-inactivation in female lymphoblastoid cells. Interesting-
ly, KDM6A/Kdmé6a escapes X-inactivation in humans and mice,
and in mice its expression level from the inactive X chromosome
(Xi) was reported as 15-35% of that from the active X chromosome
(Xa) [Greenfield et al., 1998; Xu et al., 2008]. We calculated the
hypothetical expression assuming a 30% KDMG6A expression level
from Xi and 100% expression from Xa (Supplemental Fig. 2). In
patient KMS-81, who showed marked skewing (98:2), either the
mutant X chromosome or the wild-type X was inactivated in 98%
of cells. If the mutant were inactivated, the expression level would
be below 1 (1.0 x 0.98 + 0.3 x 0.02 = 0.986). If the wild-type
were inactivated, the expression level would also be below 1
(1.0 x 0.02 + 0.3 x 0.98 = 0.314). The KS phenotype is usually
unassociated with Turner syndrome (45,X), with the KDM6A
expression level at 1.0 [Miyake et al., 2013]. It is possible that
having a KDM6A expression level of 1.0 is essential for a normal
human phenotype. Similarly, males with only one copy of KDM6A
do not manifest KS. We previously mentioned the possibility of
UTY compensation for KMDG6A (Supplemental Fig. 2) [Miyake
et al.,, 2013], although human UTY lacks demethylase activity
[Hong et al., 2007; Lan et al., 2007]. The recent evidence that
XU X Y%= homozygous mice demonstrated a more severe phe-
notype than XV*~YY»*+ mice indicates that UTY can compensate
for the loss of UTX in embryonic development [Shpargel
et al,, 2012]. Because mouse and human UTY show 75% identity,
and 95% identity in the Jumonji C domain [Shpargel et al., 2012}, it
is likely that normal human males who have only one copy of
KDMG6A are supplemented by UTY in a demethylase-independent
manner.

Interestingly, X V*~Y Y+ mice showed small body size [Shpargel
et al,, 2012]. Similarly, the human KDM6A-mutated group exhib-
ited short stature and postnatal growth retardation.

Regarding our mutation detection methods, HRM analysis and
Sanger sequencing are both imperfect. Next-generation sequencing
is more sensitive (especially for single nucleotide variants and small
insertions/deletions), faster, and cheaper due to multiple gene
screening and the potential to multiplex. However, a microdeletion
involving MLL2 or KDMG6A or low-level mosaicism of a single
nucleotide variant might be missed by this method. Therefore, in
patients who test mutation-negative, more comprehensive
approaches might be necessary. In conclusion, we investigated
MLL2 and KDM6A mutations and their clinical consequences in
patients with KS. The majority of the clinical features were observed
ata similar frequency among patients with either MLL2 or KDM6A-
mutations. The genetic basis of the patients who tested mutation-
negative (20—45%) remains elusive. Further studies are necessary to
understand the whole picture of the genetic aspects of KS and its
genotype-phenotype relationships.
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Japanese Patient with Spastic Ataxia: Making an Efficient
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Abstract

Autosomal recessive cerebellar ataxias and autosomal recessive hereditary spastic paraplegias are clinically
and genetically heterogeneous disorders with diverse neurological and non-neurological features. We herein
describe a Japanese patient with a slowly progressive form of ataxia and spastic paraplegia. Using whole
exome sequencing, we identified a novel homozygous frameshift mutation in SPG7, encoding paraplegin, in
this patient. This is the first report of an SPG7 mutation in the Japanese population. For disorders previously
undetected in a particular population, or unrecognized/atypical phenotypes, exome sequencing may facilitate

molecular diagnosis.

Key words: cerebellar ataxia, spastic paraplegia, exome, SPG7, paraplegin

(Intern Med 52: 1629-1633, 2013)
(DOLI: 10.2169/internalmedicine.52.0252)

Introduction

Hereditary ataxias and hereditary spastic paraplegias
(HSPs) are clinically and genetically heterogeneous neuro-
logical disorders exhibiting an autosomal dominant, autoso-
mal recessive or X-linked mode of inheritance. Mutations in
more than 30 different genes have been identified for
autosomal recessive cerebellar ataxias (ARCAs) (1-3), and
mutations in over 22 different genes have been identified for
autosomal  recessive  hereditary = spastic  paraplegias
(ARHSPs) (4-6). Both disorders are generally associated
with diverse neurological and non-neurological symptoms
that partially overlap, resulting in complex phenotypes. Fur-
thermore, while these disorders can be caused by mutations
in the same gene, the phenotypes can vary. Therefore, ge-
netic diagnostic tests for ARCAs and ARHSPs are complex
and time-consuming. In this study, we describe a Japanese

patient exhibiting a slowly progressive form of spastic
ataxia. Using whole exome sequencing, we identified a
causative mutation in SPG7 that has not been previously de-
tected in the Japanese population.

Case Report

Clinical information and a blood sample were obtained
from the patient after he provided his written informed con-
sent. The experimental protocols were approved by the Insti-
tutional Review Board of Yokohama City University School
of Medicine. Among the children of first-cousin parents, two
were affected (including the proband), while two were
healthy (Figure A). DNA was available from the proband
only, who is now 64 years old. Arrhythmic episodes com-
menced at 6 years of age. At 34 years of age, he experi-
enced stiffness in the legs after protracted periods in the
cold and stumbled when moving swiftly. At -40 years of
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Figure.

Phenotypic and genotypic analyses of the patient. (a) Family pedigree. The arrow indicates

the proband. (b) Brain magnetic resonance imaging of the patient at 62 years of age. Axial section of
a T2-weighted image (left panel) and sagittal section of a T1-weighted image (right panel). Moderate
atrophy of the cerebellar hemispheres was revealed. The corpus callosum was normal. (c) Electro-
pherograms of a control with the SPG7 wild-type sequence (upper) and the patient with a homozy-
gous mutation (lower). The single-base insertion c.1342dup is indicated by a red arrow. (d) Known
SPG7 mutations (7, 8, 11-15, 20-22). The mutations predicted to generate a premature stop codon
are indicated by red letters; ¢.1342dup is indicated by a red arrow.

age, he felt stiffness in the legs after walking 5 kilometers
and had difficulty moving briskly. At 47 years of age, he
was examined in the hospital where he was diagnosed with
a complicated form of HSP. At 49 years of age, he dis-
played slurred speech. These symptoms gradually worsened,
and, at 54 years of age, he started using a cane when walk-
ing. He was admitted to our hospital for a clinical evalu-
ation. He exhibited a disturbance of smooth pursuit eye
movements as well as mild omnidirectional gaze palsy,
dysarthria, pronounced spasticity and mild weakness of the
lower extremities, extensor plantar reflexes (Babinski sign)
and truncal instability. While the patellar tendon reflexes and
Achilles tendon reflexes were increased, no knee or ankle
clonus were observed. No pes cavus, muscle atrophy, fas-

ciculation, involuntary movements, autonomic involvement
or sensory involvement were observed. The patient exhibited
slight cognitive decline. His score on a revised version of
the Hasegawa Dementia Scale (HDS) was 24/30. The frontal
assessment battery score was 13/18, indicating slight frontal
lobe dysfunction. Laboratory biochemistry results were nor-
mal, including the levels of serum albumin, vitamin E and
very long chain fatty acids. A nerve conduction study dis-
closed no neuropathy, and an ophthalmic evaluation revealed
no ocular atrophy. Brain magnetic resonance imaging re-
vealed moderate atrophy of the cerebellar hemispheres; how-
ever, no hypoplasia/atrophy of the corpus callosum, brain
stem or cerebral cortex was observed (Figure B). The patient
was diagnosed with ARCA, taking into consideration the
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dysarthria and cerebellar atrophy.

The patient was 64 years old at the last examination. He
displayed moderate omnidirectional gaze palsy, impaired
vertical and horizontal optokinetic nystagmus and slow sac-
cade. Mild limb ataxia was also observed. Muscle weakness
of the lower extremities was advanced, especially in the
hamstrings and anterior tibial muscles (manual muscle test-
ing 2-3), consistent with disturbance of the pyramidal tracts.
He was unable to walk without holding on to something due
to spasticity and muscle weakness. His cognitive impairment
did not progress (HDS 22/30, Mini-Mental State Examina-
tion 26/30).

Exome sequencing

To identify the causative mutation, whole exome sequenc-
ing was performed on the patient’s DNA. Genomic DNA
was processed using a SureSelect Human All Exon Kit (50
Mb; Agilent Technologies, Santa Clara, CA) according to
the manufacturer’s instructions. Captured DNAs were se-
quenced using a GAIlx sequencer (Illumina, San Diego,
CA). Approximately 44.9 million paired-reads were mapped
to the human reference genome. A coverage analysis re-
vealed that 88.9% of the bases within the target regions
were covered by 10 reads or more. We checked whether
mutations were present in known ARCA or ARHSP genes.
For 36/59 of the relevant genes, more than 90% of the en-
tire coding sequence was covered by 10 reads or more (Ta-
ble). A homozygous frameshift mutation, c.1342dup (NM__
003119.2; p.His448Profs’12), was identified in exon 10 of
SPG7 (16g24.3, MIM 602783). Sanger sequencing on an
ABI 3500xL (Life Technologies, Carlsbad, CA) confirmed
c.1342dup homozygosity in the patient (Figure C). No mu-
tations were detected using Sanger sequencing in the other
exons of SPG7. The mutation was undetected in 752 control
alleles. No other mutations located in exons or splice sites
were detected among the 59 relevant genes.

Discussion

In this report, we described a case of an adult-onset
slowly progressive form of spastic ataxia. Using whole
exome sequencing, we were able to identify a novel ho-
mozygous frameshift mutation, c. 1342 dup
(p.His448Profs’12) in SPG7. SPG7 was the first gene identi-
fied in ARHSP (7). Mutations in SPG7 are known to cause
both pure and complicated HSP phenotypes. In complicated
forms, the clinical symptoms can be accompanied by cere-
bellar syndrome, optic neuropathy, supranuclear palsy and
cognitive impairments (8-10). Although mutations in SPG7
account for just under 5% of ARHSP cases in Europe (11),
they have never been found in a Japanese population.

SPG7 encodes paraplegin, a nuclear DNA-encoded mito-
chondrial metalloprotease belonging to the adenosine
triphosphatases associated with diverse cellular activities
(AAA) family of proteins. Loss of the function of para-
plegin leads to mitochondrial dysfunction. The

p-His448Profs’12 mutation is predicted to result in a prema-
ture stop codon. Previous reports (7, 9-15) have revealed
that missense and nonsense mutations located closer to the
C-terminal of paraplegin than the p.His448Profs’12 mutation
can cause disease (Figure D). Recently, genotype-phenotype
correlations were identified for SPG7: an association be-
tween cerebellar ataxia and SPG7 null alleles leading to an
absence of protein products or severely truncated protein
products and an association between optic nerve atrophy and
a missense mutation in exon 10 (pArg470Gin) (9). The
clinical phenotype observed in our patient, who had cerebel-
lar ataxia without optic nerve atrophy, is compatible with an
SPG7 mutation. We concluded that the homozygous
p.His448Profs'12 mutation was deleterious and causative of
the patient’s clinical phenotype.

Because there are regional differences in the prevalence of
recessive disorders, it is difficult to perform genetic testing
for rare and heterogeneous disorders, especially when they
have not been previously reported in the population. The
relative frequencies of ARCAs and HSPs in patients with
spinocerebellar ataxia spectrum disorders (including sporadic
and hereditary cases) are estimated to be 1.8% and 4.7%, re-
spectively (16). Although the precise prevalence of each
subtype of ARCA and ARHSP remains unknown, the rela-
tively common ARCAs and ARHSPs observed in Japan are
ataxia, early-onset, with oculomotor apraxia and hypoalbu-
minemia/ataxia-oculomotor apraxia 1 (MIM 208920), ataxia-
oculomotor apraxia 2 (MIM 606002), ataxia with isolated
vitamin E deficiency (MIM 277460), ataxia-telangiectasia
(MIM 208900), spastic ataxia, Charlevoix-Saguenay type
(MIM 270550) and spastic paraplegia 11 (MIM
604360) (17). The clinical phenotype of our patient was not
fully consistent with ARCA/ARHSPs previously reported in
Japan. Considering the clinical and genetic diversity among
ARCA/ARHSPs, we selected whole exome sequencing as
the diagnostic method. Friedreich ataxia 1 (MIM 229300),
which is primarily caused by the expansion of a trinucleo-
tide repeat in FXN, may be undetectable by exome sequenc-
ing. However, an FXN mutation has never been described in
the Japanese population, even though the gene has been
tested for in suspected cases. In these cases, whole exome
sequencing is the most promising method for identifying a
causative mutation in one of the known ARCA or ARHSP
genes. Indeed, most ARCA and ARHSP genes were covered
by our exome sequencing approach, with the exception of
the few genes that had low read-coverage, such as
KIAAO415 and GJC2 (Table). More recently, the read-
coverage was improved by upgrading the bait design (Ta-
ble).

Recently, it became feasible to use whole exome sequenc-
ing for diagnostic purposes. Even for disorders previously
undetected in a particular population, or unrecognized/atypi-
cal phenotypes, exome sequencing may facilitate molecular
diagnosis (18, 19). In our case, the diagnosis varied, de-
pending on whether the clinicians emphasized pyramidal or
cerebellar signs. We believe that a diagnosis provided by
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Table. Read Coverage of ARCA and ARHSP Genes
Disease Gene Covered by 10 or
more reads
50Mb S1Mb
Friedrich ataxia FXN 70.5 76.2
Ataxia with isolated vitamin E deficiency TTPA (TTPI1) 75.7 78.6
Ataxia, early-onset, with oculomotor apraxia and APTX
g 100 95.1
hypoalbuminemia
Abetalipoproteinemia MTTP 100 98.8
Refsum disease PHYH 92.6 98.4
PEX7 86.7 87.7
Late-onset Tay-Sachs disease HEXA 100 96
Cerebrotendinous xanthomatosis CYP2741 88.5 97.9
DNA polymerase g disorders POLG 89.1 97.4
Ataxia talangiectasia ATM 100 100
Ataxia talangiectasia-like disorder MREI1IB (MRE114) 100 98.8
Autosomal recessive ataxia of Charlevoix-Saguenay  SACS 98.9 99.4
Mitochondrial DNA depletion syndrome 7 Cl0orf2 (PEO1) 100 98.7
Cayman ataxia ATCAY 87.1 97.4
Marinesco-Sjogren syndrome SILI 76.1 98.3
SCARI (Ataxia-oculomotor apraxia 2) SETX 100 100
SCARS ZNF592 97.5 92.5
SCARS SYNEI1 100 98.8
SCARS ADCK3 (CABCI) 842 97.9
SCAR10 ANO10 (TREM16K) 92.4 99.6
SCARI1 SYT14 92 91.8
SCAN1 DP1 100 95.6
SPAX3 MARS2 96.0 100
SPAX4 MTPAP 100 91.0
SPAXS AFG3L2 95.2 95.2
Ataxia & Encephalopathy TTCI19 88.1 71.1
Ataxia with oculomotor apraxia 3 (AOA3) PIK3RS 67.8 97.4
Dilated cardiomyopathy with ataxia DNAJC19 (TIM14) 98.9 78.7
Epilepsy, progressive myoclonic 6 GOSR2 96.3 99.7
Karak syndrome PLA2G6 73.1 97
Myoclonus epilepsy of Unverricht-Lundborg CSTB 717 8.4
Action myoclonus renal failure / Progressive SCARB2 05.2 100
myoclonus epilepsy without renal failure )
Progressive myoclonus epilepsy-ataxia syndrome PRICKLE1 100 99,7
Refsum-like disorder ABHDI2 90.5 94.1
Posterior column ataxia & Retinitis pigmentosa FLYCRI 80.3 89.5
Seizures, sensorineural deafness, ataxia, mental KCNJ10 100 100
retardation, electrolyte imbalance (SeSAME)
o-Methylacyl-CoA racemase (AMACR) deficiency AMACR 80.1 98.5
Niemann-Pick, Type C NPC1 98.3 96.1
NPC2 772 100
Wilson disease ATP7B 95.6 95.9
SPGSA CYP7B1 91.9 94.9
SPG7 SPG7 92 89.9
SPGI11 KIAA1840 (SPG11) 96.1 99.3
SPG15 SPG15 (ZFYVE26) 99 92
SPG18 ERLIN2 100 84.3
SPG20 SPG20 100 100
SPG21 SPG21 100 99.7
SPG28 DDHD! 84.4 93
SPG30 KIF14 74.4 92.5
SPG35 FA2H 58.6 702
SPG39 PNPLAG6 61.7 97.5
SPG44 GJC2 29.2 71.6
SPG46 GBA2 100 100
SPG47 AP4B1 100 100
SPG48 KIAA0415 51 88
SPG49 TECPR2 92.4 99.5
SPG5S0 AP4M1 90.6 98.7
SPG51 AP4E] 95.6 96.6
SPG52 AP4S1 87.9 92
SPG53 VPS374 89.5 96
SPG54 DDHD2 100 99.5
SPG55 CI120rf65 100 97.1
SPG56 CYP2UI 70.1 91.9

The percentage of coding sequence covered by 10 or more reads. The 50Mb column
shows data for our patient; the 51 Mb column shows reference data from 4 patients with
other diseases and whose DNA was processed using the latest version of SureSelect
Human All Exon Kit. Genes with > 90% of the total coding sequence covered by 10 or
more reads are highlighted in bold.
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exome sequencing. would improve the quality of clinical
evaluation in patients with rare diseases.
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Whole exome sequencing revealed biallelic
[FT122 mutations in a family with CEDI1
and recurrent pregnancy loss

To the Editor:

Cranioectodermal dysplasia-1 (CED1), also known
as Sensenbrenner syndrome (MIM 218330), is charac-
terized by skeletal, craniofacial, and ectodermal abnor-
malities (1). Here, we report a family with CED1 and
recurrent abortions.

I-2, 39-year-old woman, was referred to our hospital
for consultation regarding recurrent abortions. Although
she had one healthy boy (II-2), she suffered from two
artificial abortions due to fetal hydrops at 13 weeks
of gestation (II-1) and skeletal anomalies at 21 weeks
of gestation (II-8), one intrauterine fetal death with
hydrops at 13 weeks of gestation (II-7), and four recur-
rent miscarriages (II-3 at 6 weeks, II-4 at 8 weeks, II-5
at 8 weeks, and II-6 at 7 weeks) (Fig. la). Postmortem
physical findings of II-8 included a skull deformity and
blisters beside the nasal bridge due to obstetric inter-
vention, low set ears, nuchal edema, a narrow thorax,
and acromelic shortening of the limbs, posterior bow-
ing of the lower legs and bilateral 2—3 toe syndactyly
(Fig. 1b). Postmortem radiography and 3-D computed
tomography showed generalized skeletal alterations
which were thought to fit to CEDI, though the sharp
angulation of the tibiae was very unusual (Fig. 1b).

Exome sequencing was performed in I-2, II-2, and II-
8 as previously described (2). We identified compound
heterozygous mutations in /FT122 in the fetal skeletal
anomalies (II-8): ¢.1108delG (p.E370Sfs*51) in exon
11 and ¢.1636G>A (p.G546R) in exon 14 was inherited
from his mother (Fig. 1c,d). Of note, we confirmed the
same compound heterozygous mutations (c.1108delG: 2
of 29 clones, ¢.1636G>A: 13 of 30 clones) by capillary
sequence of polymerase chain reaction (PCR) product
from cloned DNA from paraffin-embedded chorionic
villi (TI-6) (Fig. 1e). Accordingly, c.1108delG found in
I1-6 and II-8 was presumed to be inherited from the
father, though it was not directly confirmed.

Walczak-Sztulpa et al. reported homozygous mis-
sense mutations of IFTI22 in three patients from
two consanguineous pedigrees with CED1: p.V553G
in family CED-01, p.S373F in family CED-02, and
compound heterozygous mutations, ¢.502+5G>A and
p-W7C in one sporadic case, family CED-03 (1) (Fig.
1c). The four patients with IFT122 mutations showed
skeletal anomalies. We found compound heterozygous

mutations in a fetus with skeletal anomalies (II-8) and
the villous tissues (II-6). Clinical skeletal features of
the aborted fetus (II-8) are consistent with those of the
reported CED patients carrying biallelic IFT122 muta-
tions. Because they were found in the villous tissues
(II-6) that was sequenced, biallelic JFT122 mutations
may have caused some of the recurrent abortions in this
family. All four IFT122 missense mutations (including
ours) are predicted to be damaging for IFT122 function
(Table 1).

CED1 belongs to a group of short rib dysplasias,
including Ellis van Creveld syndrome, Jeune asphyxi-
ating thoracic dysplasia, short rib polydactyly syndrome
(SRPS) I (Saldino-Noonan), SRPS II (Majewski), SRPS
II (Verma-Naumoff) and SRPS IV (Beemer-Langer)
(3). The skeletal manifestation of the present fetus
shared some features with other short rib dysplasias.
For example, humeral bowing resembles that commonly
seen in Ellis van Creveld syndrome. Severe tibial angu-
lation was somewhat reminiscent of tibial hypoplasia in
SRPS I (Majewski type). Generally, CED1 is a non-
lethal disorder. However, the present family showed
recurrent abortions, which can be considered as the
severest phenotypes caused by biallelic IFT122 muta-
tions in human. Interestingly, If#122-null mice show
multiple developmental defects with embryonic lethal-
ity consistent with recurrent pregnancy loss in our
family (4).

On the basis of the assumption that recessive
mutations may cause recurrent pregnancy loss, the
literatures have been carefully reviewed, but only a
homozygous HERG mutation in a family were found
to show recurrent intrauterine fetal loss (5).

In conclusion, we were able to find causative
IFT122 mutations in a non-consanguineous family with
recurrent abortions. This information is useful for future
counseling including preimplantatory diagnosis in this
family.
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Fig. 1. Clinical finding of fetal skeletal anomalies (II-8) and genetic studies. (a) Familial pedigree. II-1 and II-8 were artificially terminated, II-3,
10-4, II-5, TI-6 and TI-7 were spontaneously aborted. * DNA was available. (b) Clinical photographs and 3D computed tomography of II-8. (i-v)
Postmortem physical findings included a skull deformity due to obstetric intervention, blisters beside the nasal bridge, low set ears, nuchal edema, a
narrow thorax, and acromelic shortening of the limbs, anterior bowing of the lower legs and bilateral 2—3 toe syndactyly. (vi—vii) Postmortem 3-D
computed tomography showed generalized skeletal alterations. The thorax was narrow with short ribs. The lower ribs showed a wavy appearance.
The spine and ilia were normal. The long bones were not apparently short. However, the humeri were medially bowed, and the tibiae showed
sharp bending at their proximal part. Ossification of the proximal and middle phalanges was defective. (c) The gene structure of IFT122 (upper)
and its protein structure (Jower) containing seven WD40 domains (blue). Mutations found in this family and in the previous report are depicted
above and below the protein, respectively. (d) Sequence electropherogram of family members. Compound heterozygous mutations are indicated in
I1I-8, while healthy members (I-2 and II-2) only carry one of the two mutations. (e) Sequence electropherogram of the villous tissue at 7 weeks of
gestation (II-6). Amplified PCR products were cloned into pCR4-TOPO vector and each clone was subjected to sequencing. Compound heterozygous
mutations are indicated.
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INTRODUCTION

Cytogenetically visible partial tetrasomies induced by interstitial
triplications are rare genomic rearrangements, except for those that
occur on chromosome 15q11-q13 [Beneteau et al., 2011]. To the
best of our knowledge, triplication together with uniparental iso-
disomy has only been reported in two cases who presented with de
novo intrachromosomal triplication at 11g23.3—q24.1 [Beneteau
et al., 2011]. While there have been no reports of tetrasomy of
5q33.3-q34, the common clinical features of patients with trisomy
overlapping 5q33.3—q34 are growth retardation, prominent fore-
head, hypertelorism, broad nasal bridge, long philtrum, thin upper
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lip vermilion, downturned mouth, micrognathia, low-set ears, and
congenital heart defects (Table I) [Martin et al., 1985; Fryns
et al., 1987; Witters et al., 1998; Rauen et al., 2001; Sanchez-Garcia
et al.,, 2001; Martin et al., 2003].

Uniparental disomy (UPD) is defined as the condition in which
two copies of a chromosomal region are inherited from only one
parent. The incidence of UPD of any chromosome is estimated to be
about 1:3,500 to 1:5,000 live births [Robinson, 2000; Liehr, 2010]. If
imprinting genes are within the UPD region, the effect of abnormal
gene transcription will appear as a phenotype. Furthermore, iso-
disomy has the potential to cause recessive disease [Engel, 2006].
UPD of distal 5q has previously been reported in association with
three cases of spinal muscular atrophy, childhood-onset schizo-
phrenia, and Netherton syndrome [Brzustowicz et al., 1994; Seal
et al., 2006; Lin et al., 2007].
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Here, we present the first known patient with a de novo
interstitial triplication of 5q33.3—q34 together with a segmental
uniparental isodisomy of 5q34—qter. Clinical features and the
mechanism of this complex chromosomal rearrangement are
discussed.

Blood was obtained from the patientand her parents after obtaining
their written informed consent. DNA was extracted from blood
leukocytes using QuickGene-610L (Fujifilm, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. This study was approved by
the institutional review board of Yokohama City University School
of Medicine (Yokohama, Japan).

(Affymetrix, Santa Clara, CA) according to the manufacturer’s

NA

o *Pn‘:mi‘né’ht,

Sa
“Garciaetal

protocol. Data were analyzed using Chromosome Analysis Suite
software v1.2.0.225 (Affymetrix).

Quantitative PLR [g

In order to confirm the copy number changes detected by the SNP
array, gPCR was performed on the Rotor-Gene Q real-time PCR
cycler (Qiagen, Hilden, Germany) using the Rotor-Gene SYBR
Green PCR Kit (Qiagen). The two primer sets for NIPAL4
(NG_016626.1) and GABRG2 (NG_009290.1) were used to amplify
the tetrasomic region. STXBPl (NG_016623.1) and FBNI
(NG_008805.2) genes were used as references. Primer sequences
are available on request. Each sample was performed in duplicate
and relative quantification analysis was performed using the relative
standard curve method.

Pdamel oty ss Ananlneis
ER L1 e Eo gt e Rl

To determine the parental origin of the tetrasomic region of
chromosome 5 in the patient, haplotyping was performed using
a total of 11 microsatellite markers (D558424, D552115, D55410,
D58412, D55529, D552118, D55422, D55400, D551960, D552034,
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and D55408). Electrophoresis of the amplicons was performed on
an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems,
Foster City, CA) and analyzed using Gene Mapper software
v4.1.1 (Applied Biosystems).

Direct Sequencing of the Tetrasomic Region and
the FOXI1 Gene

To determine the haplotype of the tetrasomic region of the
patient and to perform mutation screening of the FOXII gene
(NM_012188.4), FOXI!I coding regions were sequenced with an
ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems) and
analyzed using Sequencher software version 4.10.1 (Gene Codes
Corporation, Ann Arbor, MI).

Fluorescence In Situ Hybridization [FISH]

Metaphase and interphase chromosomes of the patient and her
parents were prepared from lymphoblast cell lines as previously
described [Miyake et al., 2004]. Three RPCI-11 human bacterial
artificial chromosome (BAC) clones were used to cover the proxi-
mal, central, and distal parts of the triplicated region: RP11-242N24
(5933.3:156,194,944-156,365,297 bp according to the UCSC
genome browser hgl9), RP11-112919 (5g33.3:159,445,733~
159,594,790 bp), and RP11-125D15  (5q34:162,601,070~
162,791,863 bp), respectively.

CLINICAL REPORT

The patient is the first child of a nonconsanguineous healthy
mother (GOPO, 25 years of age) and father (28 years of age).
When the patient was a fetus at 18 weeks of gestation, the mother
was operated on to remove an ovarian cyst. Intrauterine growth
retardation was observed at 20 weeks of gestation, so the baby was
born by Caesarean at 28 weeks and 5 days of gestation. Her birth
weight was 607 g, and Apgar scores were 1 and 7 at 1 and 5 min,
respectively. Her facial features were characterized by a prominent
forehead, high hairline, hypertelorism, downslanting palpebral
fissures, broad nasal bridge, anteverted nares, long philtrum,
thin upper lip vermilion, micrognathia, and low-set ears. Extremi-
ties were normal.

In the neonatal intensive care unit, the patient was diagnosed
with acute respiratory distress syndrome, which recovered after
tracheal intubation and mechanical ventilation with surfactant
administration. She was also treated with indomethacin for patent
ductus arteriosus (PDA), which caused the ductus arteriosus to
close the next day. After discharge at 141 days of age, developmental
delay was observed. Her social smile, holding up of her head, and
rolling over were recognized at 3, 8, and 9 months of corrected age,
respectively, while crawling and sitting were observed at 10 and
13 months of corrected age, respectively. At 13 months of corrected
age, her height was 64.7 cm (—3SD), her weight was 5,845 g
(—3.2SD), and her head circumference was 41.7 cm (—2SD).
She also suffered from bicuspid aortic valve stenosis and severe
bilateral sensorineural hearing loss necessitating the use of hearing
aids. Brain magnetic resonance imaging (MRI) findings at 129 days
(1 month of corrected age) were normal. Her karyotype by Giemsa

banding with trypsin (400-550 band level) in the clinical laboratory
was reported as 46,XX,del(5)(q33.1g33.3),dup(5)(q31.3q33.3) or
(g33.1@35.1).

RESULTS

The SNP array detected 6.5-Mb tetrasomy at 5g33.3—q34
(chr5:156,244,462-162,761,495 according to the UCSC genome
browser hgl9) and 18-Mb uniparental isodisomy (two copy allele
with loss of heterozygosity (LOH)) at 5q34—qter (chr5:
162,761,596-180,692,321 bp) in the patient (Fig. 1A,B). The tetra-
somic and UPD regions contain 39 and 159 RefSeq genes, respec-
tively. In the tetrasomic region, three allele peaks with unusually
wide spaces suggested the duplication of two haplotypes (four
copies). The tetrasomic change was confirmed as de novo by
gPCR (Fig. 1C).

The presence of two informative microsatellite markers D55412
and D552118 within the tetrasomic region were indicative of
biparental inheritance, whereas the other two informative micro-
satellite markers D55400 and D552034 within the UPD region
originated from unipaternal allele inheritance (Fig. 1D). Further-
more, direct sequencing of the four selected SNPs (rs4704896,
rs1422858, rs13175902, and rs9313953) in the tetrasomic region
of the patient revealed that heterozygous SNPs attained the same
peak height (Fig. S1 in Supporting information online). This result
supports the concept that the tetrasomic region consists of only two
types of alleles, each of which derives either from the father or the
mother.

To further investigate the tetrasomic region, metaphase, and
interphase FISH were performed using RP11-112919. Three signals
on one of the chromosomes 5 and one signal on the other were
consistently observed in interphase nuclei (Fig. 1E). This suggested
the presence of triplication in one chromosome rather than two
duplications in two distinctive chromosomes. To address the
orientation of each segment, dual color FISH was performed
with RP11-242N24 (proximal within the segment, labeled red)
and RP11-125D15 (distal, labeled green). FISH images showed a
red-green (direct orientation) pattern on one of the chromosomes 5
and ared-green-red-green pattern on the other chromosome 5 with
triplication (Fig. 1F). This result indicated an inverted orientation
of the middle segment between two direct orientated segments
(Fig. 1G). We also evaluated the possibility of mosaicism by the
metaphase FISH experiment. All the checked cells (n = 100)
possessed the structural abnormality, thus mosaicism was denied.

Within the UPD region were eleven genes associated with
autosomal recessive diseases based on the Online Mendelian In-
heritance in Man (OMIM, http://omim.org/ accessed 13 January
2013; Table SI in Supporting information online). Among these,
FOXI1(NM_012188.4) causes hearing loss with enlarged vestibular
aqueducts (DFNB4, OMIM 600791) [Yangetal., 2007], and may be
related to hearing loss in the patient described here. However,
Sanger sequencing of the FOXII gene revealed no pathological
mutations in the patient, indicating that hearing loss in this case
may be caused by other factor(s). In addition, the Catalogue of
Imprinted Genes (http://www.otago.ac.nz/IGC accessed 13
January 2013) indicated that no imprinting gene is known in
this UPD region. Furthermore, two previously reported patients



FUJITA ET AL. 1907

D

# Patient
= Father
# Mother

N
[}
T

o -
[4 1 I NG I

D5S424 214
) D5S2115 165
Gontrol  pessro 133
DsS412 179
DsS529 187
D5S2118 254
D5S422 131

; NIPALY  GABRGZ DsS400 223
Chromosome 5 DS1060 267

B Tetrasomy UPD  D5S2034 207

Log2Ratio (6.5Mb] [17.9V5] pss4os 258
: D5S424

D5S2115
D58410
D58412
D58529
D5S2118
D58422
D5S400
D551960
D582034
D55408

Relative Ratio

Paternal

Maternal




1908

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

with paternal UPD including 5q34—q35.3 did not have hearing loss
[Brzustowicz et al., 1994; Seal et al., 2006], suggesting that hearing
loss is unlikely to be caused by UPD.

DISCUSSION

To our knowledge, only six patients with pure partial duplication
overlap with 5q33.3—q34 have been reported (Table I) [Martin
etal.,, 1985; Fryns et al., 1987; Witters et al., 1998; Rauen et al., 2001;
Sanchez-Garcia et al., 2001; Martin et al., 2003]. Common clinical
features of these as well as the present case include growth retarda-
tion, prominent forehead, hypertelorism, broad nasal bridge, long
philtrum, thin upper lip vermilion, downturned mouth, micro-
gnathia, low-set ears, and congenital heart defects. Interestingly, the
three patients with 5q33.3—q34 trisomy (Cases 3, 5, and 6) and the
present case all have congenital heart defects and a broad nasal
bridge. Most of the clinical features observed in the present case
might be explained by pure partial 5q duplication, with the excep-
tion of hearing loss and other facial features such as downslanting
palpebral fissures.

Using a series of molecular cytogenetic analyses, we have been
able to demonstrate that the patient in the present study has denovo
segmental tetrasomy consisting of an equal dosage of biparental
origin with a middle inverted fragment, and terminal UPD of
paternal origin. To explain this complex chromosomal rearrange-
ment, two possible mechanisms are considered under the assump-
tion of minimal occurrence of chromosomal breakage (Figs. S2
and 3 in Supporting information online) [Wangetal., 1999; Vialard
et al., 2003].

Segmental isodisomy is caused by somatic recombination (mi-
tosis) between paternal and maternal homologous chromosomes at
the post-fertilization stage [Yamazawa et al., 2010]. In the one-step
model, two U-type exchanges occur between three chromatids at
mitosis just after fertilization. One U-type exchange takes place
between the maternal sister chromatids “c” and “d” at the distal
breakpoint region, and the other exchange takes place between
homologous chromatids “b” and “c” at the proximal breakpoint
region (Fig. S2 in Supporting information online). In the two-step
model, inverted duplication may result from a U-type exchange
between sister chromatids during maternal meiosis at the gameto-
genesis stage. End repair of broken fragments would then occur.
After fertilization, triplication with an inverted middle repeat arises
from recombination between a maternal chromosome with
inverted duplication and a paternal chromosome (Fig. S3 in
Supporting information online). As no cells containing different
chromosome pairs existed in the proband in a form of mosaicism,
they appear to have been lost (lethal); this is possible following both
models (Figs. 2 and 3 in Supporting information online). The
middle segment in triplication of the patient was inverted as
reported previously following a U-type exchange [Wang
et al., 1999; Vialard et al., 2003].

Karyotyping revealed the chromosomal aberration of the
patient to be 46,XX,del(5)(g33.1933.3),dup(5)(q31.3g33.3) or
(933.1¢35.1). However, a combination of SNP array, FISH and
haplotype analyses clearly revealed triplication together with
paternal isodisomy. The final karyotype was interpreted as 46,XX,
trp(pter—q34::q34—q33.3::q33.3—qter),arr5q33.3q34(156,244,462—

162,761,495)x4,5q34qter(162,761,596-180,592,321)x2 hmz. The pa-
ternal UPD was first noticed as the LOH detected by the SNP array.
Thus, following only a single experiment, the SNP array can be used for
genotyping as well as the detection of copy number alterations. SNP
arrays are therefore more advantageous than comparative genomic
hybridization (CGH) when screening for UPD, especially isodisomy.

In conclusion, we demonstrate for the first time the de novo
segmental tetrasomy of 5q33.3—q34 consisting of biparental dupli-
cation with middle inverted triplication and paternal isodisomy at
5@34—qter. We recommend that UPD be considered in future cases
of tetrasomy.
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FIG. S1. Electropherogram for four heterozygous single nucleotide
polymorphisms (SNPs) in tetrasomic region of the patient and her
parents. Each heterozygous peak is of a similar height.

FIG. S2. Schematic representation of the “one-step” mechanism for
de novo middle inverted triplication of biparental origin, together
with paternal isodisomy. Arrowheads indicate the orientations of
tetrasomic regions and dotted lines indicate breakpoint of the U-
type exchange. The acentric chromosome (*) would be lost at the
next cell division.

FIG. 3. Schematic representation of the “two-step” mechanism for
de novo middle inverted triplication of biparental origin, together
with paternal isodisomy. This model requires three chromosome
breakages and two end-repairs. As mosaic cells with an absence of
the 5q terminal region were not detected in the patient, they might
be eliminated because of disadvantageous cell survival.

TABLE SI. Autosomal Recessive Diseases and Causative Genes at
5q34—qter



