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TABLE 1. SEQUENCE VARIANTS IN THE TWO FAMILIES FOUND BY WHOLE-EXOME SEQUENCING

Family A Family B
NextGENe MAQ NextGENe MAQ
Total variant calls 118,801 170,093 130,791 175,155
Unknown SNP variants (c}bSNP132, 1000 28,620 22,038 34,627 21,687
Genomes project)
SNVs commonly found by two methods 3,269 2,347
NS+SP (indels)® 671 (100) 454 (135)
Present among 45 candidate genes 1 1
Confirmed segregation (heterozygous) 1 1

*Small indels were detected only by NextGENe. SNP, single nucleotide polymorphism; SNV, single nucleotide variant; NS, non-synony-
mous variants; SP, canonical splice site variants; indels, small insertions or deletions.

DISCUSSION

In this study, a pathogenic mutation in CRYAA or CRYGC,
which encode a crystallin family protein, was identified in
each of two Korean families with congenital cataract. Crys-
tallin constitutes the major protein of the vertebrate eye lens
and is classified into three main types: a-, B-, and y-crystallin.
CRYAA, encoding aA-crystallin, maps to chromosome
21@22.3, and mutations have been reported in autosomal
dominant congenital cataract [13]. The aA-crystallin protein
consists of an N-terminal region, a conserved a-crystallin
domain, and a short C-terminal region. The a-crystallin
domain may be involved in aggregating and disaggregating
larger protein complexes, whereas the N-terminal and the
C-terminal regions are suggested to play a role in oligomer-
ization [7,14,15]. The missense mutation found in family A
occurred at an evolutionarily conserved amino acid in the
N-terminal region, suggesting that the mutation may impair
oligomerization. CRYGC, encoding yC-crystallin, plays
a crucial role in lens development and the maintenance of
lens transparency [16]. The yC-crystallin proteins are tightly
folded into two domains, with each domain composed of
two exceptionally stable protein structures called Greek-key
motifs [17-19]. The relatively loose or partially unfolded struc-
ture of mutant yC-crystallin may be susceptible to aggregation
and insolubilization, which leads to cataract formation [20].
Ren et al. reported a 5-bp duplication (¢.119_123dupGCGGC)
within exon 2 of the CRYGC gene in patients with autosomal
dominant congenital cataract [16]. The c.124delT mutation
in family B and the ¢.119_123dupGCGGC mutation cause
truncation within the first domain, and are likely to lead to
similar effects.

‘We pooled DNA from one unaffected case (MC13b) and
one affected case (MC13) in family B because of the error
in information transfer (the affected person was switched
from MC13a to MC13b), theoretically resulting in one mutant

allele among four existing alleles. However, we still detected
a pathological variant (c.124delT), which was present at an
allele frequency of 36.47% in our sequence reads. This is
consistent with recent reports that WES can detect mosaic
pathogenic mutations present at allele frequencies as low as
3.6% to 8% [21-24]. WES has been proven to be useful in
clinical diagnosis and personalized disease-risk profiling
[10]. Several groups applied WES to successfully identify de
novo pathogenic mutations in sporadic patients, supporting
its utility [23-27]. WES is particularly useful for small pedi-
grees, in which linkage mapping is difficult, for cases with
previously unrecognized or atypical phenotypes, and for
disorders with high genetic heterogeneity [28,29]. Because
congenital cataract shows wide phenotypic variability and
genetic heterogeneity, WES is appropriate to reach a correct
genetic diagnosis. In fact, we performed WES in three fami-
lies showing congenital cataract and identified pathogenic
mutations in two as described here, supporting that WES is
quite powerful for dissecting the genetic basis of congenital
cataract. Because the cost of WES is now falling, it is likely
to be provided as a clinical service in the very near future and
will provide useful information for genetic counseling and
family planning in congenital cataract. In conclusion, WES
successfully identified pathogenic mutations in two Korean
families with congenital cataract, clearly demonstrating
the efficiency and diagnostic utility of this technique in
congenital cataract.

APPENDIX 1.

‘Whole-exome sequencing performance. To access the data,
click or select the words “Appendix 1.”

APPENDIX 2.

Candidate genes for congenital cataract. To access the data,
click or select the words “Appendix 2.”
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De novo mutations in the autophagy gene WDR45
cause static encephalopathy of childhood with
neurodegeneration in adulthood

Hirotomo Saitsul>10, Taki Nishimura®310, Kazuhiro Muramatsu®!9, Hirofumi Kodera!, Satoko Kumada?,
Kenji Sugai, Emi Kasai-Yoshida®, Noriko Sawaura?, Hiroya Nishida’, Ai Hoshino’, Fukiko Ryujin®,
Seiichiro Yoshioka?, Kiyomi Nishiyama!, Yukiko Kondo!, Yoshinori Tsurusaki!, Mitsuko Nakashimal,
Noriko Miyake!, Hirokazu Arakawa?, Mitsuhiro Kato?, Noboru Mizushima?3 & Naomichi Matsumoto!

Static encephalopathy of childhood with neurodegeneration
in adulthood (SENDA) is a recently established subtype of
neurodegeneration with brain iron accumulation (NBIA)1-3,
By exome sequencing, we found de novo heterozygous
mutations in WDR45 at Xp11.23 in two individuals with
SENDA, and three additional WDR45 mutations were
identified in three other subjects by Sanger sequencing. Using
lymphoblastoid cell lines (LCLs) derived from the subjects,
aberrant splicing was confirmed in two, and protein expression
was observed to be severely impaired in all five. WDR45
encodes WD-repeat domain 45 (WDR45). WDR45 (also
known as WIPI4) is one of the four mammalian homologs

of yeast Atg18, which has an important role in autophagy*5.
Lower autophagic activity and accumulation of aberrant
early autophagic structures were demonstrated in the LCLs

of the affected subjects. These findings provide direct
evidence that an autophagy defect is indeed associated with
a neurodegenerative disorder in humans.

NBIA is a heterogeneous group of neurodegenerative diseases that
are characterized by a prominent extrapyramidal movement dis-
order, intellectual deterioration and deposition of iron in the basal
ganglial-3. Mutations in several genes involved in diverse cellular
processes cause NBIAS, SENDA is a recently established subtype of
NBIA. SENDA begins with early childhood psychomotor retardation,
which remains static until adulthood. Then, during their twenties to
early thirties, affected individuals develop sudden-onset progressive
dystonia-parkinsonism and dementia. In addition to iron deposition
in the globus pallidus and substantia nigra, individuals with SENDA
have a distinct pattern on brain magnetic resonance images (MRI)

of T1-weighted signal hyperintensity of the substantia nigra, with
a central band of hypointensity!-»67. SENDA is always sporadic®7,
suggesting the involvement of de novo mutations or autosomal reces-
sive traits. To identify de novo or recessive mutations, family-based
exome sequencing was performed including the affected individual,
an unaffected sibling and the unaffected parents.

A total of 180 and 187 rare protein-altering and splice-site varjants
were identified per affected subject, which were absent in dbSNP135
data and in 88 in-house control exomes (Supplementary Table 1).
All genes in each subject were surveyed for de novo mutations and
compound heterozygous or homozygous mutations that were consist-
ent with an autosomal recessive trait in each family (Supplementary
Table 2). Two de novo and one autosomal recessive candidate muta-
tions were found in subject 1, and a de novo candidate mutation was
found in subject 2. Only mutations in WDR45 at Xp11.23, encod-
ing WDR45 (referred to here as WIPI4), were common in the two
subjects. A canonical splice-site mutation (c.439+1G>T) was found
in subject 1, and a synonymous mutation located at the last base
of exon 8 (c.516G>C) was found in subject 2, both of which occurred
de novo (Fig. 1a). Sanger sequencing of WDR45 in three other affected
subjects identified one nonsense and two frameshift mutations
(Pig. 1a). The ¢.1033_1034dupAA mutation in subject 5 occurred
de novo. Parental samples for the other two subjects were unavailable.
None of the five mutations were found in 6,500 National Heart, Lung,
and Blood Institute (NHLBI) exomes or among our 212 in-house
control exomes. All subjects with a WDR45 mutation are female.

To examine the effects of the mutations on WDR45 transcription,
RT-PCR and sequencing were performed on total RNA extracted from
the LCLs of subjects. The ¢.439+1G>T mutation in subject 1 and the
¢.516G>C mutation in subject 2 caused 24-bp in-frame and 22-bp
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Figure 1 Heterozygous WDR45 mutations in individuals with SENDA.
(a) Schematic of WDR45, which comprises 12 exons (rectangles).

The UTRs and coding region are shown in white and black, respectively.
Three mutations were confirmed as de novo; the others were unable
to be confirmed because parental samples were unavailable. Blue

and green arrows indicate the locations of the two sets of primers
used in mRNA analysis. (b) RT-PCR analysis using the blue primer

set (left) and green primer set (right) from a. Whereas control cDNA
samples showed a single product corresponding to the wild-type

allele (WT), an apparently longer product was observed in

subjects 1, 2 and 5, indicating that only the transcripts from the
mutant allele were expressed. In subject 3, both wild-type and mutant
alleles were expressed. Template without reverse transcriptase

was used as a negative control, RT(~). (¢) Schematic of the mutant
transcript resulting from the ¢.439+1G>T mutation (red) in subject 1.
A 24-bp insertion caused by the use of a cryptic splice donor site
within intron 7 was observed, resulting in a p.Glyl47Val substitution
followed by an in-frame eight-amino-acid insertion (p.[Gly147Val;
Vall47_Leul48ins8]). (d) Schematic of the mutant transcript
resulting from the ¢.516G>C mutation (red) in subject 2. A 22-bp
insertion from the use of a cryptic splice donor site within intron 8 was
observed, leading to a frameshift (p.Asp174Valfs*29). (e) Schematic
of mutant WIPI4 proteins. B-propeller structures and additional

# = ®
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residues caused by mutations are colored in biue and red, respectively. The amino-acid residues of the mutant protein predicted from cDNA
sequences are shown in relation to seven— propeller structures13-15, An asterisk indicates the position of the FRRG motifs.

frameshift insertions, respectively (Fig. 1b-d and Supplementary
Fig. 1). The ¢.437dupA, c.637C>T and ¢.1033_1034dupAA muta-
tions were confirmed in the transcripts (Fig. 1b and Supplementary
Fig. 1). Theoretically, mutant WIPI4 would be severely truncated
in subjects 2, 3 and 4 and relatively conserved in subjects 1 and 5
(Fig. 1e). As human female cells are subject to X-chromosome inac-
tivation, subjects with a WDR45 mutation may have two cell popula-
tions: one expressing a wild-type allele and the other expressing a
mutant allele. Notably, whereas both wild-type and mutant alleles
were expressed in the LCLs of subject 3, the LCLs of the other four
affected subjects exclusively expressed mutant transcripts, suggest-
ing that the wild-type alleles underwent X inactivation in most cells
(Fig. 1b and Supplementary Fig. 1). In fact, X-inactivation analysis
with genomic DNA from peripheral leukocytes showed a skewed pat-
tern in subjects 2, 4 and 5 (analysis was non-informative in subject 1)
(Supplementary Table 3). However, it is unknown whether the wild-
type allele underwent X inactivation in brain tissues as in LCLs and
leukocytes from the subjects.

The clinical features of the individuals with SENDA possess-
ing WDR45 mutations are summarized in Table 1 (see also the
Supplementary Note). Subjects 1 and 3 have been described recently”S,
These individuals showed psychomotor developmental delay from
infancy and severe intellectual disability, while their motor func-
tion gradually developed. In adulthood, severe progressive dystonia-
parkinsonism and dementia developed. Four of the subjects became
bedridden within a few years of onset of cognitive decline. In all sub-
jects, blood concentrations of ceruloplasmin, copper, iron, ferritin and
lactate acid were normal. Brain MRI showed T1-weighted signal hyper-
intensity in the substantia nigra with a central T1-weighted hypointen-
sity band (Fig. 2a~e) and T2-weighted signal hypointensity, suggesting
iron deposition in the globus pallidus and substantia nigra (Fig. 2f-h),
which are characteristic of SENDA. In addition, significant cerebral
atrophy was found (Fig. 2i,j). Substantial differences in the severity of
clinical findings were not observed among the five subjects.

WIPI1, WIPI2, WIPI3 and WIPI4, mammalian Atgl8 homologs,
have an important role in the autophagy pathway*>. Autophagy
is the major intracellular degradation system by which cytoplas-
mic materials are enclosed by double-membrane structures called

autophagosomes and subsequently delivered to lysosomes for
degradation®. More than 30 autophagy-related (ATG) genes have
been identified in yeast!®11, many of which are conserved in higher
eukaryotes and are essential for the formation of the autophago-
some!®12. These factors include subunits of the class III phos-
phatidylinositol 3-kinase complex, and generation of the lipid
phosphatidylinositol 3-phosphate is essential for autophagosome
formation. Atgl8 in yeast and WIPI subunits in mammals associate
with membranes through a phosphoinositide-binding motif (FRRG)
within a seven-[ propeller structure!-15, Atg18 and WIPI proteins
also interact with Atg2 and its homologs in yeast and mammalian
cells, respectively!®17. Autophagic activity in relation to WIPI4
expression was examined using LCLs from the subjects. Immunoblot
analysis of WIPI4 showed lower expression in all five subjects
compared to unaffected individuals (Fig. 3a). Although mutant
‘WIPI4 protein sequence was relatively conserved in subjects 1and 5,
the expression of mutant WIPI4 in both subjects was severely
decreased, similar to that of subjects 2, 3 and 4, in whom mutant
WIPI4 was truncated. This suggests that all the mutant proteins are
structurally unstable and undergo degradation. To examine the effect
of the WDR45 mutations on autophagy, an autophagic flux assay was
performed using LCLs. When lysosomal degradation was blocked
by the lysosomal inhibitor chloroquine, the amount of LC3-II (the
membrane-bound form) was higher than in cells without the inhibi-
tor, as for control LCLs (Fig. 3b and Supplementary Fig. 2)18. The
differences in LC3-1I amounts between samples with and without
chloroquine represent the amount of LC3 on autophagic structures
delivered to lysosomes for degradation’8. In the LCLs from affected
subjects, accumulation of LC3-II was observed, even under normal
conditions, which was more apparent when autophagy was induced
by the mTORC1 inhibitor Torinl (Supplementary Fig. 2a-d). The
increase in the LC3-II amount by concomitant chloroquine treatment
was significant or tended to be suppressed in the LCLs from affected
subjects, suggesting that the autophagic flux was blocked, probably
incompletely, at an intermediate step of autophagosome formation
(Fig. 3b and Supplementary Fig. 2e).

Consistent with the immunoblot analysis, immunofluorescence
microscopy showed the accumulation of LC3-containing autophagic
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Table 1 Clinical features of subjects with SENDA with a WDR45 mutation

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Age 33 years 28 years 40 years 51 years 33 years
Sex Female Female Female Female Female
Mutation c.439+1G>T ¢.516G>C ¢.437dupA ¢.637C>T ¢.1033_1034dupAA
Protein alteration p.[Glyl47Val; p.Aspl74Valfs*29 p.Leul48Alafs*3 p.GIn213* p.Asn345Lysfs*67
Vall47_Leul48ins8]
Neurological symptoms
Current status Bedridden Wheelchair Bedridden Bedridden Bedridden
Initial symptom Psychomotor retardation Psychomotor retardation Psychomotor retardation Psychomotor retardation Psychomotor retardation
Initial walking 3 years 2 years 7 months 2 years 2 months 1 year 6 months 1 year 6 months
Speech ability No word One word No word Two-word sentences Few words
Cognitive dysfunction Nonprogressive Nonprogressive Nonprogressive Nonprogressive Nonprogressive
during childhood
Start of cognitive decline 26 years 25 years 30 years 24 years 23 years
Period until bedridden 4 years - 3 years 1 year 6 years
after decline
Dystonia + + + + +
Parkinsonism Rigidity, akinesia Rigidity, akinesia Rigidity Rigidity Rigidity, tremor, impair-
ment of postural reflex
Progressive dementia + + + + +
during adulthood
Psychiatric symptoms Aggressive behaviors Aggressive behaviors None None Anxiety
Epileptic seizure + + FS None +

Radiological features
MRI
Iron deposition

Central band of
T1 hypointensity
Cerebral atrophy

Eye of the tiger sign
White matter involvement
Cerebellar atrophy

CT findings

Globus pallidus,
substantia nigra
o

Moderate at 25 years,
remarkable at 32 and
33 years

Mild at 25, 32 and 33 years

High density in
globus pallidus

Neurophysiological examination

EEG

EMG
VEP
ABR

Bilateral frontal spike

NE
Normal

Low amplifude,
normal latency

Globus pallidus,
substantia nigra
+

Moderate at 25 and
27 years

Mild at 25 and 27 years

Mild high density in
substantia nigra

Bilateral frontal spike,
low voltage, slow wave

NE

NE

NE

Globus pallidus,
substantia nigra
+

Mild at 33 years,
remarkable at 39 years

Mild at 33 and 39 years
High density in
substantia nigra

Low voltage
Dystonic pattern

Prolonged P100 latency
No response at 100 dB

Globus pallidus,
substantia nigra
+

Mild at 27 years,
remarkable at 46 years

Mild at 27 and 46 years

High density in ventral
midbrain

Abnormal

Normal
NE
NE

Globus pallidus,
substantia nigra
+

Remarkable at 33 years

Mild at 33 years
High density in globus
pallidus

Abnormal

NE
Normal
NE

FS, febrile seizure; EEG, electroencephalogram; EMG, electromyogram; VEP, visual evoked potential; ABR, auditory brainstem response; NE, not examined.

structures in the LCLs from affected subjects, some of which were
abnormally enlarged compared with those observed in control LCLs
(Fig. 3c,d). Therefore, we examined whether these LC3-positive

structures in fact included premature or abnormal autophagic
structures. A recent study showed that knockdown of Widr45 in rat
kidney cells and mutation in epg-6 (encoding a WIPI4 homolog)

Figure 2 Brain MRIsat 3.0 Tand 1.5T.

(a—e) T1l-weighted imaging shows hyperintensity

of the substantia nigra with a central band of
T1-weighted hypointensity (arrowheads). Images
are shown for subject 1 at 33 years (a), subject 2
at 25 years (b), subject 3 at 39 years (c), subject 4
at 46 years (d) and subject 5 at 33 years (e).

(f-h) T2-weighted imaging shows marked
hypointensity of the globus pallidus (arrows),
suggesting iron deposition. Cerebral atrophy and mild
cerebellar atrophy are also seen. Images are shown for
subject 1 (f), subject 2 (g) and subject 3 (h). (i,j) The
fluid attenuated inversion recovery (FLAIR) image

of subject 1 (i) and the T1-weighted FLAIR coronal
image of subject 2 (j) also show cerebral atrophy.
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Figure 3 Defective autophagy in LCLs derived from subjects with SENDA. (

Merge

a) Immunoblot

analysis of the WIPI4 protein (apparent mobility at ~35 kDa) in LCLs (top). Truncated

forms were not detected (middle). HSP90 was used as a loading control (bottom). An d g

asterisk indicates nonspecific immunoreactive bands. (b) Cells were treated with 250 nM _5p * 806 «

Torinl in the presence or absence of 20 uM chloroquine for 2 h. Cell lysates were analyzed T4l —_— g o5t

by SDS-PAGE and immunoblotting using antibodies to LC3, WIPI4 and HSP9O0. The g, g o4 N

positions of LC3- (cytosolic) and LC3-11 (membrane bound) are indicated. (c-e) Cellswere 3 » b g'g 1

cultured in the presence of Torinl for 2 h. (c) Cytospun cells were fixed and analyzed by *;3 1 g o1

immunofluorescence microscopy using antibodies to LC3 and ATG9A. Abnormal colocalization  ~ ¢ ta 0

of LC3 with ATGOA was observed in the LCLs of affected subjects. Scale bars, 10 um and B S I g
1 pm in the inset. (d,e) The numbers of L.C3* (d) and LC3+ATG9A* (e) foci were quantified S PP S & ¢ Bt

from more than 20 images from 3 independent samples (Online Methods).

Data are Family 1 Family 2 Family 1 Family 2

presented as mean + s.e.m. *P < 0.05, ANOVA followed by Bonferroni-Dunn post-hoc test.

in Caenorhabditis elegans cause accumulation of early autophagic
structures®. One supposed function of WIPI4 (Epg-6) is to regulate
the distribution of ATG9A-marked vesicles®, which transiently local-
ize to the autophagosome formation site and induce autophagosome
formation!®20, ATG9A is absent from completed autophagosomes in
mammalian cells; therefore, colocalization of ATG9A and LC3 is rare.
However, enlarged structures positive for both ATG9A and LC3 accu-
mulated in LCLs from all five subjects (Fig. 3c,e), indicating improper
autophagosome formation.

The importance of the housekeeping activity of autophagy in
neurons, as well as the ubiquitin-proteasome system, has been dem-
onstrated in mice. Mice lacking autophagy in the central nervous
system developed progressive motor and behavioral deficits?1:22,
Histologically, inclusion bodies containing polyubiquitinated proteins
were observed in neurons, and their size and number increased with
age?1:22. Neuronal cell death was observed in subsets of neurons?%2,
implying that the impairment of autophagy contributes to the patho-
genesis of neurodegenerative disorders. Indeed, dysregulation of
autophagy has been suggested in various neurodegenerative disor-
ders in humans?3. In addition, mutations in PARK2 and PINKI, both
of which cause familial Parkinson’s disease?%?%, impair the selective
autophagic degradation of damaged mitochondria, called mitophagy
(PARK2, also called Parkin, is recruited to damaged mitochondria in
a PINK1-dependent manner)26-27, However, a direct link between the
core autophagy machinery and human neurodegenerative disorders
has not been reported. Here, we showed that mutations in WDR45,
a core autophagy gene, result in a neurodegenerative disorder. Notably,
the autophagy defects were partial, implying that some autophagic
activity could be maintained in the neurons of affected subjects. We
hypothesize that this might be a possible explanation of why child-
hood intellectual disability in individuals with SENDA remains static
until adulthood, unlike in other forms of NBIA!-3. In contrast to
heterozygous WDR45 mutations in females, hemizygous germline
mutations in males, leading to the expression of mutant WDR45 in all
cells, possibly cause lethal phenotypes from complete loss of WDR45
function, as mice defective in autophagy die shortly after birth?8-32,
‘While this paper was under review, Haack et al. reported WDR45
mutations in 20 subjects, including 3 males, 1 of whom possessed

a mutation that was somatic mosaic, supporting the idea that male
germline mutations could be lethal®3,

WDRA45 is widely expressed in human tissues, with the highest
expression found in skeletal muscle?. Nevertheless, SENDA pheno-
types seem to be limited to the brain. These facts may reflect cell
type—dependent differences: autophagy could be more important in
neurons (non-dividing, terminally differentiated cells) than in LCLs
(rapidly dividing cells). In addition, it is possible that the other WIPI
homologs (WIPI1, WIPI2 and WIPI3) could compensate for the defi-
ciency in WIPI4 in a cell type-dependent manner, and the relative
contribution of WIPI4 among WIPI factors may be high in neurons.

In conclusion, heterozygous mutations of X-linked WDR45, a
core autophagy gene, were identified in SENDA, providing direct
evidence that an autophagy defect is indeed associated with a neuro-
degenerative disorder in humans.

URLs. NHLBI Exome Sequencing Project, http://evs.gs.washington.
edu/EVS/; Picard, http://picard.sourceforge.net/; SAMtools, http://
samtools.sourceforge net/; dbSNP, http://www.nchi.nlnnih.gov/
projects/SNP/,

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Reference sequences are available from GenBank
for Homo sapiens WDR4S5 transcript variant 1 mRNA (MNM_007075.3
and WIPI4 isoform 1 (NP_009006.2),

Note: Supplementary information is available in the osline version of the paper.
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ONLINE METHODS

Subjects. We analyzed five Japanese individuals with SENDA. Diagnosis was
made on the basis of clinical features, including psychomotor retardation
at early childhood that was static for decades and severe progressive dystonia-
parkinsonism and dementia after several decades, as well as characteristic
findings on brain MRI scans. Genomic DNA was isolated from blood leu-
kocytes according to standard protocols. The Institutional Review Board of
Yokohama City University approved the experimental protocols. Informed
consent was obtained for all individuals included in this study in agree-
ment with the requirements of Japanese regulations. Clinical information
on the subjects with a WDR45 mutation is presented in Table 1 and in the
Supplementary Note.

Mutation screening. Mutation screening of exons 3-12 covering the WDR45
coding region (of transcript variant 1, GenBank accession NM_007075.3)
was performed by direct sequencing. PCR was performed in a 20-11 mixture
containing 1 pl of genomic DNA, 1x PCR Buffer for KOD FX NEO, 0.4 mM
of each ANTP, 0.3 uM of each primer and 0.4 U of KOD FX NEO polymer-
ase (Toyobo). Details on PCR conditions and primer sequences are given in
Supplementary Table 4.

Exome sequencing. Genomic DNA was captured using the SureSelect Human
All Exon v4 kit (51 Mb; Agilent Technologies) and sequenced with four sam-
ples per lane on an Illumina HiSeq2000 with 101-bp paired-end reads. Image
analysis and base calling were performed by sequence control software real-
time analysis and CASAVA software v1.8 (Illumina). Reads were aligned to
GRCh37 with Novoalign (Novocraft Technologies). Duplicate reads were
marked using Picard (see URLs) and excluded from downstream analysis.
After merging the BAM files of all members in each family using SAMtools,
local realignments around indels and base quality score recalibration were
performed with the Genome Analysis Toolkit (GATK)3. Single-nucleotide
variants and small indels were identified using the GATK UnifiedGenotyper
and filtered according to the Broad Institute’s best-practice guidelines (ver-
sion 3). Variants registered in dbSNP135, which were not flagged as clinically
associated, were excluded. Variants that passed the filters were annotated
using ANNOVAR3S,

RNA analysis. LCLs were established from five affected subjects and their
family members. RT-PCR using total RNA extracted from LCLs was performed
as previously described®. Briefly, 4 g of total RNA extracted with an RNeasy
Plus Mini kit (Qiagen) was subjected to reverse transcription, and 2 pl of
cDNA was used for PCR. Details on primer sequences and PCR conditions
are given in Supplementary Table 4. PCR products were electrophoresed in
a 10% polyacrylamide gel and sequenced.

X-inactivation analysis. The X-inactivation pattern was studied using the
human androgen receptor (HUMARA) assay and a fragile X mental retarda-
tion (FRAXA) locus methylation assay as previously described8-49, Briefly,
genomic DNA from the subjects, a control male and a control female was
digested with two methylation-sensitive enzymes, Hpall and Hhal. Details on
PCR conditions and primer sequences are given in Supplementary Table 4.
Fluorescently labeled products were analyzed on an ABI PRISM 3500 Genetic
Analyzer with GeneMapper Software version 4.0 (Applied Biosystems).
X-inactivation ratios of less than or equal to 80:20 were considered to represent
a random pattern, ratios greater than 80:20 were considered to represent a

skewed pattern, and ratios greater than 90:10 were considered to represent a
markedly skewed pattern3.

Cell culture. LCLs were cultured in RPMI 1640 supplemented with 10%
FBS, L-glutamine, tylosin and antibiotic-antimycotic solution in a 5% CO,
incubator.

Immunoblotting. An affinity-purified rabbit polyclonal antibody against
WIPI4 peptide antigen (CFPDNPRKLFEEDTRDNP, amino acids 129-145) was
generated by Medical & Biological Laboratories. The specificity of the antibody
was tested using lysate from HeLa cells in which WDR45 was knocked down.
For immunoblot analysis, cells were lysed with lysis buffer (50 mM Tris-HCl, pH
7.5,150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethanesul-
fonyl fluoride and a protease inhibitor cocktail (Complete EDTA-free protease
inhibitor, Roche)). Cell lysates were clarified by centrifugation at 12,000g for
20 min and analyzed by SDS-PAGE and immunoblotting using antibodies to
WIPH4, LC3 (ref. 41) and HSP90 (BD Transduction Laboratories, 610418),
Signal intensities were analyzed using a LAS-3000 mini imaging analyzer and
Multi Gauge software version 3.0 (Fujifilm). Contrast and brightness adjust-
ments were applied to the images using Photoshop 7.0.1 (Adobe Systems).

Fluorescence microscopy. LCLs were spun onto a glass slide at 500 RPM (28g)
for 1 min in a Shandon Cytospin 4 cytofuge (Thermo Electron). Cells were fixed
with 4% paraformaldehyde, permeabilized using 50 yg/ml digitonin and then
stained with antibodies to LC3 (clone 1703, Cosmo Bio) and Atg9A?®, Cells
were observed with a confocal laser microscope (FV1000D 1X81, Olympus)
using a 60x PlanApoN oil immersion lens (1.42 numerical aperture (N.A.),
Olympus). For final output, images were processed using Adobe Photoshop
7.0.1 software. The number of staining foci was determined as follows: foci
were extracted using the top hat operation (parameter of 300 x 300 pixel
area), and a binary image was created. Small foci (with an area of less than
10 x 10 pixels) were removed using an open operation. The number of foci
was counted using the integrated morphometry analysis program. False foci
were removed by comparison with the original image.

Statistical analysis, Differences were analyzed statistically using unpaired
t tests or analysis of variance (ANOVA) with a Bonferroni-Dunn post-
hoc test.

35, DePristo, M.A. et al. A framework for variation discovery and genotyping using
next-generation DNA sequencing data. Nat. Genet. 43, 491-498 (2011).
36. Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation of genetic
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A Novel SCARB2 Mutation
Causing Late-Onset
Progressive Myoclonus

Epilepsy

Progressive myoclonus epilepsy (PME) is a clinically heter-
ogeneous disorder characterized by myoclonus, epilepsy, and
progressive neurological deteriorations, typically with cere-
bellar signs and dementia. Recently, the scavenger receptor
class, member 2 gene (SCARB2) was found to be mutated in
PME with or without renal failure,>® in patients showing
preserved intellect, disease onset at approximately 20 years
of age, and death usually by 35.%*° Here, we encountered
two Japanese siblings (Fig. 1A) with late-onset PME without
renal failure having a novel homozygous SCARB2 mutation.

Patient 1 (III-9) developed normally. At age 43, myoclonic
jerks were noted in her upper limbs when writing. After a
few months, gait instability started, leading to falling with-

Supporting Information may be found in the online version of this article.
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out loss of consciousness. Action myoclonus and gait insta-
bility gradually worsened, and her speech was slurred. She
became wheelchair bound at age 51, and bedridden at 54.
Now, at 58, cognitive ability, ocular movements, and eye-
grounds were preserved (i.e., no cherry-red spots). General-
ized hyperhidrosis and dyspnea with marked myoclonus
occurred in the stressed condition and/or during anxiety.
Tonic clonic seizures also appeared. Biochemical examina-
tion indicated healthy renal function. Preserved alpha back-
ground activity with no epileptic discharge was found by
EEG. Somatosensory-evoked potentials were normal. Brain
MRI was normal with no apparent atrophy (Fig. 1B). Brain
perfusion single-photon emission computed tomography
(SPECT) showed decreased regional cerebral blood flow in
the bilateral dorsolateral frontal lobes (Fig. 1C), which
might be related to psychiatric symptoms.

The elder brother of patient 1 (patient 2, III-3) developed
normally. At age 52, gait instability was noted. At 57, voice
and upper-limb tremor triggered by movements was recog-
nized. At 62, he started using a wheelchair and dysphagia
occurred. At 63, a convulsive seizure occurred once. At the
same age, an acute ischemic stroke on his right corona radi-
ata developed. At 68, regardless of his bedridden state and
limb contracture with severe myoclonus triggered by move-
ments, his mental function was preserved. Biochemical ex-
amination indicated normal renal function.

To identify the causative mutation, whole exome sequenc-
ing was performed using genomic DNA from patient 1. As a
result, three homozygous contiguous mutations were
detected in exon 11 of SCARB2. Sanger sequencing con-
firmed a homozygous c.1385_1390delinsATGCATGCACC
(p-Gly462Aspfs*34) in patient 1, instead of three contiguous
mutations (Fig. 1D). The mutation was undetected in 200
Japanese control alleles as well as the public exome database
of the National Heart, Lung, and Blood Institute exome
sequencing project (5,378 exomes). The mutation cosegre-
gated with those affected (Fig. 1D). To examine whether the
frameshift mutation leads to nonsense-mediated messenger
RNA (mRNA) decay (NMD), reverse-transcriptase polymer-
ase chain reaction was performed. We confirmed that the
amount of mutant SCARB2 mRNA is comparable to that of
wild-type mRNA (Fig. 1E), indicating that mutant mRNA is
not subjected to NMD and the abnormal gene product may
be postulated. Loss-of-function mutations in SCARB2 are
known to cause PME with or without renal failure.”® Resid-
ual SCARB2 function can be related to the exceptionally
late-onset PME in these patients.

Legend to the Video

Clinical manifestations of late-onset PME in early and
late stages of the disease.

Segment 1: Postural myoclonus and dysdiadochokinesis of
patient 1 at 44 years of age.
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FIG. 1. (A) Familial pedigree of cases with PME without renal failure. Individuals with available blood samples are indicated by an asterisk (). The SCARB2 muta-
tion is indicated by —/— (homozygous mutation), or 4-/— (heterozygous mutation). (B) MRI findings in patient 1. An axial section of a T1-weighted image (eft)
and a coronal section of a fluid-attenuated inversion recovery image (right) are shown. No brain atrophy is observed. (C) [P*™Tc] ethyl cysteinate dimer SPECT in
patient 1. To evaluate regional cerebral blood flow, we adopted an easy Z-score imaging system (eZ1S).” With the eZIS, each SPECT image of the patients was
anatomically standardized and compared to the mean and standard deviation (SD) of SPECT images of 30 healthy volunteers 40 to 59 years of age, which had
previously been incorporated into the eZIS program as healthy controls. Voxel-by-voxe! Z-score analysis was performed after voxel normalization to global
mean values: Z-score = (control mean — individual valug)/(control SD).” (D) Electropherogram of the genomic SCARB2 sequence. The deleted sequence is indi-
cated by gray characters, and the inserted sequence is indicated by bold characters. Heterozygous carriers (lI-6 and 1iI-5) in the family have a single-nucleotide
polymorphism (rs117157204) on their normal allele (). (E) Electropherogram of SCARB2 complementary DNA (cDNA). cDNAs from lymphoblasts of a control
subject (Control), a heterozygous carrier (Il1-5), and patient 1 (lll-9). Primers used for amplification are indicated by arrows below the electropherogram.

Segment 2: Finger-nose test with action myoclonus of
patient 1 at 58 years of age.

Segment 3: Postural myoclonus, dysdiadochokinesis, and
action myoclonus of patient 2 at 54 years of age.

Segment 4: Dysdiatochokinesis and finger-nose test with
action myoclonus of patient 2 at 68 years of age.
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Abstract

Background: Mutations of POLR34 and POLR3B have been reported to cause several allelic hypomyelinating disorders,
including hypomyelination with hypogonadotropic hypogonadism and hypodontia (4H syndrome). Patients and methods: To clar-
ify the difference in MRI between the two genotypes, we reviewed MRI in three patients with POLR3B mutations, and three with
POLR3A4 mutations. Results: Though small cerebellar hemispheres and vermis are common MRI findings with both types of
mutations, MRI in patients with POLR3B mutations revealed smaller cerebellar structures, especially vermis, than those in
POLR3A4 mutations. MRI also showed milder hypomyelination in patients with POLR3B mutations than those with POLR3A4
mutations, which might explain milder clinical manifestations. Conclusions: MRI findings are distinct between patients with
POLR3A and 3B mutations, and can provide important clues for the diagnosis, as these patients sometimes have no clinical symp-
toms suggesting 4H syndrome.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The term hypomyelination describes a permanent,
substantial deficit of myelin deposition in the brain. It
is characterized by mild, usually diffuse, hyperintensity
of the cerebral white matter on T2-weighted image
(T2WI) [1]. Hypomyelinating disorders are numerous,
and the growing list of these disorders includes Peliza-
eus—Merzbacher disease, Pelizacus-Merzbacher-like dis-
ease, hypomyelination with atrophy of the basal ganglia
and cerebellum, and hypomyelination with congenital
cataracts. Recently, mutations of POLR3A4 and
POLR3B, which encode the largest and second largest
subunits of RNA polymerase III (Pol III), have been
reported to cause allelic Pol IIlI-related hypomyelinating
disorders [2-4], including hypomyelination with hypo-
gonadotropic hypogonadism and hypodontia (4H syn-
drome) [5], leukodystrophy with oligodontia [6],
tremor-ataxia with central hypomyelination [7], and dif-
fuse cerebral hypomyelination with cerebellar atrophy
and hypoplasia of the corpus callosum (HCAHC) [8].
MRI in patients with clinically diagnosed 4H syndrome
revealed cerebellar atrophy in addition to hypomyelina-
tion [1]. We noted that, in our patients, the degree of
hypomyelination and cerebellar abnormalities seemed
to differ between patients with POLR34 and 3B muta-
tions; the latter seemed to have milder hypomyelination
and more severe cerebellar abnormality than the former.
To substantiate this hypothesis and to define imaging
features, we evaluated and compared MRI studies of
patients with both mutations.

2. Patients and methods

Three Japanese patients with POLR3B and three
with POLR3A mutations (Table 1) from five hospitals
were enrolled in this study. Detailed genetic analysis
and a brief summary of the clinical and radiological fea-
tures of five of the six patients were reported previously
[3,9]. MRI data were partly collected through Integra-
tive Brain Imaging Support System at the Integrative
Brain Imaging Center, National Center of Neurology
and Psychiatry. MRI were performed with 1.5 tesla in
three patients, and 3.0tesla in others. T2WI were
obtained using fast spin echo sequences in all patients,
while TIWI were scanned with fast spin echo sequences
in 4 patients, fast spoiled gradient echo sequence in one
patient and fast inversion recovery sequence in another.
Two neuroradiologists (JT, HM) reviewed the results of
MRI in order to evaluate the state of myelination and
the structures of the cerebellum. Myelination was
assessed on T1IWI and T2WI to look for the degree
and extent of T1 and T2 shortening in the cerebral (at
the level of the centrum semiovale) and cerebellar white
matter, compared with TIWI and T2WI of adult con-
trols, who were evaluated at each hospital for mild neu-

rological symptoms, such as headache or vertigo;
scanned with the same sequences as the patients. The
cerebellum was assessed for size and degree of enlarge-
ment of the fissures in the hemispheres and vermis. It
was judged mildly abnormal when the cerebellar hemi-
spheres and vermis were normal in size with mildly thin
folia and mildly enlarged fissures, or they are small in
size with almost normal folia. A moderately abnormal
cerebellum was small with mildly thin folia and mildly
enlarged fissures. The cerebellum was severely abnormal
when it was small with extremely thin folia and very
enlarged fissures.

3. Results

Summaries of the MRI and clinical findings of the six
patients are provided in Fig. 1 and Table 1. Three
patients with POLR3B mutations could walk alone at
the age of 16-31, but the two patients with POLR3A4
mutations were wheelchair dependent at ages 7 and
14 years, and another with POLR3A mutation needed
wheelchair when he walked for a long distance. MRI
of the patients with POLR3B mutations revealed small
cerebellum (hemispheres and vermis) with thin folia
and enlarged fissures (judged as moderately abnormal
in the hemispheres, and severely abnormal in the ver-
mis). The pattern of decreased cortical thickness and
diminished underlying white matter suggested cerebellar
atrophy. MRI in the patients with POLR3 A mutations
revealed significantly less severe changes in the cerebel-
lar hemispheres and vermis (judged as mildly to moder-
ately abnormal). The appearance of the vermis, in
particular, was distinct between patients with POLR3B
and POLR3 A mutations (Fig. l|A-D). Regarding myeli-
nation, MRI in patients with POLR34 mutations
showed high signal intensity on T2WI, and iso to low
signal intensity on T1WI, suggesting hypomyelination,
in the centrum semiovale (3/3, and 3/3, respectively)
and cerebellar white matter (2/3, and 2/3, respectively)
(Fig. 1F). In patients with POLR3B mutations, T2WI
showed high signal intensity of hypomyelination in the
centrum semiovale, but normal low signal intensity of
myelination in the cerebellar white matter (Fig. 1E).
T1WI showed slightly high but lower than normal signal
in the centrum semiovale and the cerebellar white mat-
ter. Thus, TIWI and T2WI suggest that patients with
POLR3B mutations had milder hypomyelination than
those with POLR3 A mutations.

4. Discussion

Results of this small series suggest that patients with
POLR3B mutations have more severe cerebellar abnor-
malities, but milder hypomyelination, than those with
POLR3A mutations. The cerebellar hemispheres and
vermis were very small, with a pattern suggesting
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Table 1
MR imaging findings and clinical features in patients with POLR3B/34.
Pt Diagnosis Age/sex MRI T2WI
TR/TE CS PLIC TH  OR Cereb DN
WM
1 POLR3B 28/M 1.5T FSE, 4000/90 H + - + L —
2 POLR3B 31/F 1.5T FSE, 4000/90 H- + + + L —
1
3 POLR3B 16/F 3T FSE, 4500/80 H- + + + L +
I
4 POLR34 15/M 3T FSE, 5000/80 H - + + H +
5 POLR3A4 17/F L.5T FSE, 5286/130 H - + - H +
6 POLR34 44/M 3T FSE, 4400/81 H + + + L +
Tiw1 Atrophy of cerebellar Atrophy of cerebellar Sy Motor level Ref
TR/TE s Cereb hemispheres vermis
WM ,

FSE, 650/10 H H Moderate Severe G Able to walk 3 (In-

1)
FSE, 650/10 H H Moderate Severe G Able to walk 3 (In-

2)
FSE, 855/10 H-i H Moderate Severe Able to walk 3 (In-

3)
FIR, 2000/10/ IL I Mild ‘Wheelchair at 3 (In-
858 14Y 4)
FSE, 562/13 1 I Moderate Moderate O Wheelchair at 7Y
3D FSPGR, 5.3/ 1 H Mild G Partly 9
1.7 wheelchaired

Pt, patient; M, male; F, female; T, tesla; T2WI, T2-weigthed image; TR, repetition time; TE, echo time; FSE, fast spin echo; CS, centrum semiovale;
PLIC, posterior limb of internal capsule; TH, anterolateral thalamus; OR, optic radiation; Cereb WM, cerebellar white matter; DN, dentate nucleus;
TIWI, T1-weighted image; FIR, fast inversion recovery; FSPGR, fast spoiled gradient echo; H, high signal; I, iso signal; L, low signal; -+, presence of
T2 low signal; —, absence of T2 low signal; Sy, clinical symptoms; G, hypogonadism; O, hypodontia; Ref, reference; In, individual.

cerebellar atrophy, in all six patients with the POLR34
and 3B mutations. As we have no documentation of a
normal cerebellum on earlier imaging studies in any of
the patients to document that a normal sized cerebellum
was ever present, we have chosen to use the term “small”
to describe the affected structures. Cerebellar atrophy
was found in more than 36 of 40 patients with clinically
diagnosed 4H syndrome, often before the age of 10; sim-
ilar cerebellar findings are uncommon in other hyp-
omyelinating disorders [1]. The present study suggests,
in addition, that cerebellar structural abnormality is
more severe in patients with POLR3B mutations than
in those with POLR3A mutations. The difference
between the two types of mutations was most obvious
in the vermis, which was very small in patients with
POLR3B mutations. MRI in three patients with
POLR3B mutations reported elsewhere also revealed
severely small cerebellar vermis [4], while that in one
patient with POLR3 4 mutation showed almost normal
vermis and mildly small cerebellar hemispheres [2]; these
reports support our observations.

As to myelination, previous studies, showing that
T2WI images in three patients with POLR3B mutations
showed low signal intensity in the cerebellar white mat-
ter [4] and that in one patient with POLR3A mutation
showed high signal intensity [2], support our observa-
tions that POLR3B mutations have milder

hypomyelination. MRI study in clinically diagnosed
4H syndrome showed mild T2 hyperintensity both in
the cerebral and cerebellar white matter with a relatively
low T2 signal of the optic nerve, the anterolateral part of
the thalamus, the posterior limb of the internal capsule,
and the dentate nucleus [1], which are compatible with
those in patients with POLR34 mutation in this study.
This may be explained by the fact that POLR3 4 muta-
tion is more common than POLR3 B mutation as a cause
of clinically diagnosed 4H syndrome (19 patients vs. 3
patients) [2,4].

The imaging results of this small study suggest that
the MRI pattern of hypomyelination and cerebellar
abnormality may be distinct between in patients with
POLR3A4 and 3B mutations. They also suggest that
MRI can provide important clues for diagnosing Pol
III-related hypomyelinating disorders, especially of
POLR3B mutations, because patients with POLR3A
and 3B mutations do not always have hypogonadism
or hypodontia [2,3], which are characteristic of 4H syn-
drome [5], at the time of presentation, as illustrated by
our patients 3 and 4.

Pol III is responsible for the transcription of small
noncoding RNAs, such as 5S rRNA, U6 small nuclear
RNA, 7SL RNA, RNase P, RNase MRP, microRNA,
and all tRNA that might modulate the development of
nervous system [10,11]. Dysfunction of Pol IIT could,
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therefore, impair the function of certain RNAs that are
essential for development and maintenance of myelina-
tion, resulting in hypomyelination. Impaired function
of tRNAs has also been suggested as pathomechanism
in other disorders with white matter involvement (muta-
tions of DARS2 encoding mitochondrial aspartyl-tRNA
synthetase leading to leukoencephalopathy with brain
stem and spinal cord involvement and lactate elevation
[LBSL]) [12], and cerebellar hypoplasia (mutations of
RARS?2 encoding mitochondrial arginyl-tRNA synthe-
tase leading to pontocerebellar hypoplasia type 6) [13].
As POLR3B together with POLR3A form the catalytic
center of Pol III [14], it is reasonable to postulate that
mutations of POLR3A and POLR3B cause overlapping
Pol Ill-related hypomyelinating syndromes, including
the 4H syndrome. Though the cerebellar abnormalities
appeared more severe on MRI in patients with POLR3B
mutations in this study, the patients with POLR3 B muta-
tions did not have more severe clinical examinations,
including cerebellar signs, than ones with POLR3A
mutations. Patients with both POLR34 and POLR3B

F

Fig. 1. Sagittal TIWI of patients 1 and 3 (A and B) with POLR3B mutations showed very thin vermian folia and enlarged fissures compared with
those of patients 4 and 5 (C and D) with POLR3 4 mutations. The appearance suggests atrophy. (C was reused from reference 3 with permission of
Elsevier.) Coronal T2WI of patient 1 with a POLR3B mutation (E) revealed high signal intensity suggesting hypomyelination in the cerebral white
matter and low signal intensity suggesting presence of myelin in the cerebellar white matter. The cerebellar hemispheres appeared moderately small.
In contrast, T2WI of patient 4 with a POLR34 mutation (F) revealed high signal intensity suggesting hypomyelination in both cerebral and
cerebellar white matter, with mildly small cerebellar hemispheres.

mutations presented with intellectual disability and cere-
bellar signs, and some had additional clinical symptoms
of hypodontia or hypogonadism, as described in the liter-
ature [2-4]. All three patients with POLR3 B mutationsin
this study could walk without support at the age of 16—
31 years, although the two with POLR3 A mutations were
not independent walkers at 7 and 14 years. The clinical
severity in patients with POLR3A mutations is highly
variable even in the same family; however, mean age of
loss of ambulation is 16.1 years [2]. These suggest, there-
fore, that patients with POLR3B mutations could be
more mildly affected and slowly progressive than those
with POLR3A mutations; this could potentially be
related to the milder hypomyelination found by MRI
Possible explanation for these might be that POLR34
is more important than POLR3 B for the Pol III function,
including myelination. Speculation aside, further
research regarding the specific metabolic pathways in
which these proteins function and how these affect myeli-
nation and homeostasis of the cerebellar cortex in labora-
tory models will be necessary to better understand these
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processes. In addition, it will be necessary to examine the
clinical and radiological features in a greater number of
patients, and to correlate these with specific POLR3A
and POLR3B mutations to determine whether our obser-
vations are verified in larger populations and to elucidate
the reasons for the apparent disconnection between
- imaging and clinical observations.

In conclusion, MRI findings in patients with POLR3 4
and 3B mutations appear to be characteristic and dis-
tinct, which could be useful in the work-up of affected
patients. For now, patients with hypomyelination and
early onset of progressive cerebellar ataxia with the
appearance of cerebellar atrophy in childhood should
best be considered a subgroup of the 4H syndrome, even
if neither hypodontia nor hypogonatotropic hypogonad-
ism is not apparent at the time of initial examination.
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Abstract

Proximal 4p deletion syndrome is characterized clinically by mental retardation, minor dysmorphic facial features, and is occa-
sionally complicated with epilepsy. More than 20 cases of proximal 4p deletion syndrome have been reported, but the causative
gene(s) remain elusive. We describe here a 2-year-old female patient with a common manifestation of proximal 4p deletion syndrome
and infantile epileptic encephalopathy possessing a de novo balanced translocation t(4;13)(p15.2;q12.13). The patient was diagnosed
as infantile spasms at 9 months of age. She presented with dysmorphic facial features and global developmental delay, compatible
with proximal 4p deletion syndrome. Using fluorescence in situ hybridization, we determined the translocation breakpoint at 4p15.2
to be withinRBPJ. RBPJ is a transcription factor in the Notch/RBPJ signaling pathway, playing a crucial role in the developing
human brain, and particularly telencephalon development. Our findings, combined with those of previous studies, strongly suggest

that RBPJ is causative for proximal 4p deletion syndrome and epilepsy in this case.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Deletions involving the proximal portion of human
chromosome 4pl5 result in a clinically distinct syn-
drome characterized by variable degrees of intellectual
disability, unusual faces, and minor dysmorphic features
[1-3]. More than 20 cases of proximal 4p deletion have
been reported. The critical region for proximal 4p

* Corresponding author. Address: Department of Pediatrics, Toho-
ku University School of Medicine, 1-1 Seiryomachi, Aoba-ku, Sendai
980-8574, Japan. Tel.: +81 22 717 7287; fax: +81 22 717 7290.

E-mail address: tojo-nakayama@umin.ac.jp (T. Nakayama).

deletion syndrome has been localized to 4p15.2-15.33,
but the causative gene remains elusive.

Infantile spasms (IS), also known as West syndrome,
is the most frequent type of epileptogenic encephalopa-
thy. Various types of epileptic spasms, hypsarrhythmia
on electroencephalography (EEG), and psychomotor
deterioration constitute the basis for a diagnosis of IS.
IS is not a nosological entity but rather constitutes a het-
erogeneous group of conditions that share this clinical
triad. Several genetic abnormalities have been identified
among the diverse possible causes of IS. Although the
number of mutations identified is small, it gives rise to
the intriguing possibility that genetic abnormalities
underlie a proportion of IS etiology.

0387-7604/$ - see front matter © 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.braindev.2013.07.009
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Here, we present a patient with IS and profound psy-
chomotor delay with a de novo reciprocal translocation
t(4;13)(p15.2;q12.13) disrupting the gene that encodes
recombination signal binding protein for immunoglobu-
lin kappa J (RBPJ).

2. Case report

The patient, a 2-year-old girl, was born after an
uneventful pregnancy to unrelated healthy parents at
term without asphyxia. Neither parent had intellectual
impairment or epilepsy. She experienced clonic convul-
sions of the extremities at day 20 after birth. An initial
EEG performed at 1 month was normal. Her seizures
were not well controlled by a combination of phenobar-
bital and carbamazepine, and gradually evolved into
recurrent brief tonic spasms. IS was diagnosed at
9 months of age by intellectual disability, a series of
tonic spasms, and modified hypsarrhythmia described
as periodic independent polyspikes-wave bursts on
EEG.

On examination at 2 years, her weight was 10.7 kg
(—0.8 SD) and her height was 86 cm (0.6 SD). She pre-
sented with dysmorphic facial features; upslanted palpe-
bral fissures, epicanthal folds, a large beaked nose, thick
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lower lips, and micrognathia (Fig. 1a; Table 1). Other
minor anomalies included bilateral fifth finger mild
brachydactyly (Fig. 1b). A physical examination
revealed mild axial hypotonia. She showed global devel-
opmental delays with motor skills equivalent to those
normally observed at 5 months of age. She was unable
to speak any recognizable words. Routine laboratory
and neurometabolic investigations, computed tomogra-
phy scans, and magnetic resonance imaging findings
were normal. No abnormalities were seen on an echo-
cardiogram and electrocardiogram. EEG showed diffuse
high voltage slow waves with independent spike waves
over the bilateral frontal and parieto-occipital area
(Fig. 1¢ and d).

G-banded chromosomal analysis revealed a balanced
translocation t(4;13)(p15.2;q12.13) in the patient. Her
parents showed a normal karyotype (data not shown),
indicating that the translocation occurred de novo.
Array CGH, according to a method described elsewhere
[4] (Supplementary information), did not show any sig-
nificant copy number variations (data not shown), sug-
gesting that the balanced translocation did not involve
occult changes. FISH, performed as previously
described [5] (Supplementary information), demon-
strated that the putative breakpoint on chromosome 4
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Fig. 1. Characteristics of the patient. (a) Facial appearance of the patient at 4 years. Upslanted palpebral fissures, epicanthal folds, a large beaked
nose, thick lower lips, and micrognathia can be observed. Other minor anomalies include strabismus and widely spaced teeth. (b) Digits of the patient
at 4 years, showing bilateral fifth finger mild brachydactyly. The parents of the patient gave their consent to publish these photographs in an
academic journal. (¢) Interictal EEG at 2 years. EEG during wakefulness shows a diffuse high-voltage slow rhythm superimposed with irregular
independent spike waves over the bilateral frontal and parieto-occipital area. (d) Ictal EEG during tonic spasms. A diffuse irregular high-voltage slow
rhythm is followed by diffuse voltage attenuation with rhythmic fast-wave bursts when tonic axial spasms with symmetric contraction of the deltoid
muscles occur. Her daily tonic spasms and subsequent tonic seizures were refractory to pyridoxine, ACTH, valproic acid, clonazepam, lamotrigine,
topiramate, and levetiracetam. After undergoing total corpus callosotomy at 2 years and 3 months of age, she showed fewer axial tonic seizures.
EOG; electrooculography; ECG; electrocardiography; EMG1; electromyography of left deltoid muscle; EMG2; electromyography of right deltoid

muscle.




Table 1

Clinical features seen in patients with proximal 4p deletion syndrome.

Gawlik-

Kojima  Moller

Innes Tonk

Van de
Graafl
1995

Chitayat

White

Ishikawa Davies

Romain  Fryns

Ray

Proband Francke Nielsen

Patient findings

Kuklinska
2008

2007

2006

2003

1999

1995

977 1984 1985 1989 1990 1990 1995

1977

Publication

Case 2

Casc 1

Case2  Case3 Casc 4 Casc 5 Case6 Case7 Case 1 Case2 Case3
pl4-

Case 1

pldpls3

pIS.1~
pis.3

pls2-  pls2-  plsa-
pl6l  pls3

pla.l

pl5.2-
pl6.l

pl4- pis2-  pl2-

pis.2

pls.2-

pls.1-
plé.d

pls.1-
pl6.1

pls.i-
pl6.1

pls.i-

pld-pi61 pl52-

pls2~
pl6.i

pls2-  pld-pi53 pl52-

pi2-
pls
F

pl2-
pis
F

pll-

pis2

Breakpoint

pis.t

pl5.32

p15.33

pis.32

pi6.l
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F
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F

M

M
15.6 years 10 months nb

F

Sex
Age

6.6ycars 16 years 36years 4 years
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3 years

7 years

25years 11 years

19.5years 37.5years 33years 69years 20months 10 years

12 months 1 month

30years 12years 17years 32years

2years

+

Long face

+

nfr

nfr nfr

n/r

nfr

Upslanted

palpebral fissures
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O

+

Epicanthal folds
Lurge beaked nose -+

High or cleft palate  —

Thick lower lip
Micrognathia

+ 1

+
nfr
+

o+

4o+

o/t

++ 3

+ 4+ 1

+
+
+

Broad hands and

Broad short neck
feet

4

Tall, thin habitus

Epilepsy

+

Mod. Mod., Mod. Mod. Mod. Mod. Miild Mild Mild Mod. Mod. Mild Mod.
n/r n/r nfr

Mild Mod, Mild Mod. Sev. Sev. Mod. Mod.
afr n/r nfr

n/r

Mod. Mod.

Mental retardation  Sev.

‘Neuro image

nfr

nfr

n/r

ofr

ofr

nfr

n/r

nfr

ofr

nfr

nfr

nfr
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nfr

abnormality

Studies are listed by the name of the first author, M: male; F: female; n/r: not reported; y: years; mo: months; nb: newborn; +: present; — absent; Sev.: severe; Mod.: moderate.

& Mild brain atropy.

 Polymicrogyria of left temproal lobe, left temporal arachnoid cyst.

¢ Periventricular nodular heterotopia.

was located within the RBPJ gene (Fig. 2a and b; Sup-
plementary Fig. 1). The breakpoint on chromosome 13
resided in the intergenic region between GPRI2 and
USPI2 (Fig. 2c and d). Thus, the balanced translocation
in this patient disrupted only one gene, RBPJ; this is
assumed to lead to hemizygous RBPJ loss.

3. Discussion

Proximal 4p deletion syndrome is characterized by a
long face, upslanted palpebral fissures, epicanthal folds,
a thick lower lip, micrognathia, a large beaked nose, a
tall and thin body habitus, broad hands and feet, and
varying degrees of mental retardation. There are so far
15 reports describing a total of 24 individuals with dele-
tions involving the proximal portion of human chromo-
some 4pl5 (see Table 1 for details) [1-3, 6-17]. Our
patient shares a number of cardinal manifestations of
proximal 4p deletion syndrome. The critical region for
all of those features has been suggested to be 4p15.2—
p15.33 [3]. The disrupted RBPJ gene at 4p15.2 in this
patient clearly implicates RBPJ as a causative gene for
proximal 4p deletion syndrome.

Our patient also demonstrated IS followed by intrac-
table childhood epilepsy, with no obvious brain MRI
abnormality. The prevalence of epilepsy in cases with
proximal 4p deletion is approximately 20%, which is
higher than the prevalence rate of epilepsy in general
population. The clinical manifestations of previous
reported cases are heterogeneous; the seizure types asso-
ciated with these deletions have been described for five
cases, including focal, generalized tonic clonic seizures,
and complex partial seizures [2,13-15]. Cerebral abnor-
malities, such as periventricular heterotopias, polymicr-
ogiria, and arachnoid cyst have been reported in some of
these patients with epilepsy [14,15]. While these cerebral
abnormalities may account for the presence of epilepsy,
the current patient exhibiting epilepsy show no distinc-
tive abnormality in neuro images, which is common
for proximal deletion of 4p. Our present case supports
the notion that proximal deletion of 4p could lead to
variable epileptic phenotypes.

RBPJ is a transcription factor in the Notch/RBPJ sig-
naling pathway. The role of Notch signaling in neuronal
development has been intensively analyzed by condi-
tional inactivation of Rbpj in mice; this has revealed
that Notch signaling is required for the maintenance
of neuronal stem cells [18]. Inactivation of Rbpj induces
complete loss of neural stem cells in the developing and
adult telencephalon, revealing that RBPJ is likely to play
a crucial role in the developing human brain, and partic-
ularly telencephalon development [19]. Although we
could not confirm the exact pathological role of RBPJ
abnormalities in epileptogenicity, RBPJ haploinsuffi-
ciency might increase susceptibility to particular types
of epilepsy including IS. Further studies of similar cyto-
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Fig. 2. Characterization of breakpoints by FISH. (a) Schematic presentation of bacterial artificial chromosome probes at the 4p15.2 breakpoint,
based on the National Center for Biotechnology Information build 37. Both RP11-239C17 and RP11-450B14 contain RBPJ exons. The tan-shaded
portion indicates the putative breakpoint region. Horizontal arrows indicate gene orientation. (b) FISH on the patient’s chromosomes using RP11-
239C17 (red) and RP11-450B14 (green) counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (light blue). Merged signals for RP11-239C17 and
RP11-450B14 are seen on the normal chromosome 4 (arrowhead) and the der(4) (double arrowhead); an additional weak signal for RP11-450B14 is
detected on the der(13) (arrow), indicating that the RBPJ coding region was disrupted by the breakpoint. An artifactual green signal is indicated by
the dark gray arrow. (c) Schematic presentation of bacterial artificial chromosome probes at the 13q12.13 breakpoint. Note that RP11-78D7 does not
contain any known genes. The tan-shaded box indicates the putative 13q breakpoint region. (d) FISH using RP11-88J11 (red; located at 27.0 Mb on
chr. 13; not illustrated in c¢) and RP11-78D7 (green), counterstained with DAPI (light blue). Merged signals for RP11-88J11 and RP11-78D7 are
observed on the normal chromosome 13 (arrowhead) and the der(13) (double arrowhead); an additional weak signal for RP11-78D7 is detected on
the der(4) (arrow), indicating that the putative breakpoint (tan-shaded box) is located between the telomeric ends of RP11-949A11 and RP11-78D7.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this book.)

genetically proven cases are needed for a better under-
standing of the pathogenesis of proximal 4p deletion
syndrome with epilepsy.

A recent study identified RBPJ missense mutations in
two families affected by Adams-Oliver syndrome (AOS)
[20]; a rare multiple-malformation disorder consisting
primarily of congenital cutis aplasia of the scalp vertex,
transverse terminal limb defects, and congenital heart
defects. Although our current case with hemizygous
RBPJ disruption presented with bilateral fifth finger
brachydactyly, which might be a milder form of terminal
limb malformation, no other clinical symptoms were
suggestive of AOS. The absence of typical AOS manifes-
tations in our current patient is consistent with previous
reports that the phenotypes of patients with proximal 4p
deletion syndrome are clinically distinctive from those of
AOS. Importantly, proximal 4p deletion syndromes
involve at least hemizygous deletion of RBPJ, support-
ing the notion that RBPJ haploinsufficiency is associated
with proximal 4p deletion syndrome. Accordingly, our
current observations shed light on an aspect of RBPJ
function in the central nervous system. Further study

of RBPJ aberrations will be required to establish it in
a causative role in proximal 4p deletion syndrome as
well as epileptic syndromes.
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