yeast Pol II are homologous to RPC1 and RPC2 of Pol I1I,
respectively. Asn620_Lys652 in RPC2 corresponds to
Tyr679_Lys712 in RPB2. The deletion of Asn620_Lys652
(Tyr679_Lys712) would destroy a structural core of RPB2,
leading to loss of RPB2 function. In addition, Arg768
(A1g852 in RPB2) interacts with the main-chain carbonyl
group of Arg70 of the RPB12 subunit, and Asp926
(Asp1009 in RPB2) interacts with the side chain of Arg48
of the RPB10 subunit of Pol II (Figure 1D). Arg768His
(Arg852His) and Asp926Glu (Asp1009Glu) substitutions
are considered to disturb these subunit interactions,
leading to dysfunction of the polymerase. Therefore, struc-
tural prediction suggests that the mutations in POLR3B
(RPC2) could affect Pol III function. On the other hand,
[1e897 and Arg1005 in RPC1 correspond to Val863 and
Argl036 in RPB1, respectively. I1e897 (Val863) has hydro-
phobic interactions with Leul70 and Prol76 of the RPBS
subunit and with Phe900 (Phe866) of the RPB1 subunit
of Pol II (Figure 1E). 1le897Asn (Val863Asn) substitution
is likely to disturb this interaction. Argl005 (Argl036)
stabilizes interaction between RPB1 and RPB8 subunits
(Figure 1F). The Argl005Cys (Argl1036Cys) substitution
appears to make this interaction unstable. Thus mutations
in POLR3A are also predicted to affect Pol III function.
Clinical features of individuals with POLR3A or POLR3B
mutations are presented in Table 1. MRI revealed high-
intensity areas in the white matter in T2-weighted images,
cerebellar atrophy, and a hypoplastic corpus callosum in all
four individuals (Figure 3). Individuals 1 and 2 showed an
extremely similar clinical course. They developed normally
during their early infancy, i.e., walking unaided at 15 and
14 months, and uttering a few words at 12 and 13 months,
respectively. After the age of 3, individual 1 presented with
unstable walking and frequent stumbling and falling
down, and individual 2 became poor at exercise. They
both had severe myopia (corrected visual acuity of 0.7
and 0.5 at most, respectively). They graduated from
elementary, junior high, and high schools with poor
records, and the intelligence quotient (IQ) of individual 2
was 52 (WAIS-III). In individual 1, unstable walking was
prominent at around 18 years, and he could not ride
a bicycle because of ataxia; however, he could drive an
automobile. Amenorrhea was noted in individual 2, and
was successfully treated by hormone therapy. Individual
1 showed several signs of hypogonadism, including
absence of underarm and mustache hair, thin pubic hair
(Tanner IT), and serum levels of testosterone, follicle stimu-
lating hormone, and luteinizing hormone that were below
normal for age 27. Neurological examination of both
individuals revealed mild horizontal nystagmus, slowing
of smooth-pursuit eye movement, and gaze limitation,
especially in vertical gazing, hypotonia, mildly exagger-
ated deep-tendon reflex (patellar and Achilles tendon
reflex) with negative Babinski reflex, and cerebellar signs
and symptoms, including ataxic speech, wide-based ataxic
gait, dysdiadochokinesis, and dysmetria. Clinical informa-
tion for individual 3 has been reported previously.® Addi-

individual 1 (26 yr)

individual 2 (30 yr)

individual 3 (15 yr)

individual 4 (15 yr)

Figure 3.
Mutations
(A, C, E, and G) T2-weighted axial images through the basal
ganglia. High-intensity areas in the white matter were observed
in all individuals.

(B, D, F and H) Tl-weighted midline sagittal images. All the
individuals showed hypoplastic corpus callosum (arrowheads)
and atrophy of cerebellum (arrows).

Brain MRI of Individuals with POLR3B and POLR3A

tional findings are as follows: slowing of smooth-pursuit
eye movement, gaze limitation in vertical gazing, normal
auditory brain responses (ABR), cerebral symptoms with
mild spasticity, and intellectual disability (an IQ of 43
according to the WISC-III test), and no myopia but hyper-
metropic astigmatism. She showed no deterioration
besides a mild dysphagia and walks herself to a school for
the disabled. Individual 4 developed normally during his
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early infancy, had normal head control at 3 months, was

speaking a few words at 12 months, and was walking un-

aided at 14 months. His parents noted mild tremors
around 4 years. He had normal stature, weight, and head
circumference. Although he had severe myopia, his eye
movement was smooth with no limitation or nystagmus.
He had sensory neuronal deafness on the left side. He
showed normal muscle tone and had no spasticity or
rigidity. His tendon reflexes were slightly elevated with
a negative Babinski reflex. Cerebellar signs were noted;
expressive ataxic explosive speech, intension tremor,
poor finger to nose test, dysdiadochokinesis, dysmetria,
and wide-based ataxic gait. His intelligence quotient was
57 (according to the WISC-III test). His peripheral nerve
conduction velocity was within the normal range and his
ABR showed normal responses on the right side. He
suffered motor deterioration around age 14 and became
wheelchair bound.

In this study, we successfully identified compound
heterozygous mutations in POLR3A4 and POLR3B in indi-
viduals with HCAHC. Very recently, Bernard et al.'? re-
ported that POLR3A mutations cause three overlapping

leukodystrophies, including 4H syndrome, suggesting

that HCAHC is, at least in part, within a wide clinical spec-

trum caused by POLR3A mutations. The p.Argl1005Cys
mutation was shared between individual 9 in their report
and our individual 4. All 19 individuals with POLR34
mutations showed progressive upper motor neuron
dysfunction and cognitive regression. In addition, indi-
vidual 9 showed abnormal eye movement, hypodontia,
and hypogonadism. None of these features were recog-
nized in our individual 4; these differences further support
phenotypic variability of POLR3A mutations.'? Given the
phenotypic similarities among 4H syndrome, HCAHC,
and H-ABC, there is a possibility that H-ABC is also allelic
and caused by recessive mutations in either POLR34 or
POLR3B.

Pol HI consists of 17 subunits and is involved in the
transcription of small noncoding RNAs, such as 58S ribo-
somal RNA (rRNA), U6 small nuclear RNA (snRNA), 7SL
RNA, RNase P, RNase MRP, short interspersed nuclear
elements (SINEs), and all transfer RNAs (tRNAs). Pol III-
transcribed genes are classified into three types based on
promoter elements and transcription factors. 5S rRNA is
a solo type I gene. Type II genes include tRNA, 7SL
RNA, and SINEs. Type III genes include U6 snRNA, RNase
P, and RNase MRP.*®-2° The Pol III system is important for
cell growth in yeast, and its transcription is tightly regu-
lated during the cell cycle.”® In zebrafish, polr3b mutant
larvae that have a deletion of 41 conserved amino acids
(A239-279) from the Rpc2 protein showed a proliferation
deficit in multiple tissues, including intestine, endocrine
pancreas, liver, retina and terminal branchial arches.>*
In the mutants, the expression levels of tRNA were signif-
icantly reduced, whereas the level of 55 rRNA expression
was not changed, suggesting that this polr3b mutation
can differentially affect Pol III target promoters.>> RPC2

contributes to the catalytic activity of the polymerase
and forms the active center of the polymerase together
with the largest subunit, RPC1.?%> Thus, it is reasonable
to consider that mutations in POLR34 and POLR3B cause
overlapping phenotypes. Indeed, three individuals with
POLR3B mutations showed diffuse cerebral hypomyelina-
tion, atrophy of the cerebellum and corpus callosum, and
abnormal eye movements that overlap with POLR34
abnormalities.? Furthermore, two out of three individ-
uals showed hypogonadism, suggesting a common patho-
logical mechanism between POLR3A and POLR3B muta-
tions. In the zebrafish polr3b mutants there were no
defects of the central nervous system other than a reduced
size of the retina, probably reflecting species differences;
however, the reduced level of tRNA in the polr3b mutants
raises the possibility that defects of tRNA transcription by
Pol III could be a common pathological mechanism
underlying POLR3A and POLR3B mutations. Supporting
this idea, mutations in two genes involved in aminoacyla-
tion activity of tRNA synthetase cause defects of myelina-
tion in central nervous system: DARS2 (MIM 610956) and
AIMP (MIM 603605).>** In addition, mutations in four
genes encoding aminoacyl-tRNA synthetase cause Char-
cot-Marie-Tooth disease (MIM 613641, 613287, 601472,
and 608323), resulting from demyelination of peripheral
nerve axons: KARS (MIM 601421), GARS (MIM 600287),
YARS (MIM 603623), and AARS (MIM 601065).25-28
Thus, it is very likely that regulation of tRNA expression
is essential for development and maintenance of myelina-
tion in both central and peripheral nervous systems.

An interesting clinical feature of POLR3B mutations is
the absence of motor deterioration. All three individuals
with POLR3B mutations could walk without support at
ages 16, 27, and 30, whereas individual 3 with POLR3A
mutations had motor deterioration around age 14. Bernard
et al.’? also reported progressive upper motor neuron
dysfunction and cognitive regression in individuals with
POLR3A mutations. Thus, there is a possibility that pheno-
types caused by POLR3A mutations could be more severe
and progressive than POLR3B mutant phenotypes. Identi-
fication of a greater number of cases with POLR3B muta-
tions is required to confirm this hypothesis.

In conclusion, our data, together with that of a previous
report,'® demonstrate that mutations in Pol III subunits
cause overlapping autosomal-recessive hypomyelinating
disorders. Establishment of an animal model will facilitate
our understanding of the pathophysiology of the multiple
defects caused by Pol III mutations.

Supplemental Data

Supplemental Data include three tables and can be found with this
article online at http://www.cell.com/AJTHG/.
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A novel homozygous mutation of DARS2
may cause a severe LBSL variant

1o the Editor:

Leukoencephalopathy with brain stem and spinal
cord involvement, and lactate elevation (LBSL,
MIM #611105) is an autosomal recessive disor-
der with an early childhood-to-adolescence onset.
In 2003, van der Knaap et al. originally described
LBSL, which is characterized by slowly progres-
sive pyramidal, cerebellar, and dorsal column dys-
function with increased white matter lactate levels
in magnetic resonance (MR) spectroscopy (1).
Since the first discovery that LBSL is caused by
mutations of the DARSZ gene-encoding mitochon-
drial aspartyl-tRNA synthetase (MtAspRS) (2),
DARS2 mutations have been found in all the
patients described (2-35), but none of them showed
a homozygous mutation (all are compound het-
erozygotes), suggesting that the activity of mutant
MtAspRS homodimers may be incompatible with
human life (2, 5). Here, we describe, for the first
time, a consanguineous family with a homozygous
DARS2 mutation.

Materials and methods

We analyzed a consanguineous family including
three affected children diagnosed with leukoen-
cephalopathy (Fig. 1a and Table 1). The proband
(II-2) developed truncal ataxic gait at 3 years old.
Her affected sister (II-3) and brother (II-4) also
showed truncal ataxia at 6 and 11 months, respec-
tively. All cases were presented with horizontal
nystagmus, slurring speech, ataxic gait, muscle
tonus abnormality, hypo- or hyperreflexia, and
tremor as well as mental retardation. II-2 at age
21 years could slowly speak one or two words.
Peripheral muscles atrophy, weakness and joints
contractures in extremities, loss of deep tendons
reflex and disturbed deep sensation were noted.
-3 and II-4 died of pneumonia at age 8 years
and respiratory failure at age 2 years, respec-
tively. Although there were differences in MR
imaging characteristics from classical I.BSL, there
were also striking similarities. In our patients, the
involvement of the cerebral and cerebellar white

matter was more diffused and severe than in clas-
sical LBSL, but the affected brain stem and spinal
cord tracts were the same (Fig. 1b and Table 1).

Linkage analysis and direct sequencing of
DARS?2 were performed as previously reported (6).
Immunoblotting was carried out using antihuman
DARS?2 antibody (ab69336, Abcam, Cambridge,
UK) and anti-cytochrome ¢ oxidase (COX) IV
antibody (ab16056, Abcam).

Results

Homozygosity mapping of this consanguineous
family revealed the largest 8.5 Mb homozygous
region at chromosome 1q25.1 with the maximum
LOD score of 1.329. Five additional microsatel-
lite markers showed the consistent result (Fig. 1a).
Within this region, DARS2 gene was highlighted
as the primary target as it was causative for the
LBSL. We found that all affected children pos-
sessed homozygous, and parents and an unaffected
sib had the heterozygous intronic change at 22 base
pairs upstream of exon 3 (c.228-22T>A), respec-
tively. This change was not observed in 395 con-
trols. We examined its mutational effect by reverse
transcriptase-polymerase chain reaction (RT-PCR)
using mRNA of lymphoblastoid cell lines (LCLs)
derived from the proband, her father (a carrier)
and a normal control. A shorter PCR fragment
which lacked the entire exon 3 was confirmed
by sequencing (Fig. 1c,d). Furthermore, wild-type
DARS2 mRNA and MtAspRS protein were sig-
nificantly decreased in proband’s LCL (Fig. le,f).
Other genes within the 1g25.1 region have not
been checked.

Discussion

We found a novel homozygous mutation of DARS2
in a diffuse leukoencephalopathy, which may
be an LBSL variant. This change resulted in
the decrease of normal protein level and may
have contributed to this disease. Two possibili-
ties for the increased severity are considered: (i) a
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Fig. 1. ldentification of a homozygous DARS2 mutation causing abnormal splicing. (a) Haplotype analysis of the family. The black
and gray bars represent disease alleles. The DARS2 gene is located in between D152851 and D1S218. (b) Magnetic resonance (MR)
images of central nervous system in the proband (II-2) at 5 years (i-v), II-3 at 5 years (vi) and II-4 at 1 year and 4 months of age
(vii). Tr-weighted (i) and Tp-weighted (T») (ii) images of cerebrum. The cerebral white matter was diffusely and severely affected,
while the cerebral white matter involvement is less severe and more limited in extent in leukoencephalopathy with brain stem and
spinal cord involvement, and lactate elevation with sparing of the U-fibers. Inhomogeneous signal abnormalities were observed in
the posterior limb (pl) of the internal capsule and the splenium (s) of the corpus callosum. (iii) T» image at the level of the pons.
The abnormal high-intensity signals were observed in pyramidal tracts (pt), medial lemniscus (ml), mesencephalic trigeminal tracts
(mtt) and superior cerebellar peduncles (scp). (iv) T, image at the level of medulla. The pyramids (p), anterior spinocerebellar tracts
(ast) and inferior cerebellar peduncles (icp) were affected. (v) T, image at the level of the cervical spinal cord. The dorsal columns
(dc) and lateral corticospinal tracts (Ict) showed abnormal signals. II-3 (vi) and II-4 (vii) showed the similar MR images-as the
proband. (¢) RT-PCR using cDNA extracted from LCLs of a normal control, father and the proband. A shorter fragment (360 bp)
in addition to a normal product (427 bp) was seen in father and the proband. (d) Electropherogram of the shorter fragment showing
skipping of exon 3. (e) Relative expression of wild-type DARS2 mRNA compared to p-actin mRNA in LCLs were determined by
quantitative real-time RT-PCR using TagMan Gene Expression Assays (Applied Biosystems, Bedford, MA). The relative DARS2
expression was analyzed using TagMan Probe (Applied Biosystems, Hs01016215_m1 for DARS2 and 4326135E for p-actin as a
control). Levels are shown for three controls, parents and the proband based on the calibration curve method using an independent
control. Average of duplicated experiments is shown as black bars with the standard error of means. The significant decreased
expression of DARS2 mRNA in the proband was recognized compared to that in three controls (p < 0.001, one-way analysis of
variance with Bonferroni’s multiple comparison test). (f) Mitochondrial aspartyl-tRNA synthetase (MtAspRS) protein is expressed
in normal control and father as a carrier (fainter), but only weakly recognized in the proband. Cyclooxygenase IV was used as a
loading control for the mitochondrial fraction.
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Table 1. MR criteria for LBSL and clinical features of patients
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Diagnostic criteria Case 1 Case 2 Case 3
Major criteria
Signal abnormalities in
1. the cerebral white matter, either inhomogeneous and +2 £ +2
spotty or homogeneous and confluent, sparing the
U-fibers
2. the dorsal columns and lateral corticospinal tracts of the + n.ep n.e
spinal cord. (visualization of such abnormalities in the
cervical spinal cord suffices)
3. the pyramids of the medulla oblongata + + +
Supportive criteria
Signal abnormalities in
1. the splenium of the corpus callosum + + +
2. the posterior limb of the internal capsule + + +
3. the medial lemniscus in the brain stem + + +
4, the superior cerebellar peduncles + + +
5. the inferior cerebellar peduncles + n.e n.e.
6. the intraparenchymal part of the trigeminal nerve — n.e n.e
7. the mesencephalic trigeminal tracts + n.e n.e
8. the anterior spinocerebellar tracts in the medulla + n.e n.e
9. the cerebellar white matter with subcortical preponderance - - -
Elevated lactate of abnormal cerebral white matter (MRS) + Not performed +

LBSL, leukoencephalopathy with brain stem and spinal cord involvement, and lactate elevation; MRI, magnetic resonance imaging;

MRS, magnetic resonance spectroscopy.

@Homogeneous and confluent abnormal high intensity was observed, but sparing the U- ﬁbers was unclear because of the strenuous

pathological change in the white matter.
Pn.e., not evaluated as MR images were unavailable.

(unidentified) modifier effect in the family and
(ii) this particular homozygous mutation caused
the severe variant because of the substantially
decreased normal protein level, although it is not
full proof.

Interestingly, affected allele frequency varies,
depending on the ethnicity. For example, DARS2
mutations are the most common causes of child-
hood onset leukoencephalopathy in Finland, be-
cause of high carrier frequency (1:95 for the ¢.228-
20_21delTTinsC and 1:380 for the ¢.492+2T>C)
(4). Thus, further analysis of the DARS2 gene in
LBSL as well as childhood-to-adult onset leukoen-
cephalopathy of unknown cause in different
populations would lead us to fully understand phe-
notypes of the DARS2 abnormalities.
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We report on a female patient with early infantile epileptic
encephalopathy and severe psychomotor disability possessing
a de novo balanced translocation t(1;9)(g32;q13). The patient
showed clonic convulsions of extremities 2 days after birth.
Electroencephalogram (EEG) transiently showed atypical
suppression-burst pattern. The seizures evolved to brief tonic
spasms, and hypsarrhythmia on EEG was noticed at age of 5
months, indicating the transition to West syndrome. By using
fluorescent in situ hybridization (FISH), southern hybridization,
and inverse PCR, the translocation breakpoints were successfully
determined at the nucleotide level. The 1q32.1 breakpoint was
located within a segmental duplication and disrupted the gene
encoding Slit-Robo Rhe GTPase activating protein 2 (SRGAP2).
The 9q13 breakpoint was suggested to reside in the heterochro-
matin region. Srgap2 has been shown to be specifically expressed
in developing brain of rodents, negatively regulate neuronal
migration and induce neurite outgrowth and branching. Thus,
SRGAP2 is very likely to play a role in the developing human
brain. This is a first report of the SRGAPZabnormality associated
with early infantile epileptic encephalopathy.

© 2011 Wiley Periodicals, Inc.

Key words: carly infantile epileptic encephalopathy; West
syndrome; chromosomal translocation; SRGAP2

INTRODUCTION

Many infantile epileptic syndromes show a unique combination of
seizure types and electroencephalogram (EEG) findings depending
on the patients’ age [Kato et al., 2008]. Ohtahara syndrome (OS)
and early myoclonic encephalopathy (EME) are characterized by
early onset seizures mainly in neonatal period, and suppression-
burst pattern on EEG, though their initial seizure type is different

© 2011 Wiley Periodicals, Inc.
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[Djukic et al., 2006; Ohtahara and Yamatogi, 2006]. Both OS
and EME can progress to the West syndrome phenotype age-
dependently, which is characterized by brief tonic spasms, a specific
EEG pattern called hypsarrhythmia [Kato, 2006], in 75% and 41%
of cases, respectively [Djukic et al., 2006; Ohtahara and Yamatogi,
2006]. The three epileptic syndromes (OS, EME, and West
syndrome) are generally intractable and show the arrest of psy-
chomotor development [Djukic et al., 2006; Kato, 2006; Ohtahara
and Yamatogi, 2006]. Brain malformations and metabolic disor-
ders were found as underlying causes of the three syndromes, but
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many idiopathic or cryptogenic cases remain etiologically unex-
plained. Recently, several causative genes have been reported: ARX
in OS and West syndrome, CDKL5 in West syndrome, STXBPI in
0S, SLC25A22 in EME [Stromme et al., 2002; Kalscheuer et al.,
2003; Weaving et al., 2004; Molinari et al., 2005; Kato et al., 2007;
Saitsu et al., 2008]. Of note, mutations in ARX have been found in
both OS and West syndrome phenotypes, suggesting a common
pathological seizure mechanism between them. However, there are
still large numbers of cases remaining to be elucidated. Identifica-
tion of new causative genes is absolutely necessary for further
understanding of infantile epileptic syndromes.

The Slit-Robo signaling controls the neuronal migration and
axonal guidance [Brose et al., 1999; Li et al., 1999; Wu et al., 1999],
both of which are dependent on cytoskeletal reorganization. The
family of Rho-GTPases, including Rac, Cdc42, and Rho, plays
important roles in regulating cytoskeletal dynamics [Hall, 1998].
Rho-GTPases alternate between active (GTP-bound) and inactive
(GDP-bound) conformation. The activities of Rho GTPases are
tightly and antagonistically regulated by Guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs):
GEFs catalyze nucleotide exchange and mediate activation, while
GAPs increase the intrinsic GTPase activities to promote GTP
hydrolysis, leading to inactivation [Lamarche and Hall, 1994].
Slit-Robo Rho GTPase activating proteins (SRGAPs) were identi-
fied as a family of GAP proteins which bind to the intracellular
domain of Robo [Wong et al, 2001]. Three family members
(SRGAP1-3) specifically expressed in developing brain of rodents
[Wong et al,, 2001; Yao et al., 2008; Bacon et al., 2009]. Recent
studies suggested that SRGAPs are involved in neuronal develop-
ment. SRGAP! protein is required for Slit-mediated repulsion of
migratory cells from the anterior subventricular zone of the fore-
brain by blocking Cdc42 activity [Wong et al., 2001]. Functional
disruption of SRGAP3 protein is associated with severe mental
retardation in 3p-syndrome [Endris et al., 2002]. Moreover, it has
been reported that SRGAP2 negatively regulates neuronal migra-
tion and induces neurite outgrowth and branching [Guerrier et al.,
2009].

Here, we present a patient with infantile epileptic encephalop-
athy and profound psychomotor delay with a de novo reciprocal
translocation (1;9)(q32;q13), disrupting the SRGAP2 gene.
Detailed genomic analysis is presented.

CLINICAL REPORT

The 5-year-old girl is a product of unrelated healthy parents. She
was born at term without asphyxia after an uneventful pregnancy.
She showed apnea twice at day 1. Clonic convulsions of extremities
started at day 2. Initial EEG performed at 10-day was reported as
normal. Subsequently, myoclonus, which was easily induced by
stimulation, was observed. Ictal EEG during myoclonus did not
indicate that it was an electronical convulsion. Clonic convulsions
were increased at 2 months of age when atypical suppression-burst
pattern was transiently observed (Fig. 1A). Her seizures were
controlled by combination of vitamin B6, zonisamide, phenobar-
bital, and KBz, but myoclonus continued. Brain magnetic reso-
nance imaging (MRI) showed cortical atrophy and thin corpus
callosum at 2 months of age (Fig. 1C~E). West syndrome was

diagnosed at 5 months of age by intellectual disability without
head control, series of tonic-spasms, and hypsarrhysmia on EEG
(Fig. 1B).

MATERIALS AND METHODS
Molecular Cytogenetic Analysis

G-banded chromosomes of peripheral lymphocytes were analyzed.
Fluorescence in situ hybridization (FISH) was performed using
peripheral lymphocytes. Labeling, hybridization, wash, and image
acquisition were performed as previously described [Saitsu et al.,
2008]. RPCI-11 BAC clones and approximately 10-kb probes
amplified by Jong PCR using LA Taq polymerase (Takara Bio,
Otsu, Japan) were used as probes. Primer information is available
on request.

GeneChip Human Mapping 250K Nspl Array

Genomic DNA obtained from peripheral blood leukocytes were
used for microarray analysis. Experimental procedures were
performed according to the manufacturer’s protocol with slight
modification (fragmentation time was shortened to 25 min). Call
rate was 89.5%. Copy number alterations were analyzed by using
CNAG2.0 [Nannya et al., 2005].

Cloning of Translocation Breakpoints

The 1q32.1 translocation breakpoint was analyzed by Southern
hybridization using EcoRI- and Pstl-digested patient DNA. Her
parental DNAs were also analyzed. Probes were synthesized by PCR
DIG probe synthesis kit (Roche, Basel, Switzerland) using RP11-
134f21 DNA as a template. Primer information is available on
request. Hybridization, washing and detection of probes were done
according to the manufacturer’s protocol. Images were captured on
FluorChem (Alpha Innotech, San Leandro, CA). After identifica-
tion of aberrant DNA fragments by Southern hybridization, size
fractioning of electrophoresed EcoRI- and Psfl-digested DNA of the
patient was performed using QIAEXII Gel extraction kit (Qiagen,
Valencia, CA) in order to obtain dexr(1) and der(9) translocation
junction fragments, respectively. The collected DNA was self-
ligated by Ligation high (Toyobo, Osaka, Japan), ethanol precipi-
tated and dissolved in 20 ul EB buffer {Qiagen). Inverse PCR was
performed in 25 pl of volume, containing 2 pul ligated DNA, 1x LA
PCR bufferIl, 2.5mM MgCl,, 0.4 mM each dNTP, 0.5 UM each
primer, and 1.25 U LA Taq polymerase (Takara Bio). Primers were
listed below: EcoRI-forward, 5'-GAAATGGCCTGGCTTGGTT-
GCTAT-3'; EcoRI-reverse, 5'-CACTGAAGCTGCCCTTGAGAA-
GTGA-3'; Pstl-forward, 5'-TTTCCCTCCATGATTCCTCTCT-
GCT-3; Pstl-reverse, 5'-CCAGGACAGCGTCTCACTCTCCATA-
3. Negative controls only used either forward or reverse primer.
The PCR product was purified with ExoSAP (USB Co., Cleveland,
OH) and sequenced for both forward and reverse strands with
BigDye Terminator chemistry ver. 3 according to the standard
protocol (Applied Biosystems, Foster city, CA). After breakpoint
sequences were determined, breakpoint-specific primers for both
der(1) and der(9) translocation junctions were designed: der(1)-
forward, 5-CCAAGGAATTGGGATCTCTGGGTCT -3'; der(1)-
reverse, 5'-CATTCCATTCCATTCCCCTGCAC -3’ (1,098-bp);



SAITSU ET AL.

MY L M‘VK f.ﬁ N
AR AR g, Mo,
I
a LA s

1‘r~\'&‘1%\’h(\“‘i ‘\J%fi*"rif
VAV

Ik ‘
VG st
LAY AR o, !”
F M"’“@Mfmm«
I

o -ﬁ\f‘ f‘% ’W@,”'&%’x Afﬂ‘v‘:ﬁ
{

)
e
aa‘\_’(

o 65

i

AP sy

Wﬁm
i \i




AMERICAN JOURNAL OF MEDICAL GENETICS PART A

204.55
Cen ===

PCR probe for FISH
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der(9)-forward, 5-GGAAAGGAATGGAATGAAATCAACGCG-
3'; der(9)-reverse, 5'-CCAGGACAGCGTCTCACTCTCCATA-3
(495-bp). Junction fragments were amplified by PCR using these
primer-sets on DNAs of the patient and her parents.

RESULTS

G-banded chromosomal analysis revealed a balanced translocation
t(1;9)(q32;q13). Her parents showed a normal karyotype (data not
shown), indicating that the translocation occurred de novo.
Subsequent FISH analysis demonstrated that the breakpoint in
chromosome 1 was covered by the clones, RP11-1109h22 and
134£21, showing signals all on normal chromosome 1 and deriv-
atives chromosomes 1 and 9 (Fig. 2A,B). The overlapping region of
these two clones was localized within the SRGAP2 locus (Fig. 2A).
The 5'-part of SRGAP2 transcript was not mapped in the Human
Genome browser (both in NCBI Build 36.1/hg18 and GRCh37/
hgl9 assembly) because the genomic contigs covering the imme-
diately upstream regions of SRGAP2 gene were absent. Thus, we
described the putative exon number based on the order of mappable
exons to the existing genomic database. The breakpoint was further
narrowed down by FISH analysis using long PCR products as
probes (Fig. 2A). Probe II showed weak but clear signals all in
on chromosome 1, and derivative chromosomes 1 and 9, suggesting
that the breakpoint was located within probeII (data not shown). It
was of note that the probe II is associated with a segmental
duplication (Fig.2A). Southern hybridization analysis using probes
P1 and P3 detected different aberrant bands only in the patient
(Fig. 2A,0), indicating that the 1q32 breakpoint was located at the
region between the two probes. P2 did not show any aberrant bands
in Southern analysis, suggesting that a small deletion may have
occurred near the breakpoint (Fig. 2A,C). Inverse PCR [Triglia
et al.,, 1988] on EcoRI- and Pstl-digested DNA was successful in
obtaining der(1) and der(9) breakpoint-junction fragments,
respectively. Sequence analysis showed that the 1g32 translocation
breakpoint waslocated within the putative intron 5 of SRGAP2, and
exon 5 was completely deleted (Fig. 2A). Sequences of the 9q13
breakpoint were not uniquely mapped to reference sequences.

However, sequences of 3’-end of the der(l) junction fragment
(approximately 6.1-kb apart from the breakpoint) were similar
to satellite 3 sequences (GeneBank accession number AF035810.1)
(Fig. 2E), suggesting that 9ql13 breakpoint was located in the
heterochromatin region. Breakpoint-specific PCR analysis of the
patient and her parents confirmed that the rearrangements
occurred de novo (Fig. 2F). To check genomic copy number
alterations accompanied by the rearrangement, GeneChip Human
Mapping 250K Nspl (Affymetrix, Santa Clara, CA) was performed.
Besides two known copy number variations, no other imbalances
were detected (data not shown).

DISCUSSION

SRGAP?2 is a member of Slit-Robo Rho GTPase activating proteins
with three domains: an N-terminal F-BAR domain, a RhoGAP
domain, and an SH3 domain [Wong et al., 2001; Guerrier et al.,
2009]. There are three variants of SRGAP2 transcripts in humans:
variant 1 (GenBank accession number NM_015326.2), variant 2
(GenBank accession number NM_001042758.1), and variant 3
(GenBank accession number NM_001170637.1). In all three var-
iants, the coding proteins commonly possess F-BAR, RhoGAP, and
SH3 domains except for an amino acid deletion in F-BAR domain in
variant 2. Mouse Srgap2is expressed in the entire developing cortex
including proliferative zones and postmitotic regions [Bacon et al.,
2009; Guerrier et al., 2009]. It has been reported that the SRGAP2
protein negatively regulates neuronal migration and induce neurite
outgrowth and branching through its E-BAR domain [Guerrier
et al, 2009]. In addition, GAP activity of the SRGAP2 protein
specifically downregulate Racl [Guerrier et al., 2009]. Mutations in
ARHGEF6, Rac1/Cdc42 specific GEF, cause X-linked mental retar-
dation [Kutsche et al., 2000]. Moreover, mutation and/or disrup-
tion of OPHNI and SRGAP3, both encoding Racl-GAPs, are
associated with severe mental retardation [Billuart et al,, 1998;
Endris et al., 2002], indicating the importance of Racl regulation in
human brain development. Thus, SRGAP2 is likely to play impoz-
tant roles in developing brain in humans through the ability of the
F-BAR and RhoGAP domains. It would be interesting to analyze
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SRGAP2in a large cohort of patients presenting with early epileptic
encephalopathy including West syndrome. Although full-length
SRGAPZ transcripts (functional), which include sequences of
putative exons 1~20 at 1g32.1, have been deposited in GeneBank,
5'-part of the SRGAP2 transcript is not mapped in the Human
Genome browser. Furthermore, seven exons of SRGAP2 were again
mapped to two separated segmental duplications at 1q21.1 and
1p11.2 with sequence similarities of 99.29% and 99.30%, respec-
tively (Fig. 2A). This complex genomic structure interfered with
full-blown mutation screening especially for the 1,356-bp coding
region including the F-BAR domain. A microdeletion within two
separate segmental duplications in SRGAP2locus has been found in
2 out of 90 Yoruban individuals (presumably with normal
phenotype) from the HapMap Project using custom high-density
oligonucleotide arrays [Matsuzaki et al., 2009]. However, it is
uncertain whether they could confirm the precise locations of
the deletions by another method. Thus, there remains a possibility
that the deletion actually ocurred at highly homologous genomic
segments located at 1q21.1 and 1p11.2. Further descriptions about
aberrations of the SRGAPZ gene will be required for establishing in a
causative role in early infantile epileptic encephalopathy.

The 9q13 breakpoint is likely to reside within the heterochro-
matic region. It is possible that some genes adjacent to 1q32.1
breakpoint would suffer from gene silencing by the position effect.
IKBKEis an IKK (inhibitor of nuclear factor kappaB kinase)-related
kinase that is essential for interferon-inducible antiviral transcrip-
tional response [Tenoever et al.,, 2007]. Ikbke knockout mice are
protected from high-fat diet-induced obesity, chronic inflamma-
tion in liver and fat, hepatic steatosis, and whole-body insulin
resistance [Chiang et al., 2009]. However, neurological abnormal-
ities have never been reported. RASSF5 is a member of the Ras
association domain family. A crutial role in the integrin-mediated
adhesion and migration of lymphocytes and dendritic cells has been
shown in Rassf5-deficient mice, but neurological abnormalities
have never been mentioned [Katagiri et al., 2004]. Thus, IKBKE
and RASSF5, two adjacent genes to SRGAP2, are less likely to be
involved in infantile epileptic encephalopathy.

In conclusion, we described a patient with early infantile epi-
lepsitic encephalopathy, carrying a denovo reciprocal translocation
disrupting the SRGAP2 gene. Clonic convulsions and atypical
suppression-burst patterns on EEG at early infantile period did
not fit into either OS or EME. However, the seizures became brief
tonic spasms, and hypsarrhythmia on EEG was noticed, indicating
transition to West syndrome. Disruption of SRGAP2may be related
to West syndrome which has heterogeneous backgrounds [Kato,
2006].
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Abstract

Kabuki syndrome is a rare, multiple malformation disorder characterized by a distinctive facial
appearance, cardiac anomalies, skeletal abnormalities, and mild to moderate intellectual disability.
Simplex cases make up the vast majority of the reported cases with Kabuki syndrome, but parent-
to-child transmission in more than a half-dozen instances indicates that it is an autosomal
dominant disorder. We recently reported that Kabuki syndrome is caused by mutations in MLL2, a
gene that encodes a Trithorax-group histone methyltransferase, a protein important in the
epigenetic control of active chromatin states. Here, we report on the screening of 110 families with
Kabuki syndrome. A/LL2 mutations were found in 81/110 (74%) of families. In simplex cases for
which DNA was available from both parents, 25 mutations were confirmed to be de novo, while a
transmitted MLL2 mutation was found in two of three familial cases. The majority of variants
found to cause Kabuki syndrome were novel nonsense or frameshift mutations that are predicted
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to result in haploinsufficiency. The clinical characteristics of MLL2 mutation-positive cases did
not differ significantly from MLL2 mutation-negative cases with the exception that renal
anomalies were more common in MLL2 mutation-positive cases. These results are important for
understanding the phenotypic consequences of MLL2 mutations for individuals and their families
as well as for providing a basis for the identification of additional genes for Kabuki syndrome.

Keywords
Kabuki syndrome; MLL2; ALR; Trithorax group histone methyltransferase

INTRODUCTION

Kabuki syndrome (OMIM#147920) is a rare, multiple malformation disorder characterized
by a distinctive facial appearance, cardiac anomalies, skeletal abnormalities, and mild to
moderate intellectual disability. It was originally described by Niikawa et al. [1981] and
Kuroki et al. [1981] in 1981, and to date, about 400 cases have been reported worldwide
[Adam and Hudgins, 2005; Niikawa et al., 1988; White et al., 2004]. The spectrum of
abnormalities found in individuals with Kabuki syndrome is diverse, yet virtually all
affected persons are reported to have similar facial features consisting of elongated palpebral
fissures, eversion of the lateral third of the lower eyelids, and broad, arched eyebrows with
lateral sparseness. Additionally, affected individuals commonly have severe feeding
problems, failure to thrive in infancy and height around or below the 3™ centile for age in
about half of cases.

We recently reported that a majority of cases of Kabuki syndrome are caused by mutations
in mixed lineage leukemia 2 (MLL2; OMIM#602113), also known as either MLL4 or ALR
[Ng et al, 2010]. MLL2 encodes a SET-domain-containing histone methyltransferase
important in the epigenetic control of active chromatin states [FitzGerald and Diaz, 1999].
Exome sequencing revealed that nine of ten individuals had novel variants in MLL2 that
were predicted to be deleterious. A single individual had no mutation in the protein-coding
exons of MLL2, though in retrospect, his phenotypic features are somewhat atypical of
Kabuki syndrome. In a larger validation cohort screened by Sanger sequencing, we found
MLL2 mutations in approximately two-thirds of 43 Kabuki cases, suggesting that Kabuki
syndrome is genetically heterogeneous.

Herein we report on the results of screening MLL2 for mutations in 110 families with one or
more individuals affected with Kabuki syndrome in order to: (1) characterize the spectrum
of MLL2 mutations that cause Kabuki syndrome; (2) determine whether MLL2 genotype is
predictive of phenotype; (3) assess whether the clinical characteristics of MLL2 mutation-
positive cases differ from MLL2 mutation-negative cases; and (4) delineate the subset of
Kabuki cases that are MLL2 mutation-negative for further gene discovery studies.

MATERIALS AND METHODS
Subjects

Referral for inclusion into the study required a diagnosis of Kabuki syndrome made by a
clinical geneticist. From these cases, phenotypic data were collected by review of medical
records, phone interviews, and photographs. These data were summarized by each
collaborating clinician and forwarded for review to two of the authors (MB and MH). These
data were collected from five different clinical genetics centers in three different countries
and over a protracted period of time and forwarded for review to two of the authors (MB and
MH). Data on certain phenotypic characteristics including stature, feeding difficulties, and
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failure to thrive was not uniformly collected or standardized. Therefore, we decided to be
conservative in our analysis and use only phenotypic traits that could be represented by
discrete variables (i.e., presence or absence) and for which data were available from at least
70% of cases. In addition, these clinical summaries were de-identified and therefore facial
photographs were unavailable from most cases studied. Written consent was obtained for all
participants who provided identifiable samples. The Institutional Review Boards of Seattle
Children’s Hospital and the University of Washington approved all studies. A summary of
the clinical characteristics of 53 of these individuals diagnosed with Kabuki syndrome has
been reported previously [Ng et al., 20101,

Mutation analysis

Genomic DNA was extracted using standard protocols. Each of the 54 exons of MLL2 was
amplified using Taq DNA polymerase (Invitrogen, Carlsbad, CA) following manufacturer’s
recommendations and using primers previously reported [Ng et al. 2010]. PCR products
were purified by treatment with exonuclease I (New England Biolabs, Inc., Beverly, MA)
and shrimp alkaline phosphatase (USB Corp., Cleveland, OH), and products were sequenced
using the dideoxy terminator method on an automatic sequencer (ABI 3130x1). The
electropherograms of both forward and reverse strands were manually reviewed using -
CodonCode Aligner (Dedham, MA). Primer sequences and conditions are listed in
Supplementary Table 1.

For MLL2 mutation-negative samples, DNA was hybridized to commercially available
whole-genome tiling arrays consisting of one million oligonucleotide probes with an average
spacing of 2.6 kb throughout the genome (SurePrint G3 Human CGH Microarray 1x1M,
Agilent Technologies, Santa Clara, CA). Twenty-one probes on this array covered MLL2
specifically. Data were analyzed using Genomics Workbench software according to
manufacturer’s instructions.

RESULTS

All 54 protein-coding exons and intron-exon boundaries of MLL2 were screened by Sanger
sequencing in a cohort of 110 kindreds with Kabuki syndrome. This cohort included 107
simplex cases (including a pair of monozygotic twins) and three familial (i.e., parent-
offspring) cases putatively diagnosed with Kabuki syndrome. Seventy novel MLL2 variants
that were inferred to be disease-causing were identified in 81/110 (74%) kindreds (Fig 1 and
Supplementary Table II online). These eighty-one mutations included 37 nonsense
mutations (32 different sites and five sites with recurrent mutations), three in-frame
deletions or duplications (2 different sites and 1 site with a recurrent mutation), 22
frameshifts (22 different sites), 16 missense mutations (11 different sites and four sites with
recurrent mutations) and 3 splice consensus site (or intron-exon boundary) mutations. None
of these variants were found in dbSNP (build 132), the 1000 Genomes Project pilot data,
190 chromosomes from individuals matched for geographical ancestry. In total, pathogenic
variants were found at seventy sites. Additionally, there were ten sites at which recurrent
mutations were observed.

For 25 simplex cases in which we identified MLL2 mutations, DNA was available from both
unaffected parents, and in each case the mutation was confirmed to have arisen de novo
(Supplementary Table II online). These included 14 nonsense, five frameshift, three
missense, two splice site mutations and one deletion. De novo events were confirmed at six
of the 10 sites where recurrent mutations were noted. In addition to the 81 kindreds in which
we identified causal MLL2 mutations, we found two MLL2 variants in each of three simplex
cases. In each case, neither MLL2 mutation could unambiguously be defined as disease-
causing (Supplementary Table II online). In one case, we found both a 21 bp in-frame
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insertion in exon 39 and a 1 bp insertion in exon 46 predicted to cause a frameshift.
However, the unaffected mother also carried the 21 bp insertion suggesting that this is a rare
polymorphism, and that the 1 bp deletion is the pathogenic mutation responsible for Kabuki
syndrome.

Apparent disease-causing variants were discovered in nearly half (i.e., 22/54) of all protein-
coding exons of MLL2 and in virtually every region known to encode a functional domain
(Fig 1). However, the distribution of variants appeared non-random as 13 and 12 novel
variants were identified in exons 48 and 39, respectively. These sites accounted for 25, or
more than one-third, of all the novel MLL2 variants and 31/81 mutations that cause Kabuki
syndrome in our cohort. Eleven of the 12 pathogenic variants in exon 39 were nonsense
mutations and occurred in regions that encode long polyglutamine tracts.

Four of the families studied herein had two individuals affected with Kabuki syndrome. A
pair of monozygous twins with a ¢.15195G>A mutation were concordant for mild
developmental delay, congenital heart disease, preauricular pits and palatal abnormalities,
but discordant for hearing loss, and a central nervous system malformation. Concordance for
mild developmental delay between an affected parent and child was observed in two
families with MLL2 mutations, one with a nonsense mutation, c.13579A>T, p.K4527X, and
the other with a missense mutation, ¢.16391C>T, p.T5464M that was also found in a
simplex case. No MLL2 mutation was found in the remaining affected parent and child pair.

To examine the relationship between genotype and phenotype, we first compared the
frequency of developmental delay, congenital heart disease, cleft lip and/or palate, and
structural renal defects between MLL2 mutation-positive vs. MLL2 mutation-negative cases.
No significant difference was observed between groups for three of these four phenotypes
(Table I, a). However, renal anomalies were observed in 47% (31/66 cases) of MLL2
mutation-positive cases compared to 14% (2/14 cases) of MLL2 mutation-negative cases and
this difference was statistically significant (y=5.1, df=1, p=0.024). In 35 cases in two clinical
cohorts for whom more complete phenotypic data were available, short stature was observed
in 54% (14/26) of MLL2 mutation-positive cases compared to 33% (3/19 cases) of MLL2
mutation-negative cases. We also divided the MLL2 mutation-positive cases into those with
nonsense and frameshift mutations and those with missense mutations and compared the
frequency of developmental delay, congenital heart disease, cleft lip and/or palate, and
structural renal defects between groups. No significant differences were observed between
groups (Table I, b).

In 26 independent cases of Kabuki syndrome, including one parent-offspring pair, no MLL2
mutation was identified. Both persons in the mother-child pair had facial characteristics
consistent with Kabuki syndrome (Fig 2), mild developmental delay, and no major
malformations. The mother is of Cambodian ancestry and her daughter is of Cambodian and
Buropean American ancestry. In general, most of the MLL2 mutation-negative Kabuki cases
had facial characteristics (Fig 3) similar to those of the MLL2 mutation-positive Kabuki
cases, and a similar pattern of major malformations (Table I) with the exception of fewer
renal abnormalities.

We screened the MLL2 mutation-negative cases by aCGH for large deletions or duplications
that encompassed MLL2. Abnormalities were found in four cases. In one case, a 1.87 kb
deletion of chromosome 5 (hg18, chr5:175,493,803-177,361,744) that included NSDI and
had breakpoints in flanking segmental duplications identical to the microdeletion commonly
found in Sotos syndrome, was found. This suggests that this individual has Sotos syndrome,
not Kabuki syndrome [Kurotaki et al., 2002]. A second case had a novel 977-kb deletion of
chromosome 19q13 (hg18, chr19:61,365,420-62,342,064) encompassing 20 genes. The
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majority of genes within the deleted region are zinc finger genes, some of which are known
to be imprinted in both human and mouse. A third case had a complex translocation t(8;18)
(922;q21). Finally, a fourth case was found to have extra material for the entire chromosome
12. Average log2 ratio across chromosome 12 was 0.49, most likely representing mosaic
aneuploidy of chromosome 12. No aCGH abnormalities were observed in 21 cases and
aCGH failed for one case.

DISCUSSION

We have expanded the spectrum of mutations in MLL2 that cause Kabuki syndrome and
explored the relationship between MLL2 genotype and some of the major, objective
phenotypic characteristics of Kabuki syndrome. The majority of variants found to cause
Kabuki syndrome are either novel nonsense or frameshift mutations, and appear to arise de
novo. While mutations that cause Kabuki syndrome are found throughout the MLL2 gene,
there appear to be at least two exons (39 and 48) in which mutations are identified with a
considerably higher frequency. Mutations in these three exons account for nearly half of all
mutations found in MLL2, while the length of these exons represents ~35% of the MLL2
open reading frame (ORF). Furthermore, exon 48, the exon in which mutations are most
common, comprises only ~7% of the MLL2 ORF. Exon 39 contains several regions that
encode long polyglutamine tracts suggesting the presence of a mutational hotspot, although
no such explanation is obvious for exon 48. A stepwise approach in which these regions are
the first screened might be a reasonable approach to diagnostic testing. However, capture of
all introns, exons, and nearby MLL2 regulatory regions followed by next-generation
sequencing would be more comprehensive and likely to be less costly over the long term.

Comparison of four of the objective clinical characteristics of MLL2 mutation-negative
versus MLL2 mutation-positive cases allowed us to explore both the relationship between
MLL2 genotype and Kabuki phenotype and the phenotype of MLL2 mutation-negative cases.
Overall, the clinical characteristics of MLL2 mutation-positive cases did not differ
significantly from MLL2 mutation-negative cases with the exception that renal anomalies
were more common in MLL2 mutation-positive cases. Similarly, we observed no significant
phenotypic—including the severity of developmental delay—differences between
individuals grouped by mutation type. However, the phenotypic data available to us for
analysis was limited and, for many cases, we lacked specific information about each
malformation present. Furthermore, the most typical phenotypic characteristic, the
distinctive facial appearance, was not compared in detail between cases although it would be
of interest to study facial images ‘blinded’ to mutation status to investigate its power to
predict genotype. Analysis of genotype-phenotype relationships using both a larger set of
Kabuki cases, and with access to more comprehensive phenotypic information would be
valuable. '

No MLL2 mutation could be identified in 26 of the cases referred to us with a diagnosis of
Kabuki syndrome. In three of these cases, aCGH identified structural variants that could be
of clinical significance although additional investigation is required. A fourth case had the
classical deletion observed in individuals with Sotos syndrome, and in retrospect it appears
that this case was included in the cohort erroneously. The 22 remaining cases, including one
parent-offspring pair, represent individuals with fairly classic phenotypic features of Kabuki
syndrome without a MLL2 mutation. This observation suggests that Kabuki syndrome is
genetically heterogeneous. To this end, in these 22 cases, we sequenced the protein-coding
exons of UTX, a gene that encodes a protein that directly interacts with MLL2 but no
pathogenic changes were found (data not shown). Exome sequencing of a subset of these
MLL2 mutation-negative cases to identify other candidate genes for Kabuki syndrome is
underway.
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