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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)(q32;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 Rho GTPase activating protein 2 (SRGAP2).
The 9q13 breakpoint was suggested to reside in the heterochro-
matin region. Srgap2has 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 firstreport of the SRGAP2 abnormality associated
with early infantile epileptic encephalopathy.
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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
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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, STXBP] 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. SRGAP1 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 t(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 KBr, 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 long 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 1g32.1 translocation breakpoint was analyzed by Southern
hybridization using EcoRI- and Psfl-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 Psf-digested DNA of the
patient was performed using QIAEXII Gel extraction kit (Qiagen,
Valencia, CA) in order to obtain der(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 pl ligated DNA, 1x LA
PCR bufferIl, 2.5mM MgCl,, 0.4 mM each dNTP, 0.5pM 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'; Psi-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);
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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)(g32;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
134121, 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 probe II (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,C), indicating that the 1g32 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(l) and der(9) breakpoint-junction fragments,
respectively. Sequence analysis showed that the 1g32 translocation
breakpoint was located 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(1) 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 9q13 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 NspI (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 F-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 impor-
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 alarge cohort of patients presenting with early epileptic
encephalopathy including West syndrome. Although full-length
SRGAP2 transcripts (functional), which include sequences of
putative exons 1-20 at 1q32.1, 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 1g21.1 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 hasbeen 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 1g21.1 and 1p11.2. Further descriptions about
aberrations of the SRGAP2 gene will be required for establishingina
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 1g32.1
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 de novo 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 SRGAP2 may be related
to West syndrome which has heterogeneous backgrounds [Kato,
2006].
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