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Abstract While pathogenic copy number variations (CNVs)
in 15q11.2 were recently identified in Caucasian patients
with idiopathic generalized epilepsies (IGEs), the epilepsy-
associated gene(s) in this region is/are still unknown. Our
study investigated whether the CNVs in 15q11.2 are associ-
ated with childhood absence epilepsy (CAE) in Chinese
patients and whether the selective magnesium transporter
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NIPA?2 gene affected by 15q11.2 microdeletions is a suscep-
tive gene for CAE. We assessed IGE-related CNVs by
Affymetrix SNP 5.0 microarrays in 198 patients with CAE and
198 controls from northern China, and verified the identified
CNVs by high-density oligonucleotide-based CGH micro-
arrays. The coding region and exon—intron boundaries of
NIPA2 were sequenced in all 380 patients with CAE and 400
controls. 15q11.2 microdeletions were detected in 3 of 198
(1.5%) patients and in no controls. Furthermore, we identified
point mutations or indel in a heterozygous state of the NIPA2
gene in 3 out of 380 patients, whereas they were absent in 700
controls (P = 0.043). These mutations included two novel mis-
sense mutations (c.532A>T, p.I178F; c.731A>G, p.N244S)
and one small novel insertion (c.1002_1003insGAT,
p-N334_335EinsD). No NIPA2 mutation was found in 400
normal controls. We first identified that NIPA2, encoding a
selective magnesium transporter, is a susceptible gene of CAE,
and 15q11.2 microdeletions are important pathogenic CNVs
for CAE with higher frequency in Chinese populations than
that previously reported in Caucasians. The haploinsufficiency
of NIPA2 may be a mechanism underlying the neurological
phenotypes of 15q11.2 microdeletions.

Introduction

As one subtype of idiopathic generalized epilepsies (IGEs),
childhood absence epilepsy (CAE) is also genetically deter-
mined (Jallon and Latour 2005). Recent studies of copy
number variations (CN'Vs) in the human genome in patients
with epilepsy have revealed recurrent microdeletions at
1921.1, 15q11.2, 15q13.3, 16p11.2, 16p13.11, and 22q11.2.
Among them, the common CNVs in 15q11.2 occurred in
about 0.75-1.05% patients with IGEs (Helbig et al. 2009;
Dibbens et al. 2009; de Kovel et al. 2010; Mefford et al.
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2010). To elucidate whether these CNVs are consistently
susceptible factors in Chinese patients with CAE, we
assessed the reported IGEs-related CNVs using Affymetrix
SNP 5.0 microarray in 198 patients and 198 controls, both
from northern China. High-density oligonucleotide-based
comparative genomic hybridization (CGH) microarrays
and real-time quantitative PCR (RT-PCR) were employed
to confirm the CNVs identified in 15q11.2 and 15q13.
There are four highly conserved genes located in 15q11.2
that are expressed in the brain, including NIPA2, NIPAI,
TUBGCPS, and CYFIPI (Chai et al. 2003). Among them,
NIPA2 and NIPA1 both encode magnesium transporter sub-
types. Mutations in NIPAI have been associated with auto-
somal dominant spastic paraplegia 6 (Zhao et al. 2008;
Tsang et al. 2009), while the roles of NIPA2 mutations have
not been assessed in any disease. We hypothesized that
NIPA2 may be important in the etiology of epilepsy. There-
fore, we conducted direct sequencing of entire coding
regions and exon—intron boundaries of the NIPA2 gene in
all 380 CAE patients (including the 198 cases studied by
Affymetrix SNP 5.0 microarray) and 400 normal controls to
investigate whether it could be a susceptible gene for CAE
and might be the responsible gene for the CAE phenotypes
manifested by 15q11.2 microdeletions.

Patients and methods
Choice of candidate CNV regions

The selection of microdeletions in 1q21.1, 15q11.2,
15q13.3, 16pl11.2, 16pl13.11, and 22ql1.2 was based on
previous large-scale CNV analysis (Helbig et al. 2009; Dib-
bens et al. 2009; de Kovel et al. 2010; Mefford et al. 2008,
2010; International Schizophrenia Consortium 2008; Sebat
etal. 2007; Weiss et al. 2008; Hannes et al. 2009; Itsara
et al. 2009) and a recent meta-analysis in neuropsychiatric
disorders, which included autism, intellectual disability,
and schizophrenia (Itsara et al. 2009). The following inclu-
sion criteria for the selection of candidate CNVs were
applied: (1) recurrent microdeletion with equal size and
defined breakpoints generated by non-allelic homologous
recombination (Stankiewicz and Lupski 2002); (2) previous
association of microdeletion with neuropsychiatric disor-
ders (P < 0.05); (3) size of microdeletion larger than 100 kb
to ensure a reliable detection by the Affymetrix SNP 5.0
array (coverage: more than 100 probe sets).

Study participants
All participating patients were recruited from four hospitals in

Beijing and were of Han ethnicity using the same criteria and
protocol as that of our previous study (Chen etal. 2003).
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There were 380 patients who fulfilled our criteria for CAE.
Informed consent was obtained from their parents. The 700
normal controls, also of Han ethnicity, were of normal gender-
matched adults from northern China and without personal or
family history of epilepsy. This study was approved by Medi-
cal Ethics Committee of Peking University First Hospital.

Genotyping and CNV detection

All genomic DNA was extracted from peripheral leuko-
cytes. Among the participants, 198 patients and 198 con-
trols were assessed by Affymetrix SNP 5.0 array. SNP
genotyping was performed by the algorithm implemented
in the Affymetrix Genotyping Console (version 3.0.2).
CNV analysis was performed with CEL files of arrays
using the hidden Markov model algorithm and the segmen-
tation algorithm of Partek Genomics Suite (version 6.5).

Changes of the heterozygosity state and log, ratios along
with candidate microdeletion regions were visually
inspected to exclude technical artifacts. The selected mic-
rodeletions were covered by more than 100 probe sets each
on the Affymetrix SNP 5.0 array.

The high-density oligonucleotide-based CGH microarrays,
including the Agilent SurePrint G3 Human High-Resolution
Discovery Microarray (1x1M) and a customer-designed
Agilent SurePrint G3 Microarray (8x60K) were used to
verify CNVs. DNA digestion, Cy5-dUTP or Cy3-dUTP
labeling, purification, array hybridization, washing, scanning,
and data analysis were conducted by following the Agilent
oligonucleotide aCGH protocol (version 6.3).

Microdeletions were considered to match the published
deletions if they overlapped at least 70% of the genomic
region of the candidate CNV (de Kovel et al. 2010).
Microdeletions between breakpoints (BPs) 1 and 2 in
15q11.2 (Chai et al. 2003) were verified by real-time quan-
titative PCR (RT-PCR). RT-PCR was performed on the
ABI StepOne™ Real-Time PCR System, using the SYBR®
Green PCR Master Mix. Data were analyzed with StepOne™
Software (version 2.1).

Multiple SNPs located between BP1 and BP2 in 15q11.2
were used to analyze the heterozygosity state of the parents
and the parental origin of microdeletions.

Statistical analysis

Association analysis of microdeletions between CAE
patients and controls were carried out by one-sided y tests
or Fisher’s exact tests where appropriate.

NIPA?2 mutation analysis

The sequence of NIPA2 was obtained from the UCSC
Genome Bioinformatics database (NM_001184889). The



Hum Genet (2012) 131:1217-1224

1219

Table 1 The primer sequences

of NIPA2 gene EXON

Upstream primer

Downstream primer

EXON 6
EXON 7
EXON 8
EXON 9

5" TTGAAGAAATATACAGGTTGGTG 3’ 5" TATTACTTGGGCATTGGTCC 3’
5" GTCAGCATCTACTGCTTGTTCCC 3’
5" GACCATCCTGGCTAACACGGTG 3’
5" AGGTGTAGTGTATGATGAAGCAG 3’

EXON 10 5" GTTCTGTTCCCACTGTCCCTC 3’

5" CAAAGGATAAATTGTTGAGGGGATG 3’
5" AAGCGAAGTTCTCCAGGTTGTTG 3’

5" CACAGGCTTGGGATTGATAG 3’

5" ACTGTCATTAGTGCATTCGGC 3’

Table 2 Characteristics of the participants carrying microdeletions

Case Sex Location Start® End® Size (bps) Phenotype Family history
170 F 15q11.2 20088256 20831260 743004 Typical CAE -

295 F 15q11.2 19798947 20618933 819986 Typical CAE -

823 F 15q11.2 19879983 20792390 912407 Typical CAE scz?

289 F 15913 26944010 30264336 3320326 Typical CAE -

@ Patient’s grandmother suffered from SCZ (schizophrenia)
® Coordinates of NCBI build 36

primer sequences and PCR amplification conditions were
available on request. All the primer sequences were shown
in Table 1.

DNA sequencing was carried out using the ABI PRISM
BigDye Terminator cycle Ready Reaction sequencing kit
on an Applied Biosystems 3100 genetic analyzer (both
from Applied Biosystems, Carlsbad, CA, USA). We con-
ducted direct sequencing of entire coding regions and
exon—intron boundaries of the NIPA2 gene in all 380 CAE
patients (including the 198 cases for Affymetrix SNP 5.0
microarray study) and 400 normal controls. For the novel
mutations found in patients, the corresponding amplicons
from other 300 control samples were sequenced. Therefore,
a total of 700 control samples were available for compari-
son in order to estimate a mutation rate from the 380 patient
cases.

Results

Identification of microdeletions in patients with CAE
and controls

We observed 15q11.2 microdeletions in 3 out of 198
(1.5%) patients with CAE and one large 15q13 microdele-
tion out of 198 (0.5%) patients with CAE (Table 2; Fig. 1),
whereas neither was found in controls. One-sided Fisher
test for 15q11.2 resulted in P =0.12. No CNVs in 1g21.1,
16p11.2, 16p13.11, or 22q11.2 were identified in any par-
ticipants. Two 15q11.2 microdeletions in Subjects 295 and
823 and one 15q13 microdeletion in Subject 289 were con-
firmed by high-density CGH microarray with resolution of
<1 kb (Fig.2). All these microdeletions were mediated

between repeat sequences in 15q (BP1 and BP2 for the
15q11.2 microdeletions; BP3 and BPS5 for the 15q13 mic-
rodeletion). Since the remaining DNA of Subject 170 was
not sufficient for CGH assay, the 15q11.2 microdeletion
identified in 170 was confirmed by RT-PCR assay of a test
probe located in the common BP1-BP2 CNV region in
15q11.2. Multiple SNP analysis was also conducted in
these three patients with 15q11.2 microdeletions and their
parents. Heterozygous status in multiple SNPs in 15q11.2
was identified in Subject 170’s mother (170M), Subject
295’s father (295F), and Subject 823’s father (823F). The
possibility of transmitting microdeletions from these sub-
jects to the patients was thus excluded (Table 3). Then, we
performed aCGH analysis in the remaining parents and
showed that the 15q11.2 microdeletion in Subject 170 was
de novo mutation and the 15q11.2 microdeletions in Sub-
jects 295 and 823 were maternally inherited (Fig. 2). The
large microdeletions mediated between BPs 3 and 5 in
15q13 were also maternally inherited (Fig.2). There
seemed no significant difference in clinical phenotypes
between the CAE patients with and without the microdele-
tions (Table 2).

NIPA?2 mutation analysis

NIPA2 mutations were identified in 3 of the 380 CAE
patients, consisting of 2 novel missense mutations
(c.532A>T, pI178F; c.731A>G, p.N244S) and 1 small
novel insertion (c.1002_1003insGAT, p.N334_335EinsD).
All the NIPA2 mutations found in this study are heterozy-
gous, as summarized in Table 4. These three novel muta-
tions were all inherited from the patients’ fathers and not
found in 700 normal controls. There was not any mutation
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Fig. 1 Results of Affymetrix Copy Number
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in entire coding area and intron—-exon boundaries of NIPA2
detected in the 400 normal controls. Amino acid alignment
of NIPA2 orthologs from different species showed that
these three rare variations affected the highly conserved
amino acid (Fig. 3). There seemed to be no difference in the
clinical manifestations between the CAE patients with and
without these variations of NIPA2 (Table 4).

Discussion

Recurrent CNVs in 15q have been reported to be associated
with IGEs including CAE. However, to our knowledge,
there has been no pathogenic 15q CNV reported in an Asian
CAE patient cohort. In this study, we identified 15q11.2
microdeletions in 3 cases and a 15q13.3 microdeletion in 1
case from our 198 Chinese CAE patients. Altogether, mic-
rodeletions were present in 2.02% of 198 CAE patients
(4/198) versus none of 198 population controls. Our study
thus suggests that CNV is an important risk factor for Chinese
CAE patients, especially regarding 15q11.2 microdeletions,
even though the P value is not significant enough due to the
limited sample size of case and control cohort.

We showed that the frequency of 15q11.2 microdele-
tions in CAE patients (1.5%) was much higher than that of
15q13.3 microdeletion (0.5%) in our patients’ cohort. Addi-
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tionally, no microdeletion was found in other loci previ-
ously reported to be associated with IGEs in Caucasians.
Published data for CAE/JAE demonstrated the CNVs in
15q13.3 (0.87-4.5%), 15q11.2 (0.87%), and 16p13.11
(0.69%) were more common than those in other regions
(Dibbens et al. 2009; de Kovel et al. 2010). The difference
in the CNV configuration in CAE/JAE between our study
in Chinese and previous studies in Caucasians may be due
to the more restricted recruiting criteria of our study or
racial differences of the patient cohorts. We need to collect
more patient data to clarify that in the future. Another inter-
esting finding was the microdeletion we found in 15q13.3,
which was a large deletion spanning from BP3 to BPS5
(~3.3 Mb). Only five subjects were previously reported to
have this large deletion in 15q13.3 (Helbig et al. 2009;
Sharp et al. 2008; Ben-Shachar et al. 2009; van Bon et al.
2009). Among them, only one German patient had a pheno-
type (JAE, with generalized seizure later) similar to that of
our patient (CAE, no other seizure type). The remaining
four subjects had epilepsy together with mental retardation
or only mental retardation/autistic behavior. All these pre-
vious cases were Caucasian. Thus, the 15q13.3 microdele-
tion that we found was the first Asian case with a larger
BP3-BP5 microdeletion in 15q13.3.

We also conducted direct sequencing in the coding
regions of the NIPA2 gene and identified three mutations
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Fig. 2 Oligonucleotide aCGH analysis of 15q11.2 and 15q13 mic-
rodeletions in patients with CAE and their parents. a Locations of the
four genes affected by 15q11.2 microdeletions, and two repeat sequences
(BP1 and BP2) are shown. Above, for reference, is a horizontal line
showing partial 15q11.2 region and Megabase (Mb) genomic coordi-
nates (NCBI Build 37) below. b Three repeat sequences (BP3, BP4,
and BP2) are shown. The 15q13 microdeletion was identified by
Agilent 1 x 1 M genome-wide CGH microarray, whereas the CNV
status of the parents was studied by customer-designed microarrays
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covering the common region (BP4-BP5) of 15q13 microdeletions.
Above is a horizontal line showing partial 15q13 region and genomic
coordinates below. The green (loss), black (neutral), and red (gain)
dots show the relative intensities (deviation from the horizontal line of
log, ratio = zero) and genomic locations of the oligonucleotide probes
employed in our aCGH assay. The regions that lack unique probes cor-
respond to repeat sequences. The regions with copy number losses are
shown in green bars (color figure online)

Table 3 Multiple SNP analysis for heterozygosity state in parents and deletion origin in patients

SNP 295F 295 295M 823F 823 823M 170F 170 170M
rs61519192 G/G G G/A
1rs34674561 T/T T T/A
rs34460553 C/C C C/IG
rs8028189 C/G G C/C G/C C G/G Cc/IC C C/G
rs17841102 C/IT T C/C T/C C T/T C/IC C C/T
rs4778413 C/T T C/C T/C C T/T C/IC C C/IT
rs72698084 T/T T T/C
rs7179251 G/G G G/T
rs7179051 G/G G G/A
rs4778575 T/C T T/C
rs11638565 C/IC C C/T
rs75866824 T/T T T/C
rs6606825 G/G G G/T

Heterozygous status in multiple SNPs in 15q11.2 was identified in Subject 170’s mother (170M), Subject 289’s father (289F), and Subject 823’s
father (823F). Subjects 295 and 823 may transmit microdeletions from their mother. Subject 170 may transmit microdeletions from their father,
because he only had heterozygous status in one SNP-rs4778575 among 13 SNPs detected in 15q11.2

F father, M mother

that existed only in the 380 patients with CAE but not in the
700 controls. All these rare variations affect conserved resi-
dues in NIPA2 proteins across species (Fig. 3). In contrast,

there were no mutations within the entire coding regions
and exon—intron boundaries of NIPA2 detected in the 400
normal controls. These results suggest that the NIPA2 gene
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Table 4 Rare variations in the NIPA2 gene

Case no.  Nucleotide Amino acid Structural Novel/reported  Parental =~ Comments Phenotype
substitution substitution location origin

1,105 c.532A>T p1178F T™M6 Novel Father Highly conserved  Typical CAE

602 c.731A>G p.N244S Linker VII-VIII  Novel Father Highly conserved  Typical CAE

572 ¢.1002_1003insGAT  p.N334_E335insD  C terminal Novel Father Highly conserved  Typical CAE

UCSC Genome Bioinformatics database (NM_001184889)

I isoleucine, F phenylalanine, N asparagine, S serine, E glutamic acid, D aspartic acid, TM transmembrane domain

1178F N244s
Human GQTNILVYITICSVIGAFSVSCVKGLGIAIK Human  ALDIFNTSIVTPIYYVFFTTSVLTCSAILFKEWQDMPV
Mouse GQTNILVYITICSVIGAFSVSCVKGLGIAIK Mouse  ALDIFNTSIVTPIYYVFFTTSVLTCSAILFKEWQDMPV
Chicken GQTNILVYITICSVIGALSVSCVKGLGIAIK Chicken  ALDIFNTSIVTPIYYVIFTTSVLTCSAILFKEWQHMAV
Rattus GQTNILVYITICSVIGAFSVSCVKGLGITIK Rattus  ALDIFNTSIVTPIYYVFFTTSVLTCSAILFKEWQDMPV
Xenopus GQSNILVYITICSVIGALSVSCVKGLGIAIK Xenopus  ALDIFNTSIVTPIYYVFFTTSVLTCSAILFKEWQHMAY

N334_E335 insD

Human
Mouse
Chicken
Rattus
Xenopus

Fig. 3 ClustalW alignment of NIPA2 orthologs from human (NCBI
accession number NM_001184889), mouse (NCBI accession number
CH466599), chicken (NCBI accession number NM_001030809),
Xenopus (NCBI accession number CR760985), and Rattus (NCBI

may be an important susceptible gene in CAE. NIPA2 was
located at the common area of the three microdeletions in
15q11.2 (Fig. 2) and encodes a selective magnesium trans-
porter (Goytain et al. 2008). Phylogenetic analysis showed
that NIPA2 was highly conserved in vertebrate species and
expressed in the brain (Chai et al. 2003). The NIPA2 gene
includes ten exons, with a coding region from exon 6 to
exon 10, which encodes a putative polypeptide with nine
transmembrane domains (Fig. 4). Ion channel genes have
been proved to be the most important susceptibility genes
of idiopathic epilepsy, especially IGEs. For CAE, the CAC-
NAIH gene encoding low-threshold T-type Ca** channels
is an important susceptible gene first reported by our group
and confirmed by other centers later (Chen et al. 2003; Lac-
inova 2004). Mg?* and Ca®* reinforce each other’s actions.
The precise adjustment of the both intra- and extracellular
levels of Ca®* and Mg?" is crucial in the functioning of
excitable tissues. The central nervous system (CNS) is very
sensitive to the level of magnesium as well as calcium.
Excitability and synaptic transmission are both affected by
the level of magnesium (Rausche et al. 1990; Czéh and
Somjen 1989). Hypermagnesemia can induce CNS neuro-
nal depression with encephalopathy, while hypomagnesa-
emia causes mainly CNS neuronal irritability with seizures
(Cao et al. 2003; Riggs 2002; Castilla-Guerra et al. 2006).
Brain slices obtained from both a genetic rat model of
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accession number NM_001107518). The transmembrane areas are
shown in red. Arrows indicate heterozygous point mutation sites and
the insertion mutation site (color figure online)

absence seizures and a non-epileptic control rat could pro-
duce synchronous epileptiform discharges during pro-
longed application of zero [Mg?*] medium which closely
resembled electrographic seizures (D’Arcangelo et al.
2002).

Although the mutations identified in the 3 CAE patients
were not found in any of the 700 controls, they were all
inherited from their fathers, and none of these fathers
reported a history of CAE. In addition, two out of three
15q11.2 microdeletions and one 15q13 microdeletion were
also inherited (all maternal transmissions), but such large
microdeletions were absent in the controls. The possible
explanations may include the following. First, considering
the location of NIPA?2 is adjacent to the imprinted region of
Prader-Willi/Angelman syndrome (Chai et al. 2003), one
might suspect that only the paternal NIPA2 allele is nor-
mally expressed due to imprinting; therefore, mutated
paternal NIPA2 allele may lead to abnormal phenotype.
However, like the other three genes located between break-
point hotspots BP1 and BP2 of the Prader-Willi/Angelman
syndrome’s deletion region, NIPA2 is reported to be non-
imprinted in human blood and mouse brain samples,
although it is only ~2 Mb from the imprinted domain (Chai
etal. 2003). Also, expression analysis of cultured human
cells and brain tissues showed that NIPA2 are biallelically
expressed (Jiang et al. 2008). These evidences deny the
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possibility of brain-specific imprinting in the pathogenesis
of our cases. Second, it is possible that allelic imbalance
(AI) expression of NIPA2 could cause a significant distor-
tion in the ratio of expression level between two NIPA2
alleles. Al could decrease the level of transcripts and thus
contribute to an increased susceptibility of developing CAE
phenotype in offsprings, while not in their parents. The
mutated allele may have a minor effect in the father, while
having a major effect in the offspring. This phenomenon has
been proved widely and has attracted much attention
recently (Pastinen 2010). Third, current evidence suggests
that CAE is a multifactorial disease, and many factors
might be involved in the expression of the CAE genotype.
Therefore, the NIPA2 functional abnormality itself may
only increase the risk of CAE and may not be sufficient to
cause the CAE phenotype on its own, similar to the findings
in CACNAIH (Hughes 2009). Finally, the mechanism of
phenotypic differences is still unclear. The previous
15q11.2 deletion study for epilepsy showed the parents
(father or mother) and offspring with the same deletion had
different phenotypes (de Kovel et al. 2010).

In summary, our findings show the associations between
15q11.2 microdeletions and child absence epilepsy, which
is the first time in Asian populations. Furthermore, we pres-
ent evidence supporting that the mutations in NIPA2 gene
were associated with CAE, which also indicated that the
haploinsufficiency of NIPA2 might be a candidate mecha-
nism underlying the IGE/CAE phenotypes caused by
15q11.2 microdeletions or rare mutations in NIPA2. Further
studies with more cases and functional analysis of the
NIPA?2 mutations are warranted.
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