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SUMMARY

We set out to review the extent to which molecular karyotyping has overtaken conventional
cytogenetics in applications related to epilepsy. Multiplex ligase-dependent probe amplification
(MLPA) targeted to predetermined regions such as SCN1A and KCNQ2 has been effectively
applied over the past half a decade and oligonucleotide array comparative genome hybridization
(array CGH) is now well established for genome wide exploration of microchromosomal
variation. Array CGH is applicable to the characterization of lesions present in both sporadic and
familial epilepsy, especially where clinical features of affected cases depart from established
syndromes. Copy number variants (CNVs) associated with epilepsy and a range of other
syndromes and conditions can be recurrent due to non-allelic homologous recombination in
regions of segmental duplication. The most common of the recurrent microdeletions associated
with generalized epilepsy are typically seen at a frequency of around 1% at 15¢q13.3, 16p13.11 and
15911.2, sites that also confer susceptibility for intellectual disability, autism and schizophrenia.
Incomplete penetrance and variable expressivity confound the established rules of cytogenetics for
determining the pathogenicity for novel CNVs; however, as knowledge is gained for each of the
recurrent CNVs, this is translated to genetic counselling. CNVs play a significant role in the
susceptibility profile for epilepsies with complex genetics and their comorbidities both from the
“hotspots” defined by segmental duplication and elsewhere in the genome where their location and
size are often novel.

The road to molecular cytogenetics

Human cytogenetics is the study of chromosomes in relation to inheritance and the origin of
abnormal pathology. During the past half century the application of human cytogenetics to
the clinical workup of patients has evolved from morphological karyotyping carried out
under the light microscope to molecular karyotyping displayed on a computer screen.
Molecular karyotyping is now a validated first-tier diagnostic step due to its clinical utility,
at least for developmental delay, intellectual disabilities (ID) and congenital abnormalities
(Miller et al., 2010, Regier et al., 2010, Xiang et al., 2010, Yu et al., 2009), and we believe
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for unusual epilepsy cases as well. Implementation of this new technology significantly
increases diagnostic yield in the cytogenetics laboratory compared with previous
conventional karyotyping. Thus, referring clinicians receive back far more information on
many more of their patients than at any time previously.

The foundations for the translation of cytogenetics from insects to medicine were laid down
with a series of technical advances in the 1950s. The squash technique was applied to spread
the chromosomes into one plane of focus for microscopic examination. Colchicine
pretreatment of cells was introduced to arrest and condense chromosomes at metaphase to
maximise the number of cells for examination. Hypotonic pretreatment of cells was used to
disperse chromosomes and their attached nucleolar material to give a sharp well defined
image. Lymphocyte culture was brought in to provide easier access to a human tissue source
for routine cytogenetic analysis. Finally, stimulation of cell division by phytohaemagglutinin
increased the number of cells arrested at metaphase that were available for observation.

Despite these advances, individual chromosomes did not become physically identifiable
until the 1970s. Quinacrine staining in conjunction with fluorescence microscopy, then
simplification to permanent G-banding, allowed indefinite storage of slides from which
individual chromosomes could be identified by their banding patterns (Fig. 1). This was the
foundation for gene mapping allowing genes to be positioned in relation to visible
landmarks along the chromosome. Moreover, departures from the unique patterns
established for each individual chromosome provided explanations at the gross
morphological level for various clinical conditions. Subsequent technical refinement
increased the number of detectable bands providing higher resolution on normal and
abnormal karyotypes. The association between epileptic seizures and chromosomal
abnormalities detected in that way is now well recognised (Battaglia & Guerrini 2005,Singh
etal., 2002).

Fluorescence in situ hybridisation (FISH) during the 1990s ushered cytogenetics into the
molecular era. Labelled DNA probes could be hybridised to their corresponding targets on
the diploid set of chromosomes spread out on a slide. This greatly improved sensitivity for
the detection of small aberrations at predetermined chromosomal regions. Furthermore,
researchers cloning genes could send their gene probes to cytogenetics to rapidly position
their gene of interest to an identifiable G-banded region anywhere in the genome.

Today, the “molecular karyotype” is rapidly replacing the conventional karyotype in
diagnostic and research laboratories. Molecular karyotyping refers to the evaluation of
chromosome content and structure using DNA hybridization rather than direct observation
of chromosomes under the microscope. Advances in technology over the past several years
now allow clinicians and researchers to interrogate the entire genome for copy number
variants (CNVs; deletions and duplications) in one experiment. Alternatively, specific
genomic regions can be targeted using several different techniques. One important
difference from the conventional methods is that molecular karyotypes only detect
imbalances caused by deletion or addition of DNA — they cannot detect truly balanced
translocations or inversions which still rely on detecting disruption to the normal G-band
pattern. Of the apparently “balanced” reciprocal and complex rearrangements as diagnosed
by light microscopy about 40% of both de novo and inherited cases show cryptic deletions at
the chromosomal breakpoints using the more sensitive molecular approach (De Gregori et
al., 2007, Schluth-Bolard et al., 2009). The other important difference from conventional
methods is that the physical reference points have shifted from G-bands to genomic
coordinates at the basepair level taken from the human DNA reference sequence.

Epilepsia. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mulley and Mefford

Page 3

Molecular platforms for detecting copy number variation

Nowadays the two most commonly used techniques for genome-wide analyses, array
comparative genomic hybridization (array-CGH) and single nucleotide polymorphism

(SNP) genotyping, use known DNA sequences arranged on a “chip”. Both methods can
readily detect microchromosomal aberrations at a much finer resolution than the ~5 Mb limit
of the conventional karyotype. The exact resolution depends on the platform that is used.
The interpretation of microdeletions is straightforward but microduplications require
additional testing by FISH to determine if the duplicated DNA is in tandem or inverted
alongside its original location, or inserted elsewhere in the genome.

Array CGH, particularly, allows for flexible, custom designs to interrogate specific regions
of interest at very high resolution. Detection of deletions and duplications by array CGH
relies on the comparison of two genomes. Fluorescently labelled patient DNA is co-
hybridized with DNA from a control individual to an array spotted with either BAC or
(more commonly) oligonucleotide probes. Signal intensities for the patient and the control
are normalized and reported as a logs ratio of intensities for each probe. Algorithms to detect
CNVs using SNP genotyping arrays involve using both the allele frequency at a given SNP
and the total intensity for that SNP. If a SNP is deleted, there will be apparent homozygosity
(“*AA” which is actually “A-*) and the intensity will be decreased, reflecting DNA dosage.

For directed analysis of a specific genomic region, at higher resolution than provided by
array technology, one of the most frequently used technologies is multiplex ligation-
dependent probe amplification (MLPA) (Fig. 2). MLPA probe Kits are available
commercially from MRC-Holland, Amsterdam, The Netherlands, for many genes including
the epilepsy genes SCN1A and KCNQ2. Duplication and deletion screening is carried out
using standard protocols irrespective of the gene. Putative single exon deletions detected by
MLPA need to be confirmed by sequencing that exon to exclude allele dropout by mismatch
interference between the MLPA probe and the target sequence. Duplication or deletion
signal is contiguous where more than one exon is involved, which acts as an internal check
for signal validity and sample quality. Confirmation is provided by repeatability in a second
run on the same sample. Fragment analysis is carried out by capillary electrophoresis and
peak heights for each fragment are converted to a scatterplot using Genemarker software.

Microchromosomal Mutation in Epilepsy

The following discussion applies to epilepsy presenting primarily as seizures. There are over
200 Mendelian disorders were epilepsy is or can be part of the clinical condition, but not the
primary feature (Online Medelian Inheritance in Man, OMIM). Many of these can be
associated with DNA sequence based mutations or with various microchromosomal
anomalies. Some will be private syndromes and others will be recurrent, with all best
detected by array-CGH (Bedoyan et al., 2010, Cardoso et al., 2009, Yeung et al., 2009).
Many more novel case reports will follow now that array-CGH is more widely applied as a
frontline diagnostic tool. Such cases are not considered as part of this review; however, the
value to the clinic and their patients of application of molecular karyotyping on a case by
case basis is inestimable.

Soon after discovery of point mutations in the first epilepsy gene, CHRNAA4, in association
with autosomal dominant nocturnal frontal lobe epilepsy (Steinlein et al., 1995) another
CHRNA4 mutation was discovered (Steinlein et al., 1997). This was an insertion of only
three nucleotides. Many studies have since shown similar small epilepsy related lesions at
the DNA level; for example, many single or few base pair deletions or insertions in SCN1A
(Lossin 2009). These also are not considered as part of this review. They are detectable by
conventional DNA sequencing, are below the resolution of array-CGH and are not
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detectable by MLPA unless the site of the lesion within the exon corresponds to part of the
probe sequence, causing exon dropout.

In 1998 not long after discovery of CHRNA4 as an epilepsy gene, the second and third
epilepsy genes, KCNQ2 and KCNQ3, were discovered in families with benign familial
neonatal seizures (Biervert et al., 1998, Charlier et al., 1998, Singh et al., 1998). Discovery
of KCNQ?2 (Sing, et al. 1998) was based on a microchromosomal deletion that directed the
gene search to a defined set of candidate genes known to map to the deleted sequence. These
genes were then tested in other families with the same syndrome until mutations were
detected which identified the gene. The point is this: microchromosomal copy number
variants (CNVs) have been known as causative for epilepsy since the dawn of gene
discovery in the idiopathic, or genetic epilepsies, as they are now known (Berg et al., 2010).
However, the efficient and routine recognition of microchromosomal lesions ranging in size
from lone exons up to multiple genes below the resolution of conventional karyotyping is
relatively recent.

Routine easy application to epilepsy began with implementation of multiplex-ligase
dependent probe amplification (MLPA) to the diagnosis of CNVs in the genes SCN1A and
KCNQ2 (Mulley et al., 2006; Heron et al., 2007, Marini et al., 2007; 2009). Array-CGH was
then used as an adjunct to MLPA and other technologies to molecularly characterise the
CNVs for their exact size and gene content (de Kovel et al., 2010, Depienne et al., 2009b,
Dibbens et al., 2009, Helbig et al., 2009, Heron et al., 2010, Kurahashi et al., 2009, Marini et
al., 2009, Mei et al., 2010, Suls et al., 2010, Wang et al., 2008). Recent advances have come
from the application of array-CGH as the frontline tool (Depienne et al., 2009a, Conlin et
al., 2010, Heinzen et al., 2010, McMahon et al., 2010, Mefford et al., 2010, Muhle et al.,
2010). Figure 3 shows the array-CGH signal for a duplication involving SCN2A, SCN3A and
part of SCN1A and three SCN1A deletions of various sizes.

Sporadic epilepsies

The earliest application of MLPA to epilepsy signalled the potential significance of CNVs in
this group of disorders. A substantial number of cases with Dravet syndrome (20-30%) have
no DNA sequence based mutations in SCN1A (Harkin et al., 2007). In small pilot studies
11-15% of these unsolved cases had pathogenic CNVs suggesting that this mechanism may
represent a significant additional cause (Marini et al., 2007, Mulley et al., 2006). Larger
studies confirmed this, with detection rates of 10.1% (Wang et al., 2008), 12.5% (Marini et
al., 2009) and 13% (Depienne et al., 2009b) using MLPA and then array-CGH in positives
to confirm and refine the size and gene content of the CNVs. The majority were large
enough to be detectable by array-CGH alone; however, MLPA has the necessary resolution
down to a single exon to detect the smaller CNVs below the resolution of array-CGH.
Remarkably, deletions were characterized which removed as much as 9.3Mb and 49 genes
without altering the primary SCN1A-related severe Dravet phenotype (Marini et al., 2009).
Depienne and colleagues (Depienne et al., 2009a) used genome wide array-CGH to
investigate cases of Dravet or Dravet-like syndrome where sequence mutations or CNVs
involving SCN1A had been excluded. One case had a deletion in PCDH19 on chromosome
X, the gene implicated in the milder familial epilepsy with mental retardation (EFMR)
affecting females only (Dibbens et al., 2008). Thus, a new syndrome was born similar in
severity to Dravet syndrome but with mutations in PCDH19 rather than SCN1A (Depienne,
et al. 2009a). Other case reports utilizing array-CGH relate to a late onset Lennox-Gastaut
syndrome with 15g11.2-q13.1 microduplication (Orrico et al., 2009), epilepsy with infantile
spasms with 19p13.13 microdeletion (Auvin et al., 2009) and a myoclonic epilepsy with
15026 microdeletion (Veredice et al., 2009). Such reports point to genomic locations
harbouring putative epilepsy genes.
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Recently, twenty cases of treatment refractory epilepsy were analysed by whole genome
array-CGH in a search for CNVs to test a hypothesis that such lesions may contain epilepsy
related genes not responsive to antiepileptic drugs (McMahon et al., 2010). Surprisingly, one
of the 20 cases tested was found to have a 15913.3 microdeletion. Individuals with the
15913.3 microdeletion usually respond to medication; hence, it was likely a major risk factor
for the patient’s epilepsy but not likely the reason for non-response to medication. A second
case within the same small cohort carried a novel microduplication at 10g21.2 present in the
unaffected mother, suggesting an interpretation equivalent of that for the 15913.3 CNV.
Although a small sample of just 20 cases, these data suggest that the two CNVs detected
might be largely responsible for the seizures, but they cannot be blamed for the refractory
nature of the seizures. In contrast, Heinzen et al. (Heinzen et al., 2010) detected 23 cases of
the 16p13.11 microdeletion, 16 of which (70%) were refractory to treatment, much higher
than the 30% generally regarded as refractory to treatment (Kwan & Brodie 2000).
Interestingly, the detection rate for CNVs responsible for seizures in the small study
(McMahon, et al. 2010) was consistent with the firmer rate of about 10% from the two much
larger studies (Heinen, et al. 2010; Mefford, et al. 2010).

Familial epilepsies

The first observation of familial epilepsy with a CNV was made in 1998 (Singh et al., 1998)
after microsatellite maker results led to inference of the deletion. Nearly a decade later
Heron and colleagues (Heron et al., 2007) carried out a directed search for familial CNVs
using MLPA to interrogate the potassium channel gene KCNQ2. Forty four per cent of cases
for whom DNA sequence based mutation had been excluded were found to have a
microdeletion or microduplication, establishing this as a necessary second tier test strategy
for KCNQ?2 related disorders. Kurahashi et al (Kurahashi et al., 2009) also used MLPA to
ascertain CNVs in KCNQ2, followed by array-CGH to determine the size of their deletions,
and found a frequency of 4/22 (18%). Remarkably, two of their deletions confirmed by
array-CGH extended beyond KCNQ?2 to include the CHRNA4 gene, also an established
epilepsy gene. Symptoms associated with these larger deletions were consistent only with
benign familial neonatal seizures associated with KCNQ2 loss of function, or
haploinsufficiency. Autosomal dominant nocturnal frontal lobe epilepsy associated with
specific CHRNA4 missense mutations is triggered by change of function mutations, rather
than loss of function, so haploinsufficiency of CHRNA4 had no effect over and above what
was expected for KCNQ2 associated loss of function mutations.

Familial epilepsies with intellectual disability not fitting known syndromes are prime
candidates for rare and unique pathogenic CNVs. An unusual multigenerational family
segregating seizures and ID was detected by multiplex amplicon quantification (Suls et al.,
2010). Complete microdeletion of SCN1A is not generally compatible with reproduction and
not generally associated with such a mild case of Dravet syndrome. Another family with
seizures and ID segregated an associated and previously undescribed microduplication
inclusive of the known epilepsy associated gene SCN2A (Heron et al., 2010). It was initially
detected by accident when microsatellite markers displayed three alleles, confirmed as a
microduplication by array-CGH and its location and orientation shown by FISH to be
partially inverted and inserted near SCN1A. Another family with early onset absence
epilepsy segregated a previously undescribed microduplication inclusive of the known
epilepsy gene CHRNB2 (Muhle et al., 2010). Both cases with the inherited
microduplications were confounded with biparental inheritance and one of them with
intellectual disability as well. Thus, array CGH can assist with teasing out some of the
factors where complexity exists and has efficacy for familial epilepsies as well as the
sporadic cases. It should be considered first for situations where the phenotypes do not fit
within conventional syndrome designations, whether sporadic or familial.
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Genesis of Recurrent Deletions

Many regions of the human genome are susceptible to recurrent rearrangement due to the
local genomic architecture, including the regions on proximal 15g and 16p that have
recently been associated with epilepsy (see below) (Bailey et al., 2002, Makoff & Flomen
2007, Zody et al., 2006). For each of these regions, breakpoint (BP) hotspots correspond to
blocks of segmental duplications that flank the deleted or duplicated sequence, prompting
suggestion of non-allelic homologous recombination as the likely mechanism (Lupski &
Stankiewicz 2005, Pujana et al., 2002). On proximal 15q, for example, deletions and
duplications involving various combinations of five BPs are associated with Prader-Willi
and Angleman syndromes (BP1-BP3 or BP2-BP3 deletions), autism (BP2-BP3
duplications), and most relevant to this review, genetic generalized epilepsy (BP4-BP5
deletions; Fig. 4). The BP4-BP5 deletions associated with epilepsy contain CHRNA7 and
another six genes (Sharp et al., 2008).

Mefford et al (Mefford et al., 2010) used a custom designed array targeting 107 BP
rearrangement hotspots throughout the genome (Bailey et al., 2002) together with dense
coverage of the remainder of the genome. Overall, 9% of patients harboured rare gene-
containing CNVs ranging in size from 13 kb to 15.9 Mb, averaging 1.2 Mb — 4% were
recurrent rearrangements at hotspot regions while 5% were rare, non-recurrent events. The
three “common” recurrent deletions comprising 3% of patients were at 15913.3 (1.5 Mb),
16p13.11 (900 kb) and 15¢q11.2 (600 kb). Collectively an additional 1% of patients had
rearrangements at other “hotspot” regions. Some patients had more than one putative
pathogenic CNV thus providing insights into a possible origin of genetic modifiers and a
mechanism for phenotypic variability associated with mutations in the monogenic epilepsies
as well as causes for the syndrome constellations associated with the 15913.3, 16p13.11 and
15011.2 CNVs (Mefford & Mulley 2010). Some of the phenotypic variation might arise
from the presence of more than one pathogenic CNV in a patient, as in severe
developmental delay associated with the 16p12 CNV where the second hit leads to greater
phenotypic severity (Girirajan et al., 2010). Overall, 4% of the cohort had CNVs at a BP
hotspot, emphasising the need for whole genome coverage in addition to coverage of the BP
hotspots for thorough analysis of DNA for CNVs from any patient to detect the remaining
5%.

New Microdeletion Syndromes

The role of the 15913.3 CNV in cohorts where genetic (idiopathic) generalised epilepsy was
the main feature was established by Helbig et al (Helbig et al., 2009) as an extension of the
original observation of seizures associated with intellectual disability (Sharp et al., 2008).
The role of the 15913.3 microdeletion in generalized epilepsy was quickly confirmed
(Dibbens et al., 2009, Mefford et al., 2010). The phenotypic variability associated with this
lesion was subsequently extended in another study (van Bon et al., 2009). Interestingly, the
15913.3 deletion was absent from a cohort of nearly 3000 patients with partial epilepsies,
suggesting that the deletion may confer a risk specifically of generalized epilepsy (Heinzen
et al., 2010). Most recurrent 15¢q13.3 deletions are approximately equivalent in genomic
length with similar breakpoints within large blocks of segmental duplications flanking the
deleted region. The deletion and the reciprocal duplication are thought to arise due to
nonallelic homologous recombination mediated by the segmental duplications, thus leading
to recurrence of the same lesion in unrelated individuals.

The 15g13.3 microdeletion is associated with ID, autism, schizophrenia or epilepsy,
sometimes with more than one of these in the same affected individual, and sometimes with
none of them when it is completely nonpenetrant. There is significant phenotypic variability
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associated with the 15913.3 microdeletion with a remarkable range of syndromes seen
between and within families. Several mechanisms have been proposed to explain this
phenomenon, which would apply across the board to all deletion CNVs (Heinzen et al.,
2010, Mulley & Dibbens 2009, Sharp 2009), but none of the mechanisms have been
validated. Haploinsufficiency of CHRNA?Y is postulated as the most likely component
responsible for the pathology associated with the 15g13.3 deletion; however, neighbouring
genes within the deletion could potentially be involved (Mulley & Dibbens 2009). Apart
from CHRNA?7, these include six other genes ARHGAP11B, MTMR10, MTMR15, TRPM1,
KLF13 and OTUDT7A.

Recently, Shinawi et al (Shinawi et al., 2009) narrowed down the likely pathogenic portion
of the CNV to CHRNA7 and/or OTUD7A through observation of a smaller recurrent
microdeletion in 10 cases affecting expression of both genes. This smaller and rarer 680 kb
CNV is entirely within the boundaries of the more common 1.5 Mb 15¢13.3 microdeletion.
The 680 kb CNV probably forms by nonallelic homologous recombination in individuals
who are heterozygous for a naturally occurring inversion polymorphism within 15q13.3
(Makoff & Flomen 2007).

The recurrent presence of the 15913.3 CNV provides a finite probability for its
homozygosity. Such a case has been described with visual impairment, hypotonia, profound
ID and refractory epilepsy (Lepichon et al., 2010). The complex clinical picture reflected the
complete loss of function of the genes in the region due to homozygosity for the
microdeletion. Absence of CHRNA7 was postulated as the cause of refractory seizures.

The perceived dilemma relating to the 15q13.3 deletion for disease aetiology revolves
around uncertainty of phenotypic prediction, since it has been associated with such a broad
range and severity of phenotypes. Risks associated with these CNVs appear to be much
higher than SNP variants; however, the penetrance of effects modulated by the CNV are less
than seen in the monogenic epilepsies, otherwise more large families would be detected
segregating with CNVs. These insights come from estimates of penetrance for a number of
schizophrenia related CNVs (Vassos et al. 2010) and for 15q13.3 in epilepsy (Dibbens et al.
2009).

Where passed through several generations the question is whether a given CNV “breeds
true”. If so, cis-acting genetic modifiers would need to be involved, and they would need to
be linked in close physical proximity to the lesion to maintain phenotypic stability.
Alternatively, trans-acting modifiers on the chromosome 15 homologue or any other
unlinked modifier on any other chromosome would promote extensive clinical variability
within families expressed as ID, autism, schizophrenia and/or epilepsy. Highly variable
intra- and inter-familial phenotypes (van Bon et al., 2009) argue in favour of trans-acting
elements, although in their study few cases were associated with seizures. Familial epilepsy
when inherited in association with the 15913.3 CNV appears more homogeneous than one
might expect if expressivity was governed solely by unlinked modifiers (Dibbens et al.,
2009). This would suggest involvement of at least some cis-acting effects, but more
observations are needed.

Like any autosomal dominant monogenic disorder with incomplete penetrance and variable
expressivity, the phenotype displayed by the 15913.3 microdeletion is just as unpredictable.
That can be seen by observation of the extent of its associated phenotypic variability in
families, which include normal unaffected carriers where the effects of the lesion appear to
be non-penetrant. The likely reason is that the 15g13.3 CNV is just one part of the polygenic
profile contributing to the risk of presenting with seizures in any given subject. Standard
cytogenetics generally adheres to the principle that de novo microchromosomal lesions in an
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affected proband are most likely causative. Alternatively, when the same lesion is present in
a parent who is phenotypically normal, the CNV is considered benign, with affection in the
proband likely due to some other cause. However, these guidelines are beginning to shift as
experience with CNVs is gained. The 15g13.3 CNV can commonly be carried by an
unaffected family member like a parent or grandparent, as observed in family follow up,
despite its known pathogenicity in another family member (van Bon et al., 2009). Ledbetter
(Ledbetter 2009) argues correctly that such recurrent lesions are exceptional, and once
knowledge and experience is gained, for each of them, the clinical geneticist recognises
these situations and can counsel accordingly. This does not necessarily cast doubt on the
well-established principles that will always apply to the inheritance of the vast majority of
CNVs that are non-recurrent. For the less common of the recurrent CNVs there remains
insufficient knowledge and experience at this time to make a judgement on their
pathogenicity and penetrance if pathogenic.

The same detection protocols relate to the other recurrent microdeletions commonly
associated with epilepsy, at 15g11.2 and 16p13.11 (de Kovel et al., 2010, Heinzen et al.,
2010, Mefford et al., 2010). The combined haploinsufficiency of the gene content within the
15913.3 (7 genes), 16p13.11 (12 genes) and 15g11.2 (8 genes) CNVs represents a major
susceptibility determinant in ~3% of genetic generalised epilepsies (Mefford et al., 2010),
and all three loci have been associated to varying degrees with a range of neurocognitive and
neuropsychiatric disorders. The epilepsy so far associated with deletions of 15q13.3 and
15911.2 is primarily generalized epilepsy, while deletions of 16p13.11 are seen in both
generalized and localization-related epilepsies. Prenatal diagnosis would be extremely
problematic for any of these recurrent CNVs due to the inability to accurately predict the
associated phenotype or to be certain of a phenotype at all, other than normal. Accurate
prediction for a genetically complex disorder would require information on all of its
susceptibility genes, not just the one (albeit perhaps the most significant one, when present).
The less frequent recurrent CNVs associated with epilepsy are at 1g21.1, 16p12 and two
regions within 16p11.2 (de Kovel et al., 2010, Mefford et al., 2010) and until more is known
about these they need to be managed the same way as the three more common of the
recurrent CNVs. That is, their carriers are at greatly increased risk of the morbidities
characterized for each of the lesions. Nothing more can be definitively stated.

The management of rare or novel non-recurrent variants on the other hand will likely remain
under “the well established principles that will always apply to the vast majority of inherited
CNVs”. That is, de novo lesions are usually pathogenic and familial ones inherited from a
phenotypically normal parent are benign. These rare variants are collectively common at
around 9% in the genetic generalised and focal epilepsies combined (Mefford et al., 2010)
so will need to be routinely tested for, detected and counselled. Many of these, particularly
the de novo ones, are likely to confer a relatively large pathogenic risk in the absence of any
other carriers in the family displaying evidence to the contrary. Rare but inherited events
will remain a diagnostic dilemma for some time, but educated inferences on likely
pathogenicity may be gleaned from in silico analysis of the CNV gene content.

Detecting a CNV by array-CGH: What does it mean?

The three most common recurrent CNVs at 15g13.3, 16p13.11 and 15911.2 have been
intensively studied so we now have some knowledge of their significance in relation to
epilepsy. In the absence of sufficient knowledge, the rarer recurrent CNVs at 1921.1, 16p12
and the two regions within 16p11.2 need to be regarded similarly to the three most common
CNVs. All of these recurrent CNVs most likely are part of the polygenic architecture
underlying susceptibility to epilepsy, but for any of their carriers, these lesions are not the
complete picture. Other susceptibility variants at other loci are not yet identifiable but are
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part of the profile for each affected individual for each of the conditions associated with
these deletions.

In the clinical setting, genetic counselling with respect to CNVs remains a challenge. In the
case where a patient with epilepsy carries one of the common recurrent CNVs discussed
above, it is reasonable to conclude that the CNV is a major genetic factor contributing to the
patient’s disease. This is true even when there are unaffected family members with the same
CNV, as it has been shown that the penetrance is incomplete. On the other hand, the broad
phenotypic spectrum associated with 15913.3, 16p13.11 and other recurrent CNVs makes
predictive counselling more problematic. There is simply not enough known about the
additional factors — genetic, epigenetic or environmental — that influence the final
phenotypic outcome.

Rare, novel or non-recurrent CNVs on the other hand require serious interpretation to
determine their likely pathogenicity or normality. If these non-recurrent CNVs are de novo,
then the chance they are pathogenic is high, especially if supported by in silico analysis of
genes within the microdeletion suggesting potential relevance to the condition. If familial,
then the phenotype of the carrier parent provides the best guide. Interpreting the
pathogenicity of a rare, inherited CNV can be complicated (Mencarelli et al., 2008). It
requires searching the literature and patient databases for reports of similar or overlapping
CNVs in affected individuals. Just as important is the evaluation of control databases and
published studies (Itsara et al., 2009, Shaikh et al., 2009) to determine the frequency of
overlapping CNVs in unaffected individuals. Finally, the expression pattern, function and
disease association (if applicable) of each gene affected by the CNV must be considered.
Some general interpretative guidelines for results from array-CGH analysis that can be
translated to epilepsy are presented by Sharp (Sharp 2009), Paciorkowski and Fang
(Paciorkowski & Fang 2009), Miller et al (Miller et al., 2010) and Xiang et al (Xiang et al.,
2010).

Summary and conclusions

Molecular karyotyping has revolutionized the discovery of rare and common copy number
changes associated with various diseases — epilepsy is no exception. Large, recurrent
microdeletions at 15q13.3, 16p13.11 and 15g11.2 have been established as substantial risk
factors for epilepsy. With the continued application of genome-wide approaches to large
cohorts of individuals with epilepsy syndromes, additional recurrent and non-recurrent
CNVs will be added to this list, facilitating the discovery of novel genes and genomic
regions important to the genetic etiology of this complex and common neurological disorder.
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Figure 1.
The conventional G-banded karyotype showing 23 pairs of normal chromosomes as seen
under light microscopy.
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Figure 2.

FRAGMENT SIZE

MLPA analysis showing KCNQ?2 exons within the normal range (green), control probes
from elsewhere in the genome (blue) and deleted exons (red). The display is generated using
GeneMarker software. The points represent comparative peak height ratios for each MLPA
probe compared with normal samples.
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Figure 3.

Signal from Nimblegen chromosome 2-specific oligonucleotide array-CGH. Hybridization
data were analysed using SignalMap™ software. A: The familial 1.57 Mb duplication
involving 8 contiguous genes including SCN2A, SCN3A and part of SCN1A as reported by
Heron et al (2010). B: Three of the Dravet syndrome deletions with excision of SCN1A as
reported by Marini et al (2009). Deletion sizes from top to bottom are 1.64 Mb (deleting
SCN1A — XIRP2 and all genes between), 1.49 Mb (deleting FAM130A2 — XIRP2 and all
genes between) and 588 kb (deleting GALNT3 — SCN9A), respectively.
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Figure 4.

Microdeletions associated with breakpoint (BP) “hotspots” in the 15911-q13 region
associated with Prader-Willi and Angelman syndromes, autism and genetic generalized
epilepsy as described in the text. Blocks of semental duplications, in which the breakpoints
lie, are represented at the top by orange/yellow/grey blocks. Red bars represent the unique
sequence deleted (or duplicated) between blocks of segmental duplications. Deletions
between BP1-BP2 and BP4-BP5, marked with an asterisk, have been associated with
generalized epilepsy. The clinical significance of deletions between BP3-BP4 is unknown.
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