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Rare Copy Number Variants Are an
Important Cause of Epileptic

Encephalopathies
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Objective: Rare copy number variants (CNVs)—deletions and duplications—have recently been established as
important risk factors for both generalized and focal epilepsies. A systematic assessment of the role of CNVs in
epileptic encephalopathies, the most devastating and often etiologically obscure group of epilepsies, has not been
performed.
Methods: We evaluated 315 patients with epileptic encephalopathies characterized by epilepsy and progressive
cognitive impairment for rare CNVs using a high-density, exon-focused, whole-genome oligonucleotide array.
Results: We found that 25 of 315 (7.9%) of our patients carried rare CNVs that may contribute to their phenotype,
with at least one-half being clearly or likely pathogenic. We identified 2 patients with overlapping deletions at 7q21
and 2 patients with identical duplications of 16p11.2. In our cohort, large deletions were enriched in affected
individuals compared to controls, and 4 patients harbored 2 rare CNVs. We screened 2 novel candidate genes found
within the rare CNVs in our cohort but found no mutations in our patients with epileptic encephalopathies. We
highlight several additional novel candidate genes located in CNV regions.
Interpretation: Our data highlight the significance of rare CNVs in the epileptic encephalopathies, and we suggest
that CNV analysis should be considered in the genetic evaluation of these patients. Our findings also highlight novel
candidate genes for further study.
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Epilepsy is often associated with major comorbidities,

most frequently cognitive difficulties, which can be

static or progressive. In the former, a variety of disorders

are believed to cause both static intellectual disability and
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epilepsy; in the latter, the epileptic process contributes to

cognitive impairment. Epileptic encephalopathies (EEs),

recently defined as severe epilepsies in which the epileptic

activity, in addition to the seizures, contributes to cogni-

tive impairment or regression, account for a significant

proportion of the refractory epilepsies usually associated

with poor outcome.1 Most of the EEs begin in infancy

or childhood, often in the setting of normal development

with subsequent cognitive decline. In this way, the EEs

differ considerably from disorders with static intellectual

disability.

Copy number variants (CNVs) have been estab-

lished as an important source of mutation in many neu-

rocognitive and neuropsychiatric conditions, including

intellectual disability (ID), autism spectrum disorders,

and schizophrenia.2 CNVs are regarded as causative in

>10% of cases of ID.3 More recently, both targeted4–6

and genome-wide7,8 discovery of CNVs in individuals

with epilepsy have also established the importance of

CNVs in the epilepsies. We previously evaluated >500

individuals with various types of pharmacoresponsive epi-

lepsy for rare, potentially pathogenic CNVs, which were

present in nearly 10% of patients.7 The majority of

patients in that series had genetic (idiopathic) generalized

or focal epilepsies. However, a small number had more

severe forms of epilepsy, and a greater percentage of these

patients carried rare, potentially pathogenic CNVs.

Although there have been reports of CNVs in some

cases,9–11 the EEs have not been systematically interro-

gated for CNVs as a group.

In this study, we hypothesized that some EEs could

be caused by CNVs and that genes within those CNVs

would be novel candidate genes for EEs. We selected a

cohort of 315 patients with EEs. We performed high-

density, whole-genome array comparative genomic

hybridization (CGH) to determine what proportion of

severe epilepsies may be caused by rare CNVs and to

identify novel candidate genes within those regions.

Patients and Methods

Patient Samples
Patients with EEs for whom no cause was known were ascer-

tained by referral and from the investigators’ clinical practices.

Detailed epilepsy, developmental, and general medical history

was obtained with electroencephalography (EEG) and neuroi-

maging results. A seizure questionnaire was completed with the

parents or caregivers where possible.12 Strenuous efforts were

made to obtain all previous medical records. Data were ana-

lyzed to determine each patient’s phenotype and epilepsy syn-

drome according to the International League Against Epilepsy

(ILAE) classifications.1,13–15 Patients who did not have a phe-

notype consistent with a well known epilepsy syndrome, but

who did have an encephalopathic EEG with high-voltage dif-

fuse background slowing and frequent epileptiform activity, and

developmental slowing or regression, were classified according

to the epileptiform pattern. For example, those with generalized

spike and slow wave or sharp and slow wave activity were called

symptomatic generalized epilepsies (SGEs) and those with uni-

focal or multifocal epileptiform abnormalities were classified as

focal epilepsies with regression.

This study was carried out with approval from the

Human Research Ethics Committees of Austin Health and the

Royal Children’s Hospital (Victoria, Australia) and the human

subjects review board at the University of Washington (Seattle,

WA). All subjects or, in the case of minors or individuals with

intellectual disability, parents or legal guardians gave informed

consent to participate.

Array CGH and Analysis
We performed oligonucleotide array CGH using commercially

available whole-genome, exon-focused arrays with 720,000 iso-

thermal probes (Human CGH 3x720K Whole-Genome Exon-

Focused Array, Roche NimbleGen, Madison, WI). Probes were

preferentially placed in exonic sequences but also distributed

throughout nonexonic regions. Probe spacing was variable with

a mean spacing of �4.2kb. Data were analyzed using Nimble

Scan software followed by a 3-state hidden Markov model as

previously described.7 CNV calls were then filtered to elimi-

nate: (1) events comprising <5 probes; (2) events that did not

overlap any RefSeq genes; (3) events entirely within segmental

duplications; and (4) events with >50% overlap with a CNV

detected in 4,519 published controls, taking into account probe

coverage and ability to detect a given CNV in those con-

trols.16,17 For a subset of genomic regions that are prone to

recurrent rearrangement and known to be associated with a

range of neurocognitive disorders, we did not require absence

of CNVs in controls, as it is well established that there is

incomplete penetrance and a small number of controls carry

CNVs in some of these regions (eg, 15q13, 16p11.2, 16p13,

and 15q11.2; see Hotspot CNVs). All filtered events were also

visually inspected in a genome browser. Candidate rare CNVs

not seen in controls (all CNVs listed in Table 2) were validated

using custom high-density arrays (Agilent Technologies, Santa

Clara, CA). Parents were analyzed, where available, to deter-

mine if the CNV had arisen de novo or was inherited; parental

phenotypes were taken into account to help to determine if the

CNV was significant. We also considered CNV size and gene

content when evaluating the likely pathogenicity of a CNV, fol-

lowing guidelines that have been published for the interpreta-

tion of clinical array CGH results in patients with ID, autism,

or multiple anomalies.3 Deletions involving known epilepsy

genes (CDKL5, UBE3A, and CNTNAP2) were considered path-

ogenic. De novo deletions were considered pathogenic; de novo

duplications were considered likely pathogenic; CNVs >1Mb

that were inherited or of unknown inheritance were deemed

likely pathogenic. In 2 cases, an inherited 500kb duplication of

16p11.2 was considered likely pathogenic because of the known

disease associations with duplications at this locus as it may be
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contributing to the epilepsy phenotype. All other CNVs were

considered of unknown significance due to size (<500kb),

inheritance (inherited or unknown), or gene content (no known

epilepsy genes).

Sequence Analysis
For each candidate gene (CACNA2D1 and LRRK2), targeted

sequencing was performed for all exons, exon-intron boundaries,

and 2kb upstream of the transcription start site using standard

Sanger sequencing. Primer sequences are available upon request.

CACNA2D1 was resequenced in 94 probands including 80 cases

with epilepsy with myoclonic atonic seizures (MAE), 13 with Dra-

vet syndrome, and 1 with genetic epilepsy with febrile seizures

plus (GEFSþ) phenotype. Of these, 92 were from our cohort of

315 cases; 2 additional cases were selected for resequencing only.

LRRK2 was resequenced in all 11 cases from our cohort with a di-

agnosis of migrating partial seizures of infancy (MPSI).

Results

We studied a cohort of 315 unrelated patients with epi-

leptic encephalopathy (EE; Table 1). We identified 25 of

315 (7.9%) patients with 1 or more rare CNVs not seen

in controls (Table 2). The mean CNV size was 2.26Mb

and median size was 510kb. Of these, 13 patients (4.1%)

had CNVs that were clearly pathogenic (n ¼ 8) or likely

pathogenic (n ¼ 5), and 12 had 1 or more rare CNVs

that were not seen in controls but were of unclear clinical

significance. Four individuals had 2 rare CNVs.

Inheritance
We evaluated 1 or both parents in all 25 cases to deter-

mine the inheritance pattern of all 29 rare CNVs (see

Table 2). We identified 9 de novo, 8 maternally inher-

ited, and 7 paternally inherited CNVs. In 1 case

(T2761), the proband had a homozygous deletion and

both parents were confirmed to be heterozygous carriers.

In 3 cases (4 CNVs total) the CNVs were not present in

the mother, but the father was unavailable for analysis.

Pathogenic CNVs
In 13 patients we considered the CNV(s) to be patho-

genic or likely pathogenic based on size, gene content, de

novo inheritance, or the previous literature (see Table 2).

Clearly pathogenic CNVs include heterozygous deletions

that disrupt a single, known gene in 2 cases: UBE3A in

case T3334 and CDKL5 in case T2959. We also identi-

fied a homozygous deletion removing exon 2 of

CNTNAP2 in case T2761 and his affected sibling. Ten

other cases have CNVs encompassing multiple genes.

Two probands have overlapping deletions of 7q21: T964

with a de novo 8Mb deletion of 7q11–q21 and T438

with a 4Mb deletion of 7q21 (Fig 1). The 7q21 dele-

tions have a 3Mb region of overlap that includes 6 genes:

GNAI1, GNAT3, CD36, SEMA3C, HGF, and CAC-
NA2D1. Other pathogenic CNVs include deletions of

10p13 (7257), 5q33–q34 (8893), and 4p16 (T1962) as

well as 1 case with deletion of 9p24–p23 and adjacent

duplication of 9p23–p21 (T3729). Likely pathogenic

CNVs include a duplication of 16p11.2 in 2 cases (Fig

2) and a deletion of 1q44 (T2363). In addition, we iden-

tified a likely pathogenic, novel, de novo 700kb duplica-

tion of 1q32 in case T3810 (Fig 3). Additional rare

CNVs of uncertain significance were present in 12

patients (see Table 2, Fig 3).

Hotspot CNVs
Certain regions of the genome are ‘‘hotspots’’ for recur-

rent CNVs due to the presence of large blocks of dupli-

cated DNA that facilitate non-allelic homologous recom-

bination at meiosis.18 We identified 5 individuals with

TABLE 1: Phenotypes of Patients Included in This
Study

Diagnosis n With Rare
CNV(s), n (%)

MAE 77 6 (7.8)

SGE 65 7 (10.8)

Infantile spasms 44 3 (6.8)

Epilepsy-aphasia
syndrome/CSWS

29 3 (10.3)

Lennox-Gastaut
syndrome

20 0 (0.0)

Dravet syndromea 19 1 (5.3)

MPSI 11 1 (9.1)

DESC/FIRES 10 0 (0.0)

FE with regressionb 17 4 (23.5)

Otherc 23 0 (0.0)

Total 315 25 (7.9)
aAll Dravet patients have been screened for SCN1A muta-
tions by sequence and MLPA.
bFE with regression includes severe infantile multifocal
epilepsy (n ¼ 2), multifocal epileptic encephalopathy and
unifocal epilepsy with regression.
cOther includes progressive myoclonic epilepsy (n ¼ 6),
atypical benign partial epilepsy (n ¼ 1), Ohtahara syndrome
(n ¼ 2), other (n ¼ 14).
CNV ¼ copy number variant; CSWS ¼ continuous spike
and wave during slow sleep; DESC ¼ devastating epileptic
encephalopathy in school-age children; FE ¼ focal epilepsy;
FIRES ¼ febrile infection-related epilepsy syndrome; MAE
¼ epilepsy with myoclonic atonic seizures; MLPA ¼ multi-
plex ligation-dependent probe amplification; MPSI ¼
migrating partial seizures of infancy; SGE ¼ symptomatic
generalized epilepsy.
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FIGURE 1: Overlapping deletions of 7q21 in 2 probands. (A) Pedigree for proband T438, who has a �4Mb deletion of 7q21. The
proband’s mother and 3 children, who have all had 1 or more seizures, also have the same deletion. (B) Array CGH data for T438
and T964. The red box highlights the region on 7q21 that is deleted in both patients. X-axis represents genomic coordinates (chr7:
73.5–83.5Mb, NCBI Build 36). For each individual, deviations of probe log2 ratios from zero are depicted by vertical gray/black lines,
with those exceeding a threshold of 1.5 standard deviations from the mean probe ratio colored green and red to represent relative
gains and losses, respectively. Genes are represented by blue lines at the bottom. MAE 5 epilepsy with myoclonic-atonic seizures;
FS5 febrile seizures; FS1 5 febrile seizures plus; GGE5 genetic generalized epilepsies; DEL5 deletion; NT5 not tested.

FIGURE 2: Recurrent duplications of 16p11.2 in 2 probands. (A) Pedigree for proband T16335, who has a duplication of
16p11.2. The duplication in inherited from his father and also present in his sister with West syndrome. (B) Array CGH data for
T16335 and T2547, with log2 ratios displayed as in Figure 1. JME 5 juvenile myoclonic epilepsy; DUP 5 duplication.
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CNVs at hotspot regions. Two individuals (T16335 with

West syndrome and T2547 with a multifocal epileptic

encephalopathy) have duplications of proximal 16p11.2

(chr16:29.5–30.0Mb; see Fig 2). We also identified rear-

rangements of uncertain significance at hotspot regions

in case T18349 with SGE (distal 16p11.2 deletion), case

T3467 with continuous spike and wave during slow sleep

(CSWS; duplication of distal 22q11), and case 8245

with MAE (deletion of proximal 15q13.3, BP3–BP4)

(see Table 2). We did not detect CNVs at distal 15q13.3

(BP4–BP5), 16p13.11, or 15q11.2, loci known to be im-

portant for GGE and some focal epilepsies.4,6,8

Sequence Analysis of Candidate Genes
We selected 2 candidate genes for sequence analysis:

CACNA2D1 and LRRK2 (Table 3). CACNA2D1, which

is deleted in 2 patients (T438 with MAE and T964 with

SGE), was resequenced in 94 probands. No convincing

mutations were identified (see Table 3). LRRK2, deleted
in patient T2709 with MPSI, was resequenced in 10

additional patients from our cohort with MPSI. In addi-

tion, the nondeleted allele was sequenced in the original

proband. No deleterious changes were identified.

Discussion

We performed genome-wide exon-focused array CGH in

a series of 315 patients with epileptic encephalopathies in

order to identify novel genomic regions and candidate

genes and to investigate how frequently CNVs were re-

sponsible for these phenotypes. Overall, we found that

7.9% of affected individuals carried at least 1 rare CNV.

In 4.1%, we identified clearly pathogenic CNVs. These

findings suggest that array CGH should be considered in

the genetic evaluation of individuals with EE. Rare

CNVs were most commonly identified in patients with

focal epilepsy with regression, epilepsy-aphasia syndrome,

and symptomatic generalized epilepsy (see Table 1) but

were not identified in any of the patients with Lennox

Gastaut syndrome or devastating epileptic encephalop-

athy in school-age children. Investigation of larger

cohorts of specific EE should be carried out to further

evaluate whether this apparent difference is significant.

FIGURE 3: Copy number changes affecting neuronal genes of interest. (A) 700kb de novo duplication of 1q32 in patient
T3810. (B) 300kb deletion of 2p33 involving the ADAM23 gene in T18349. Array CGH data displayed as in Figures 1 and 2.

TABLE 3: CACNA2D1 Resequencing Results

Gene Patient Sequence Change AA Change Phenotype Inheritance

CACNA2D1 T1570 Exon 1, c.2382G>Aa S709N MAE Inherited from father

9402 Exon 38, c.3390A>Cb D1045A Mild MAE Unaffected mother and
dizygotic twin have
same change

T17741 Exon 38, c.3390A>C D1045A MAE Unaffected father and
affected monozygotic twin
have same change

aPredicted to be benign by PolyPhen (http://genetics.bwh.harvard.edu/pph) and present in unaffected father.
bKnown rare polymorphism in European population and present in unaffected family members.
MAE ¼ epilepsy with myoclonic atonic seizures.
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Within our cohort, we identified both de novo and

inherited CNVs. While we considered those that are de

novo most likely to be pathogenic, many of the rare

inherited CNVs contain brain-expressed genes involved

in synaptic transmission and axonal guidance and are

likely to contribute to the patient’s phenotype. Indeed,

even for the recurrent deletions at 15q13.3 and 16p13.11,

which are clearly associated with epilepsy risk, there are

many examples of unaffected carrier parents, incomplete

penetrance and variable expressivity. The same may be

true for some of the rare inherited CNVs identified in

this study, and in these cases there may be additional

genetic or non-genetic factors that also play a role in the

clinical presentation.

Pathogenic Events and Novel Candidate Genes
In several cases we found clearly pathogenic deletions

that involved known epilepsy genes and had clear geno-

type-phenotype correlation, albeit atypical features in

some instances. These include deletion of Xp22 resulting

in the disruption of CDKL5 in a boy who had an EE

with the typical picture of a 3-stage evolution of seizures

characteristically seen in girls with CDKL5 encephalop-

athy19 and also reported in rare male cases.10 We also

found an atypical deletion of 15q11 that disrupted

UBE3A in a man with MAE who had features reminis-

cent of Angelman syndrome. Another man with MAE

had a 6.5Mb deletion of 5q33–q34 encompassing a clus-

ter of genes encoding subunits of the GABA-A receptor.

Mutations in 2 of the genes in the deleted region,

GABRA1 and GABRG2, have been associated with

JME20 and GEFSþ and CAE,21,22 respectively. We iden-

tified a homozygous deletion of exon 2 of the

CNTNAP2 gene in a pair of siblings of which the pro-

band had focal epilepsy with regression; they shared

some features in common with the Amish families

reported by Strauss and colleagues.23

We also identified several CNVs that provide

insight into potentially novel candidate genes for epi-

lepsy. Two probands had overlapping deletions of 7q21.

Deletions of 7q11–q21 distal to the Williams-Beuren

syndrome locus have been associated with infantile

spasms, with considerable interest in the gene MAGI2.24

YWHAG and HIP1 have also been proposed as candidate

genes for the infantile spasm phenotype.25 While patient

T964 with SGE carried a large de novo deletion that

included MAGI2, YWHAG, and HIP1, Patient T438 had

a �4Mb deletion that did not include these genes. Fur-

thermore, neither of our patients had spasms. Given the

similarity in phenotypes of the 2 probands, we focused

on the 6 genes that were deleted in both patients as can-

didates for sequencing. One of the genes in the region of

overlap is CACNA2D1, which encodes the alpha-2/delta

subunit of brain voltage-dependent calcium channels that

bind the anti-epileptic drug, gabapentin.26 Therefore, we

considered CACNA2D1 an excellent candidate gene for

MAE and related phenotypes. We performed sequence

analysis in 94 probands with MAE or Dravet syndrome

phenotypes but did not detect any clearly deleterious

mutations.

Interestingly, the smaller 4Mb deletion in the

patient with MAE segregated with a range of epilepsy

and cognitive phenotypes in the proband’s family (see

Fig 1). The deletion was found in family members with

markedly different phenotypic severity ranging from the

EEs of MAE and Dravet syndrome to febrile seizures

plus, consistent with the GEFSþ spectrum, and even

GGE.27 All affected family members had learning diffi-

culties; affected children all had marked behavioral prob-

lems. Thus the 7q21 deletion may be acting as 1 of sev-

eral genetic factors that contribute to the more severe

phenotype of MAE and Dravet syndrome in the setting

of complex inheritance rather than acting as a monogenic

cause. We have not screened CACNA2D1 in other phe-

notypes, but given the presence of GGE in the proband’s

mother, a cohort of patients with GGE would be worth

testing. Alternatively, another gene in the deleted region

may be responsible for the phenotypes in this family.

We identified a 510kb deletion in patient T3472

with Dravet syndrome that disrupts the ADAM23 gene

(see Fig 3). The deletion is not found in the mother’s ge-

nome, but we were unable to evaluate the father.

ADAM23 knockout mice have aberrant dendrite mor-

phology and exhibit seizures in the neonatal period, and

heterozygous mice are susceptible to PTZ-induced seiz-

ures.28 Furthermore, ADAM23 is part of a complex that

contains LGI1, ADAM22, and Kv1.129 and has been

shown to directly bind LGI1,28 mutations of which cause

autosomal dominant partial epilepsy with auditory fea-

tures in humans.30,31 It is possible that disruption of

ADAM23 in our patient leads to Dravet syndrome.

Case T3810 with an epilepsy-aphasia syndrome car-

ries a de novo 700kb duplication of 1q32 that involves

13 genes (see Fig 3). One of these is SYT2, a member of

the synaptotagmin family of genes that encode mem-

brane proteins expressed at the synapse that are thought

to act as calcium sensors.32,33 It is possible that excess

SYT2 disrupts normal synaptic transmission in our

patient.

Hotspot CNVs
Recurrent deletions at three rearrangement ‘‘hotspots’’—

15q13.3 (BP4–BP5), 16p13.11, and 15q11.2—have

recently been identified as important risk factors for
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epilepsy.4–6,8 Each of these deletions is found in up to

1% of individuals with epilepsy, and each has also been

associated with ID, autism, and/or schizophrenia.34–41

While heterozygous 15q13.3 deletions have been found

almost exclusively in patients with GGE, deletions at the

other loci have been found in patients with a broader

range of epilepsies. We identified 1 patient with an

inherited deletion BP3–BP4 on 15q13. This deletion is

proximal to the BP4–BP5 deletion that has been associ-

ated with epilepsy, and the clinical significance is not

clear.42 Interestingly, we did not identify any CNVs at

15q13.3 (BP4–BP5), 16p13.11, or 15q11.2, suggesting

that heterozygous deletions of these regions may be pri-

marily associated with the more common and milder

forms of epilepsy, although homozygous 15q13.3 dele-

tions have been associated with a severe phenotype.43

We did identify CNVs at several other hotspot

regions that have been associated with neurocognitive

disorders. Interestingly, 2 individuals in the EE cohort

have duplications of proximal 16p11.2 (chr16: 29.5–

30.0Mb), which we considered to be likely pathogenic.

T16335 had West syndrome and autism spectrum disor-

der and T2547 had multifocal epileptic encephalopathy.

Duplications of this region have been associated with ID,

schizophrenia, and autism.44–46 We previously reported

one individual with JME and the same duplication,7 and

Bedoyan and colleagues47 reported a de novo duplication

of this region in a child with EE that the authors felt

was consistent with MPSI. We did not find this duplica-

tion in 11 cases with MPSI. We were able to evaluate

relatives of case T16335 and found that the duplication

was also present in the proband’s sister who also had

West syndrome, and father, both of whom had autism

spectrum disorder. Similar to the deletions of 15q13.3,

15q11.2, and 16p13.11, duplications at 16p11.2 appear

to be a risk factor for a wide range of neurocognitive and

neuropsychiatric disorders, including different types of

epilepsy, autism, ID, and schizophrenia, though the

mechanism underlying such highly variable expression is

not yet known.48,49 As discussed in the next section, we

also identified a deletion of distal 16p11.2 in a patient

with a second deletion.

Two Hits
Four patients (1.3% of cohort) in our series carry 2 rare

CNVs (16% of patients with CNVs, similar to controls

in which 29% of patients with rare CNVs have carry at

least 2; p ¼ 0.18). Patient T18349 carries 2 deletions: a

deletion of 16p11.2 (chr16:28.8–29.0Mb) and a deletion

of the SLC1A3 gene. The 16p11.2 deletion has been

associated with variable phenotypes including early-onset

obesity50 and variable developmental delay,51 with a mi-

nority of patients reported to have seizures. Interestingly

our patient was also obese. A de novo missense mutation

in SLC1A3 has been reported in 1 patient with episodic

ataxia, seizures, and hemiplegia,52 and a different mis-

sense mutation segregates with a mild form of episodic

ataxia in another family.53 Given that both the 16p11.2

deletion and the SLC1A3 gene have been associated with

epilepsy, it is possible that the 2 hits together in this

patient result in a more severe phenotype of SGE with

abnormal early development and moderate ID.54

Patient T2709 with MPSI has a maternally inher-

ited deletion encompassing the entire LRRK2 gene and a

paternally inherited deletion involving the SCLT1 gene.

SLCT1 acts as a linker protein between the voltage-gated

sodium channel Nav1.8 and clathrin.55 LRRK2 is a

brain-expressed serine/threonine protein kinase in which

gain-of-function mutations cause autosomal dominant

early-onset Parkinson disease.56 We hypothesized that

complete loss of function of LRRK2 might lead to the

MPSI phenotype in our patient, but we were unable to

detect a mutation in the nondeleted allele (see Table 3).

Although each deletion in T2709 is inherited, the combi-

nation of both may contribute to the phenotype.

Case T3729 has a 9Mb terminal deletion of chro-

mosome 9p and an adjacent 18.5Mb duplication. The

terminal deletion in our patient is similar to 1 described

by Heinzen and colleagues8 in a patient with unclassified

epilepsy, developmental delay, dysmorphic features, and

spastic quadriplegia. Finally, Patient T3467 with CSWS

and her affected brother both have 2 duplications. One

involves the distal part of the common 22q11 deletion

syndrome region. The second duplication involves the 30

end of the DOK5 gene. However, both duplications are

inherited from their unaffected mother, making it less

likely that either is a highly penetrant pathogenic CNV.

Excess of Large Deletions
In our cohort, we find 12 CNVs that are >1Mb in 11

(3.5%) individuals (see Table 2). Of these, 7 (2.2%)

have a large deletion, 3 (1.0%) have a large duplication,

and 1 patient has 1 of each. In contrast, in a set of

2,493 control individuals, Itsara and colleagues16 found

that 1.6% of controls had a CNV > 1Mb; 0.3% had a

large deletion, and 1.3% had a large duplication. There-

fore, we find a clear excess of large deletions in our

cohort (8/315 patients vs 8/2493 controls, p ¼ 0.00013,

Fisher’s exact test). Our findings are similar to those of

Heinzen and colleagues,8 who also noted an excess of

large (>1Mb) deletions in their cohort of patients

with primarily focal epilepsies, compared to controls

without ID.
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Comparison with Previous Studies of Epilepsies
We compared our CNVs in the EE to those of 2 recently

published studies of epilepsy in which whole-genome

CNV analysis was performed.7,8 Heinzen and colleagues8

reported 36 patients with rare deletions >1Mb in a series

of 3,812 patients with focal (>90%) or generalized

(<10%) epilepsy. At least 3 have significant overlap with

CNVs in our study: 5q34 deletion, 9p24.3–p23 deletion,

and 7q21.1–q21.13 deletion. We also find some overlap-

ping CNVs with those from our recent report7 of CNVs

in 517 patients with generalized (n ¼ 399), focal (n ¼
63), or other (n ¼ 55) epilepsies: 16p11.2 duplication,

5q33.2 deletion, and intragenic deletion of CNTNAP2.
Together, these reports confirm the importance of rare

CNVs in the genetic etiology of the epilepsies and

emphasize the need for the evaluation of larger series of

patients to better understand the pathogenic significance,

especially for rare inherited CNVs.

Conclusions

In summary, this is the first report of genome-wide CNV

discovery in a large series of patients with EEs. We iden-

tified rare CNVs in 7.9% of 315 patients, at least one-

half of which are likely to be pathogenic and which

largely differ from CNVs found in milder epilepsies.

Our results also illuminate several novel candidate genes

for epilepsy in humans that deserve further study, includ-

ing CACNA2D1, SLC1A3, and ADAM23. Comprehen-

sive sequence analysis of these and other candidate genes

in extended cohorts will help determine whether point

mutations contribute to the genetic etiology of each EE.

We suggest that array CGH should be considered

in the genetic evaluation of this patient population, in

whom the occurrence of severe epilepsy and regression

often prompts extensive and frequently negative investi-

gations. While the interpretation of array CGH results in

the clinical setting can be complicated by results of

unclear significance, the application of established guide-

lines can facilitate interpretation and counseling.3 Fur-

thermore, as this tool is applied more widely to epilepsy

cohorts in both the clinic and the research laboratory,

comparison of CNVs across studies will clarify which

specific CNVs are clearly pathogenic and begin to illumi-

nate novel genes, pathways and syndromes in the epilep-

tic encephalopathies.
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