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Solving the Etiology of Developmental
and Epileptic Encephalopathy with
Spike-Wave Activation in Sleep
(D/EE-SWAS)

Sindhu Viswanathan, MBChB @,"? Karen L. Oliver, PhD ©,34 Brigid M. Regan, BSc(Hons),’
Amy L. Schneider, MGenCouns,! Candace T. Myers, PhD,> Michele G. Mehaffey, MS,>¢
Amy J. LaCroix, BS,® Jayne Antony, MD, PhD,’ Richard Webster, MBBS, MSc,’
Michael Cardamone, PhD, MBBS,? Gopinath M. Subramanian, MBBS, MD,?

Annie T.G. Chiu, MBBS @," Eugenia Roza, PhD, MD, %™ Raluca I. Teleanu, PhD, MD,0"
Stephen Malone, MBBS, PhD,'?"3 Richard J. Leventer, MBBS, PhD ®,1415
Deepak Gill, MBBS,”'® Samuel F. Berkovic, MD, FRS @," Michael S. Hildebrand, PhD,"">
Beatrice S. Goad, BS,'*"> Katherine B. Howell, PhD, MBBS (Hon), BMedSc ®,141>
Joseph D. Symonds, PhD,":'® Andreas Brunklaus, MD ©,7:18
Lynette G. Sadleir, MBChB, MD,"? Sameer M. Zuberi, MBChB, MD,":"®

Heather C. Mefford, MD, PhD 4,429 and Ingrid E. Scheffer, MBBS, PhD, FRS 1141521

Objective: To understand the etiological landscape and phenotypic differences between 2 developmental and epilep-
tic encephalopathy (DEE) syndromes: DEE with spike-wave activation in sleep (DEE-SWAS) and epileptic encephalopa-

thy with spike-wave activation in sleep (EE-SWAS).

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.27041
Received Feb 23, 2024, and in revised form May 31, 2024. Accepted for publication Jul 11, 2024.

Address correspondence to Dr Ingrid E. Scheffer, Epilepsy Research Centre, The University of Melbourne, 245 Burgundy Street, Heidelberg, Victoria, 3084,
Australia. E-mail: scheffer@unimelb.edu.au

From the 1Epilepsy Research Centre, Department of Medicine, University of Melbourne, Austin Health, Melbourne, Australia; 2Department of Paediatrics,
Hospital Pulau Pinang, George Town, Malaysia; *Population Health and Immunity Division, the Walter and Eliza Hall Institute of Medical Research,
Parkville, Australia; “Department of Medical Biology, the University of Melbourne, Melbourne, Australia; *Department of Laboratory Medicine and
Pathology, University of Washington, Seattle, Washington, USA; éDepar‘[ment of Pediatrics, Division of Genetic Medicine, University of Washington,

Seattle, Washington, USA; “T.Y. Nelson Department of Neurology and Neurosurgery, The Children’s Hospital at Westmead, Faculty of Medicine and

Health, University of Sydney, Sydney, Australia; ®Department of Paediatric Neurology, Sydney Children’s Hospital, Randwick; School of Clinical Medicine,

UNSW Sydney, Sydney, Australia; “Department of Paediatric Neurology, John Hunter Children’s Hospital, New Lambton Heights, Australia; '°Faculty of
Medicine, Clinical Neurosciences Department, Paediatric Neurology, Carol Davila University of Medicine and Pharmacy, Bucuresti, Romania; "Pediatric
Neurology Department, Dr. Victor Gomoiu Children’s Hospital, Bucuresti, Romania; "2Centre for Advanced Imaging, University of Queensland, St Lucia,

Australia; "*Neurosciences Department, Queensland Children’s Hospital, South Brisbane, Australia; MDepar‘tment of Neurology, Royal Children’s Hospital,

University of Melbourne, Melbourne, Australia; "®Neuroscience Research Group, Murdoch Children’s Research Institute, Melbourne, Australia; '°Kids
Neuroscience Centre, Kids Research Institute, Sydney, Australia; School of Health and Wellbeing, University of Glasgow, Glasgow, UK; "The Paediatric
Neurosciences Research Group, Royal Hospital for Children, Glasgow, UK; 19Depar‘tment of Paediatrics and Child Health, University of Otago Wellington,
Wellington, New Zealand; 2Centre for Pediatric Neurological Disease Research, St. Jude Children’s Research Hospital, Memphis, Tennessee, USA; and
"The Florey Institute of Neurosciences and Mental Health, Melbourne, Australia

Additional supporting information can be found in the online version of this article.

© 2024 The Author(s). Annals of Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction

in any medium, provided the original work is properly cited.


https://orcid.org/0009-0002-7993-5214
https://orcid.org/0000-0001-5188-6153
https://orcid.org/0000-0003-0249-9725
https://orcid.org/0000-0003-0362-5607
https://orcid.org/0000-0003-4580-841X
https://orcid.org/0000-0002-5469-8411
https://orcid.org/0000-0002-7728-6903
https://twitter.com/hcmefford
https://orcid.org/0000-0002-2311-2174
https://twitter.com/ingridscheffer
mailto:scheffer@unimelb.edu.au
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fana.27041&domain=pdf&date_stamp=2024-08-02

ANNALS of Neurology

Methods: All patients fulfilled International League Against Epilepsy (ILAE) DEE-SWAS or EE-SWAS criteria with a Core
cohort (n = 91) drawn from our Epilepsy Genetics research program, together with 10 etiologically solved patients
referred by collaborators in the Expanded cohort (n = 101). Detailed phenotyping and analysis of molecular genetic
results were performed. We compared the phenotypic features of individuals with DEE-SWAS and EE-SWAS. Brain-
specific gene co-expression analysis was performed for D/EE-SWAS genes.

Results: We identified the etiology in 42/91 (46%) patients in our Core cohort, including 29/44 (66%) with DEE-SWAS
and 13/47 (28%) with EE-SWAS. A genetic etiology was identified in 31/91 (34%). D/EE-SWAS genes were highly co-
expressed in brain, highlighting the importance of channelopathies and transcriptional regulators. Structural etiologies
were found in 12/91 (13%) individuals. We identified 10 novel D/EE-SWAS genes with a range of functions: ATP1A2,
CACNA1A, FOXP1, GRIN1, KCNMA1, KCNQ3, PPFIA3, PUF60, SETD1B, and ZBTB18, and 2 novel copy number vari-
ants, 17p11.2 duplication and 5922 deletion. Although developmental regression patterns were similar in both syn-
dromes, DEE-SWAS was associated with a longer duration of epilepsy and poorer intellectual outcome than EE-SWAS.
Interpretation: DEE-SWAS and EE-SWAS have highly heterogeneous genetic and structural etiologies. Phenotypic
analysis highlights valuable clinical differences between DEE-SWAS and EE-SWAS which inform clinical care and prog-

nostic counseling. Our etiological findings pave the way for the development of precision therapies.

evelopmental and epileptic encephalopathy with
Dspike—wave activation in sleep (DEE-SWAS) and
epileptic encephalopathy with spike-wave activation in
sleep (EE-SWAS) are rare childhood epilepsy syndromes
with overlapping features and have been distinguished in
the recent International League Against Epilepsy (ILAE)
classification of epilepsy syndromes (see below)." They are
characterized by regression or plateauing in development,
which can affect speech and language, cognitive, behav-
ioral, and motor domains. Seizures occur in some, but not
all, individuals. These disorders are characterized by their
remarkable electroencephalogram (EEG) signature of sleep
activated, 1-2 Hz spike—wave activity in non-rapid eye
movement (REM) sleep. Developmental sequelac often
persist after remission of seizures and SWAS.?

In the 2022 ILAE epilepsy syndrome classification,
DEE-SWAS is distinguished from EE-SWAS by pre-
existing developmental impairment prior to onset of
SWAS, whereas, in EE-SWAS, development is normal,
and regression or plateauing occur with the evolution of
SWAS." The terms DEE-SWAS and EE-SWAS replace
epilepsy syndromes that lie within the epilepsy-aphasia spec-
trum (EAS): atypical benign focal epilepsy of childhood
(ABFE), encephalopathy with continuous spike-wave in
sleep (E-CSWS), and Landau—Kleffner syndrome (LKS). In
the 2022 ILAE epilepsy syndrome dlassification, LKS was
retained as a specific syndrome within EE-SWAS.'

DEE-SWAS and EE-SWAS have heterogeneous eti-
ologies. Genetic etiologies have emerged as the most
important cause with a range of copy number variants
(CNVs) and single genes implicated. GRIN2A, encoding
the alpha-2 NMDA glutamate receptor subunit, accounts
for 9-20% of cases of patients with D/EE-SWAS, usually
associated with loss of channel function.”” CNKSR2,
encoding a synaptic scaffolding protein, is an X-linked
recessive cause.® Structural causes include malformations
of cortical development, such as polymicrogyria, thalamic
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insults,”® and hydrocephalus with a ventriculoperitoneal
shunt.”

Here, we sought to understand whether the DEE-
SWAS from EE-SWAS have different phenotypic patterns,
and to analyze the etiologies of DEE-SWAS and EE-
SWAS in a large international cohort of patients. We
expand the genetic landscape underpinning DEE-SWAS
and EE-SWAS.

Methods

The Epilepsy Genetics research database at the University
of Melbourne, Austin Health, was searched for patients
who had DEE-SWAS or EE-SWAS (Core cohort:
n=91). In additon, 10 etiologically solved patients
referred by collaborators were included in the Expanded
cohort (total n = 101) and analyzed with regard to their
epileptology and etiology. Inclusion criteria were:

1. Regression or slowing of speech and language, cogni-
tive, behavioral, or motor skills.

2. Marked activation of spike—wave activity in non-REM
sleep.

Following the ILAE definitions, we have defined
DEE-SWAS as the presence of pre-existing developmental
delay prior to the development of SWAS compared with
normal development in those with EE-SWAS.

Seizure types were classified according to the ILAE
2017 seizure classification.'” The following data were
obtained: age of seizure onset and offset, developmental
course and regression, examination, EEG, and neuroimag-
ing findings. Past medical and family history was
obtained. Medical records were reviewed, including neuro-
psychological assessment where available.

A range of genetic testing methodologies was used:
targeted sequencing using molecular inversion probes
(MIPs) as previously described,” epilepsy gene panel,
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exome oOr genome sequencing (singleton, trio, or
Expanded family), chromosomal microarray, classical kar-
yotype, and single gene sequencing, using clinical or
research platforms. Variants were classified according to
the American College of Medical Genetics and Genomics
(ACMG) guidelines.11

Statistical analyses were performed using R version
4.0.5. Chi-squared and Fisher exact tests were used to
assess correlations between DEE-SWAS and EE-SWAS
with sex, seizures, intellectual disability, and etiology. The
probability of seizure and SWAS remission were estimated
using the Kaplan—Meier method with the survminer R
package.12 Here, the log-rank sum test was used to deter-
mine distribution differences between DEE-SWAS and
EE-SWAS.

For gene co-expression analyses, normalized brain
expression values from the BrainSpan Developmental
transcriptome dataset were downloaded from htep://www.
brainspan.org. Genes were removed if they had expression
values missing from >50% of the 524 samples available
from 42 individuals as previously described.'’ Using the
log2 transformed expression values, a matrix of weighted
correlations was generated, with weights determined as
1/\n, where n is the number of samples contributed by
the respective individual. Correlation plots were visualized
using the corrplot R package, with genes ordered by hier-
archical clustering, using the median linkage method. To
determine whether the identified DEE-SWAS/EE-SWAS
gene clusters were more highly co-expressed than expected
by chance, we randomly sampled 5,000 sets of genes of
the same cluster size. We calculated the median |p| for
each random gene set and compared this to the observed
median |p| of the DEE-SWAS/EE-SWAS gene clusters.

Weritten informed consent was obtained from par-
ents or legal guardians of minors or those with intellectual
disability. This study was approved by the Human
Research  Ethics Committee of Austin  Health
(H2007/02961) and the institutional review boards of col-
laborating groups.

Results

The Epilepsy Research database contained 114 probands
who had been noted to have DEE-SWAS or EE-SWAS,
of whom 91 met the inclusion criteria and comprised
the Core cohort. A total of 23 patients were excluded
for the following reasons: 17 had inadequate informa-
tion, 4 did not meet inclusion criteria, and 2 had epi-
lepsy with myoclonic-atonic seizures (EMAtS) after
review. An additional 10 etiologically-solved patients
referred by collaborators were then included in the
Expanded cohort, (n = 101).

We analyzed demographic data, epileptology, devel-
opmental trajectory, and neuropsychological profiles in
the Expanded cohort (n = 101) and compared the clinical
features of DEE-SWAS and EE-SWAS. We then confined
our comparison of etiological findings between DEE-
SWAS and EE-SWAS to the Core cohort (n =91) as
more meaningful conclusions could be drawn from an
unselected case series. Previous epilepsy syndrome diagno-
ses were only known in the Core cohort.

The cohort of 101 individuals had a median age of
17.8 years (range 5-33 years); 54 (53%) were male. One
patient died at age 12 years.

Epileptology

Of 101 patients, 93 (92%) patients had seizures with
mean onset of 4 years (range 5 days- 11.3 years). Seizure
offset, defined as a minimum of 2 years of seizure-
freedom, occurred in 58 (62%) individuals, with a mean
duration of epilepsy of 5.6 years.

Seizures at onset were focal (57/93, 61%), general-
ised (35/93, 38%) or unknown (1/93, 1%). With time,
seizure types included both focal and generalized in
55/93, focal alone in 22/93 and generalized alone
in 16/93 (Fig 1). 9 had convulsive status epilepticus
(defined as a seizure lasting at least 30 minutes) and
16 had non-convulsive status epilepticus, with 3 patients
having both.

All patients had at least a single sleep EEG showing
SWAS. Serial EEGs were performed in 96/101 (95%),
with an average of 6 recordings per person (508 routine
EEGs, 38 24-hour ambulatory EEGs, 60 inpatient video-
EEG monitoring). Average age of SWAS onset occurred
at 6.3 years, 28 months after seizure onset. The offset of
SWAS was known in 47 individuals, with SWAS lasting
an average of 3.8 years (range 1 month—13.3 years) from
initial detection. SWAS was ongoing in 14, with an aver-
age duration of 5.3 years, and SWAS outcome was
unknown in 37 patients. In 3 patients, their epilepsy syn-
drome evolved to Lennox—Gastaut syndrome (LGS).

Eight patients had SWAS without seizures, including
5 with DEE-SWAS and 3 with EE-SWAS. Using the pre-
vious nomenclature, 2 had LKS, 4 EAS and 2 had
E-CSWS.

Developmental Trajectory

Heterogeneous patterns of developmental regression and
plateauing were observed, across speech and language, cog-
nitive, behavioral, and motor domains (Fig 2A). While all
101 patients had regression or plateauing in at least
1 domain, 14 had regression across all domains. The most
commonly affected domain was speech and language
(781101, 77%), followed by cognition (61/101, 60%).
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FIGURE 1: Seizure types in DEE-SWAS and EE-SWAS.

Behavioral regression occurred in 50/101, of whom,
13 did not have speech or language regression.

Neuropsychological Assessment
Neuropsychological assessment was performed in 72/101
(71%) patients, with the remaining 29 patients having the
severity of intellectual disability estimated based on their
daily functioning. Intellect varied from normal intellect in
17/101 (17%), to mild intellectual disability in 55 (54%),
moderate in 17 (17%), severe in 10 (10%) and profound
impairment in 2 (2%) (Fig 2B).

Epilepsy Syndromes: DEE-SWAS Versus
EE-SWAS

Our cohort comprised 51/101 (50%) individuals
(31 males, 61%) with DEE-SWAS, and 50/101 (50%)
individuals with EE-SWAS (23 males, 46%).

A

= = All patients

Speech and Language
100

DEE-SWAS

—EE-SWAS

Behaviour

" Cognitive

m EE-SWAS (n=50)

DEE-SWAS (n=51)

15 20 25 30 35 40

Patients (n)

Seizures occurred in similar proportions of patients
with DEE-SWAS (46/51, 90%) and EE-SWAS (47/50,
94%) (Table), with earlier mean seizure onset in DEE-
SWAS (3.3 years) compared with EE-SWAS (4.4 years).
Patients with DEE-SWAS had seizures for longer (median
10.0 years) compared with those who had EE-SWAS
(median 5.2 years) (p = 0.00013, log-rank test) (Fig 3A).
Correspondingly, SWAS was present for longer in patients
with DEE-SWAS (median 8.9 years) compared with those
who had EE-SWAS (median 5.8 years) (p = 0.071, log-
rank test) (Fig 3B).

Patients with EE-SWAS and DEE-SWAS showed
similar patterns of regression involving speech and lan-
guage, cognition, motor skills, and behavior (Fig 2A).
Intellectual outcome was better in patients with EE-SWAS
(92% normal intellect or mild intellectual disability)

B
60
DEE-SWAS
50
W EE-SWAS
40
=
£y
@
®
a.
20
16 | 2 ]
0 ==
0 25 15 8 2
Normal Mild Moderate  Severe Profound
intellect

Intellectual disability

FIGURE 2: (A) Developmental regression by domain (speech and language, cognitive, behavior and motor) in individuals with
DEE-SWAS and EE-SWAS. (B) Intellectual outcome in patients with DEE-SWAS and EE-SWAS.
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TABLE. Clinical Features and Etiology of Individuals with DEE-SWAS and EE-SWAS
DEE-SWAS EE-SWAS Adjusted
Expanded cohort, n = 101 n = 51 (%) n = 50 (%) p-valueb p-value‘:l
Demographic data
Male 31/51 (61%) 23/50 (46%) 0.20 1
Clinical features
Seizures® 46/51 (90%) 47150 (94%) 0.72 1
Intellectual disability (moderate to profound)® 25/51 (49%) 4/50 (8%) 5.5 x 10°¢ 6.1 x 10°°
DEE-SWAS, EE-SWAS, Adjusted
Core cohort, n = 91 n = 44 (%) n = 47 (%) p-valueb p—valued
Etiologically solved, 42/91 29/44 (66%) 13/47 (28%) 0.0006 0.007
Genetic etiology (31/91)* 24/44 (55%) 7147 (15%) 0.0002 0.002
Single gene variants 17144 (39%) 6/47 (13%) 0.009 0.10
Copy number and chromosomal abnormalities® 7144 (16%) 1/47 (2%) 0.03 0.33
Structural etiology (12/91)* 5/44 (11%) 7147 (15%) 0.85 1
Malformation of cortical development® 3/44 (7%) 2147 (4%) 0.67 1
Unilateral thalamic lesion® 0 5/47 (11%) 0.06 0.66
Hydrocephalus with ventriculoperitoneal shunting® 2/44 (5%) 0 0.23 1
*1 patient with EE-SWAS had both a genetic etiology (NPRL2 pathogenic variant) associated with a structural etiology (polymicrogyria).'”
b~ valties/caleulatedlusing chisquare or Fisher's exact test (when!the total mimber in'one or morelcellsfwas <5)°
dAdjusted for the total of 11 tests performed using Bonferroni correction.

compared with those who had DEE-SWAS (49% moder-
ate to profound intellectual disability) (Fig 2B, Table).
Previous epilepsy syndrome diagnoses in the Core
cohort (n = 91) included 11 with ABFE, 48 E-CSWS,
10 LKS, and 22 unclassified EAS (Fig 4A). We observed
an interesting evolution of DEE-SWAS to LGS in
3 patients. Tonic seizures only arose 3, 8, and 13.5 years
after seizure onset. Initial EEGs did not show paroxysmal
fast activity and background slowing; both features arose
3, 15, and 19.5 years after SWAS was identified. All have
drug-resistant seizures with moderate to profound intellec-

tual disability (Fig 4B).

Etiology

The etiology was identified in 42/91 (46%) patients in
the Core cohort, including 29/44 (66%) with DEE-
SWAS and 13/47 (28%) with EE-SWAS (Table). Genetic
causes predominated with 31/91 (34%) patients having a
genetic etiology and 12/91 (13%) a structural cause.
Notably, this included 1 individual who had both a
genetic (VPRL2) and structural (polymicrogyria) etiology
(Fig 5). Of the 49/91 who remain unsolved, all had some

genetic testing including genome sequencing in 7, exome
sequencing in 27, epilepsy gene panel in 11, and chromo-
somal microarray in 4. Of the additional 10 patients
included in the Expanded cohort, 9 had a genetic and 1 a
structural etiology.

Genetic Findings

A pathogenic variant was identified in 40/101 unrelated
patients in the Expanded cohort (31 pathogenic, 9 likely
pathogenic by ACMG criteria) ! (Fig 6). This included
20 single gene variants in 32 individuals (10 GRINZ2A4,
3 CNKSR2, 2 SCN2A4). There were also 6 CNVs in 7
patients, and a chromosomal abnormality in 1 patient. A
total of 15 solved cases have been
published®® % (Table S1).

Pathogenic variants arose de novo in 24/40 individ-

previously

uals. A total of 12 patients had inherited variants from their
mother (5) or father (7). In 4, the inheritance was
unknown. For the 12 probands with an inherited variant,
there were 28 family members who carried the pathogenic
variant, with 26 being affected. This included 17 with
GRIN2A (11 published®??), 3 with CNKSR2 (3 published®),
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FIGURE 3: (A) Probability of time to seizure remission (n = 93). (B) Probability of time to SWAS remission (n = 101). Probability
was calculated using the Kaplan-Meier method for survival analysis. The shaded color regions define the 95% confidence
intervals. Colored vertical dashes along each survival curve denote the most recent age of individuals known to still be
experiencing seizures (A) or SWAS (B) (censored observations). Median time to event (seizure or SWAS offset) for each group

indicated by black dashed lines.

and 2 sets of monozygotic twins who shared their patho-
genic variant (isodicentric(15;15) (q13:q13)) with both
twins having DEE-SWAS; SCNIA with cotwin having
febrile seizures with intellectual disability and autism spec-
trum disorder” (Table S1).

Nine patients had a recognized genetic syndrome.
DEE-SWAS or EE-SWAS have not been previously linked
to 5q22 deletion, FOXPI-DEE, Verheij syndrome
(PUF60)" and Potocki-Lupski syndrome (17p11.2dupli-
cation). It has been previously described in 15q
*3 16p11.2 duplication,” Xp11.23-p11.22
Rett syndrome (MECP2)*® (our
patient died at age 12 years), and Coffin-Siris syndrome
(ARIDIB).*

duplication,
microduplication,”*

Single Gene Variants

A total of 32 patients had pathogenic variants in 1 of
20 genes (Fig 6). Inheritance patterns varied with 17 genes
following autosomal dominant, 2 X-linked recessive
(CNKSR2, CUL4B) and 1 X-linked dominant (MECP2)
inheritance. A total of 20 variants were missense, and
12 were protein truncating variants (4 frameshift, 5 non-
sense, 2 splice site and 1 start loss). Pathogenic variants
were found in GRIN2A (10 probands),‘%’22 CNKSR2
(3 probands),6 and SCN2A (2 patients). Seventeen genes
were implicated in a single patient.

We identified 10 novel DEE-SWAS and EE-SWAS
genes: ATPIA2, CACNAIA, FOXP1, GRINI, KCNMAI,
KCNQ3, PPFIA3, PUF60, SETDIB, and ZBTB18; and
10 previously described DEE-SWAS and EE-SWAS genes:

ARIDIB®  CNKSR2°  CUL4BY”  GRIN2A,>*
GRIN2B,*® KCNHS,'® MECP2,”> SCNIA,”® and SCN2A4.”
One patient with EE-SWAS had polymicrogyria due to a
maternally inherited NPRL2 variant."” Causative genes had a
range of cellular functions:* ion channel subunits (47P1A42,
CACNAIA, GRINI, GRIN2A, GRIN2B, KCNH5,
KCNMAI, KCNQ3,”" SCN1A, SCN2A), transcriptional reg-
ulation (ARID1B, CUL4B, FOXPI1, MECP2, PUF60,
SETDI1B, ZBTBI8), scaffolding (CNKSR2), mechanistic tar-
get of rapamycin [mTOR] pathway (NPRL2), and cell adhe-
sion regulation (PPFIA3) (Fig 6).

A brain-specific gene co-expression analysis was per-
formed to determine if the implicated genes were more
commonly co-expressed than would be expected by
chance to suggest an underlying shared biological mecha-
nism. The ordered correlation matrices revealed two clus-
ters of positively correlated gene sets (blue) that accounted
for all DEE/EE-SWAS genes with the exception of
ATPIA2 and NPRL2 (Fig 7). Cluster 1 included
GRIN2B, KCNH5, KCNQ3, CACNAIA, GRINI,
PPFIA3, SCN2A, CNKSR2, SCNIA, KCNMAI, and
GRIN2A, predominantly encoding ion channels. Cluster
2 principally captures genes involved in transcriptional reg-
ulation: FOXPI, PUF60, CUL4B, MECP2, ARIDIB,
SETDIB, and ZBTBI8. Using a Monte Carlo sampling
approach, we found evidence that the two DEE/EE-SWAS
gene clusters were more highly co-expressed than would be
expected by chance; cluster 1 (p =0.0002), cluster 2
(p = 0.04). These results suggest that the cluster 1 genes, in
particular, have similar brain gene expression signatures.
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FIGURE 4: Epilepsy syndromic terminology and evolution. (A) Mapping of old ILAE terminology of epilepsy syndromes
diagnosed in patients with the epilepsy-aphasia spectrum (Landau-Kleffner syndrome, encephalopathy with continuous
spike-wave in sleep, atypical benign focal epilepsy of childhood, unclassified) to 2022 ILAE terminology of DEE-SWAS and
EE-SWAS. (B) Evolution from DEE-SWAS to LGS in 3 probands. SWAS, spike-wave activation in sleep; GPFA, generalized

paroxysmal fast activity.

Inter-connections between clusters are also supported by the
observed negative correlations (red) between the two gene
clusters (Fig 7).

Ten probands had GRIN2A pathogenic variants.

There were 2 recurrent variants in 4 individuals

(Table S1); the probands who shared the GRIN2A p.-
Phe139]Ilefs*15 variant were later shown to be related.*
Two patients had de novo variants, while 5 variants were
paternally and 2 maternally inherited (1 unknown). A
total of 4 were protein truncating variants (1 nonsense, 1
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FIGURE 5: Solved cases in our Core cohort, n=91, by
etiology and epilepsy syndromes.

start loss, and 2 splice donor mutation) and 6 missense.
Two variants were novel (NM_001134407.3, bp.
Val522Gly, and p.Tyr393Ter).

Seven of the 10 probands had 17 affected family
members. Of the total 27 individuals with GRIN2A path-
ogenic variants, epilepsy occurred in 25/27 (information
unavailable in 1), with seizures beginning from 23 months
to 10 years. Intellectual disability occurred in 21/27 indi-
viduals with 18 having mild, 2 moderate, and 1 severe
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FIGURE 6: Genetic findings in patients with DEE-SWAS and
EE-SWAS in the Expanded cohort highlighting functional
roles.
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FIGURE 7: Gene co-expression matrix for 20 DEE-SWAS and
EE-SWAS genes. Pairwise Spearman correlations between
genes shown, based on 524 samples from 42 individuals
from the BrainSpan resource.'® Genes are ordered and
grouped with hierarchical clustering, using the median
linkage method. Black boxes denote clusters of highly
correlated genes (top left box for cluster 1 and bottom right
box for cluster 2).

intellectual disability; 6 were of normal intellect. Speech
and language difficulties were found in all 24/27 for
whom data were available. This included speech dyspraxia
in 16/27 and speech and language regression in 10. 5/6
individuals of normal intellect had protein truncating vari-
ants. All 3 with moderate to severe intellectual disability
had missense variants. For 3 variants (p.Asp731Asn, p.-
Thr531Met, p.Cys231Arg), functional studies have previ-

ously shown loss of channel function.*>

CNVs and Chromosomal Abnormalities

CNVs were found in 7 patients, including 5 duplications
and 2 deletions. There were 2 individuals with 17p11.2
duplication, which is associated with Potocki-Lupski syn-
drome when RAII is duplicated.*>** RAI1 protein dis-
rupts the circadian rhythm gene function which has been
attributed to underlie the disrupted sleep patterns seen in
patients with Potocki-Lupski syndrome.** Our female
patient (Patient 39), with a 3.5 Mb duplication including
RAI had features consistent with Potocki-Lupski syn-
drome. Our male patient (Patient 38) had a 2.6 Mb
duplication which did not include RA/! and did not have
the phenotypic features of Potocki-Lupski syndrome;***
this is therefore a new CNV causing DEE-SWAS (Fig 6).
We did not find any other known epilepsy genes in this
region.”” DEE-SWAS has also not been previously
reported in individuals with 5q22 deletion; our patient

had a 14.5 Mb deletion including APC and KCNN2.
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Previously described CNVs associated with DEE-
SWAS and EE-SWAS in our series included 16p11.2
duplication,”’ 4p16 deletion,”" 1q32 duplication,”" and
Xp11.23-p11.22 duplication.* DEE-SWAS is an established
feature of Xp11.23-p11.22 duplication syndrome, as found
in our female patient. Epilepsy genes in this duplicated
region include /QSEC2, CASK, ATP6AP2, SYNI, SMCIA,
CCDC22, KDM5C, NDP, and SLC3542.*

A chromosomal abnormality was found in a mono-
zygotic twin with isodicentric chromosome 15.>

MRI Findings

Of the 88 patients in the Core cohort who had at least
1 brain MRI, 72/88 (82%) MRIs were normal. Of the
16 patients with abnormal MRIs, 5 had malformations of
cortical development, 7 had (likely) acquired lesions, and
4 had incidental findings (3 non-progressive developmental
venous anomalies, 1 had minor bilateral peritrigonal white
matter signal abnormalities without a history of hypoxic—
ischemic encephalopathy).

The malformations of cortical development included
3 individuals with bilateral perisylvian polymicrogyria, and
two with unilateral polymicrogyria (left frontal temporal
in 1, and extensive right hemispheric frontal, temporal,
parietal and perisylvian polymicrogyria in the other).

Of the 7 patients thought to have acquired lesions,
5 had unilateral, non-progressive (repeated studies over
2-6.5years in 3 cases) thalamic lesions involving
anterolateral, medial or posteromedial thalamic regions.
None of these 5 patients had a history of perinatal sei-
zures; however, in 2 cases, the thalamic lesions were attrib-
uted to post-hemorrhagic ischemia based on vascular
imaging (3 T MRA, MRV) performed at ages 8 and
10 years respectively. One individual had perinatal right
germinal matrix hemorrhage and the other had bilateral
intraventricular hemorrhage with extra-axial extravasation.
Both patients developed hydrocephalus requiring bilateral
ventriculoperitoneal shunting.

EEG lateralization was concordant with MRI findings
in 9/12 patients. All 4 patients with bilateral structural abnor-
malities had bilateral discharges, and 5/8 of those with unilat-
eral abnormalities had ipsilateral discharges in wakefulness,
and bilaterally synchronous discharges in sleep.

One patient from the Expanded cohort had EE-
SWAS in the setting of a left-sided thalamic hemorrhage.
The timing and cause of the hemorrhage was uncertain as
this patient presented with seizures at 2 years 7 months
and developed SWAS 21 months later.

Discussion

We analyzed the clinical and etiological features of a
cohort of 101 individuals with the epilepsy syndromes of

DEE-SWAS and EE-SWAS. We discovered the etiology
in 46% of the Core cohort in individuals with DEE-
SWAS, and EE-SWAS and found marked genetic and
structural heterogeneity. We identified 20 genes, 6 CNVs,
and 1 chromosomal abnormality in our cohort, implicat-
ing many neurobiological pathways including ion chan-
nels, transcriptional and synaptic regulation (Fig 0).
Structural etiologies ranged from polymicrogyria, to uni-
lateral thalamic lesions and post-hemorrhagic acquired
hydrocephalus.

Is Distinguishing the Epilepsy Syndromes of
DEE-SWAS and EE-SWAS Meaningful?

As DEE-SWAS and EE-SWAS were distinguished in the
2022 ILAE classification,' we asked whether this separa-
tion is clinically and etiologically meaningful. The classifi-
cation states that seizures and the SWAS EEG signature
in DEE-SWAS and EE-SWAS are expected to remit in
adolescence."” We found that DEE-SWAS was associated
with a younger age of seizure onset, longer duration of
epilepsy, and less likelihood of seizure remission. Patients
with EE-SWAS had a 50% probability of seizure remis-
sion after a 5 year history of seizures, compared with a
50% probability of seizure remission after 10 years for
those with DEE-SWAS (Fig 3A). This reflects the longer
duration of epileptic encephalopathy and associated poorer
intellectual outcome in patients with DEE-SWAS com-
pared to those with EE-SWAS. It is possible that more
aggressive management may have the potential to amelio-
rate the long-term impact on cognition.

Our ctiological yield was higher in patients with
DEE-SWAS (29/44, 69%) than EE-SWAS (13/47, 28%;
Table). Notably, 24/44 (55%) DEE-SWAS patients had
an identified genetic etiology compared to only 7/47
(15%) EE-SWAS patients. Structural findings occurred at
a similar frequency in DEE-SWAS (5/44, 11%) and EE-
SWAS (7/47, 15%).

Genetic and Structural Etiologies

A genetic etiology was identified in 31/91 (34%) individ-
uals in our Core cohort (Fig 5), with 10 additional cases
with known etiologies added to the Expanded cohort
(Fig 6). Only 1 individual had both a structural and
genetic etiology, bilateral perisylvian polymicrogyria due
to a known genetic etiology, NPRL2." Of the Core
cohort, genetic findings were identified in 24 DEE-SWAS
and 7 EE-SWAS cases, with single gene abnormalities in
17 and 6, respectively. In the whole cohort of 101 patients,
there were 20 genes and 8 chromosomal or CNVs identi-
fied (Fig 6). This brings the total number of genes impli-
cated in the etiology of DEE-SWAS and EE-SWAS to
43 (Table S2).
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GRIN2A pathogenic variants were the most com-
mon etiology in the Core cohort, accounting for 23%
(7/31) of our genetically solved cases.”** Phenotypic het-
erogeneity was common, both within families and for the
same pathogenic variant across different families.”** Ten
individuals in the Expanded cohort had GRIN2A pathogenic
variants, with all having epilepsy and intellectual disability,
and 50% had speech dyspraxia. We had limited information
on 17 relatives with 25/27 having a history of seizures,
21 intellectual disability, and 16 speech dyspraxia.

It has been hypothesized that pathogenic GRIN2A
missense variants in transmembrane and linker domains
are associated with more severe phenotypes than protein
truncating variants and missense variants in other
domains.”” This is supported by our 6 individuals of nor-
mal intellect as 5/6 had protein truncating variants and
the sixth had a proven loss-of-function missense variant
(p-Thr531Met) in the S1 ligand binding domain.** How-
ever, the hypothesis does not hold true for 2 other families
in our study. An unrelated proband in our cohort had the
same p.Thr531Met variant yet had a severe phenotype,
with moderate intellectual disability, indicating variant
location and functional effect alone are not sufficient to
explain the phenotype. Two siblings of another proband
(Patient 15) had moderate and severe intellectual disability
respectively; they shared the p.Val522Gly missense variant
in the S1 domain, which is inconsistent with the
suggested phenotype—genotype correlation.

7/10 GRIN2A pathogenic variants were inherited.
Most affected probands and family members were of nor-
mal intellect or had mild intellectual disability. Under-
standing phenotypic pleiotropy is critical to ensure
accurate reproductive counseling.

We have previously demonstrated that DEE genes
co-express in the brain.*®” We therefore were interested
in whether our functionally heterogeneous DEE-SWAS
and EE-SWAS genes may also share brain co-expression
signatures. The advantage of a brain gene co-expression-
approach is that it is unbiased and simply analyzes
whether genes have similar biological signatures. This
analysis is thus not biased against genes with litde func-
tional data, an issue inherent in networks generated by
alternate approaches, such as protein—protein interactions
or text-mining. Indeed, our brain gene co-expression
analysis determined that two subsets of DEE-SWAS and
EE-SWAS genes significantly co-express in the brain rep-
resenting 2 functional groups: channelopathies and tran-
scriptional regulators. As our brain co-expression analysis
was based on tissue samples taken from individuals of dif-
ferent ages, further insights may be gained by looking at
brain co-expression data from individuals at the specific
age range at which D/EE-SWAS occurs. This may be

10

highlighting biologically relevant SWAS pathways that
may inform future mechanistic research and potential
therapeutic avenues.

MRI brain revealed an etiology in 12/91 (13%)
patients in the Core cohort, and included malformations
of cortical development (5), unilateral thalamic lesions (5),
and post-hemorrhagic hydrocephalus (2); all are
established causes of DEE-SWAS and EE-SWAS.”™” The
thalamus plays an integral role in the development of
SWAS as it is the main generator of sleep spindles and
spike—wave activity. Disruption of the balance between
excitatory cortical neurons and inhibitory thalamic neu-
rons leads to spike—wave discharges.”® Thalamic volume
loss in patients with polymicrogyria is a proven risk factor
for development of DEE-SWAS and EE-SWAS.® Ven-
triculoperitoneal shunting in infancy, which occurred in
2 of our patients, is also postulated to disrupt
thalamocortical networks.” The thalamus is thus central to
the SWAS network.

Apart from one patient with unilateral poly-
microgyria who had an inherited VPRL2 variant, no other
patients with polymicrogyria had a known pathogenic var-
iant. Brain tissue was not, however, available for testing,
and somatic mosaicism commonly underpins poly-
microgyria. Importantly, sequencing was not targeted

towards polymicrogyria genes.>”

Insights into Syndromology

We observed an interesting novel syndromic evolution
from DEE-SWAS to LGS in 3 patients. Two had known
etiologies: bilateral polymicrogyria with subependymal
nodular heterotopia in one, and Coffin-Siris syndrome
due to an ARIDIB pathogenic variant in the other. Recog-
nition of this syndromic evolution emphasizes the need
for more cautious prognostic counseling and the need for
long-term follow-up of patients with DEE-SWAS.

It can be challenging to differentiate the syndrome
of epilepsy with myoclonic-atonic seizures (EMAtS) from
EE-SWAS. We had 2 patients who were initially mis-
classified due to their EEG findings of SWAS and devel-
opmental regression; however, they had myoclonic-atonic
seizures. All 3 syndromes, EMAtS, DEE-SWAS, and EE-
SWAS, can have regression with spike—wave activation in
sleep, but patients who have myoclonic-atonic seizures
have the syndrome of EMAtS. Myoclonic-atonic seizures,
the key distinguishing feature, should be highlighted in
the ILAE epilepsy syndrome classification as an alert
in DEE-SWAS and EE-SWAS directing the clinician to
consider the syndrome of EMAtS which carries different
therapeutic approaches.

LKS has been retained as a subset of EE-SWAS in
the 2022 classification.! However, our cohort
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demonstrated that patients with LKS can have either EE-
SWAS or DEE-SWAS, similar to previous studies that
emphasize that pre-existing speech delay is possible in
LKS.***! Our 10 patients with an initial diagnosis of LKS
were reclassified: 3 had DEE-SWAS and 7 EE-SWAS. All
3 with DEE-SWAS had pre-existing speech delay and
regressed at age 2-5 years.

Our study has several limitations. Even though our
cohort is large for these rare epilepsy syndromes, each etio-
logical group remains relatively small making it challenging
to draw definitive conclusions. EEGs were not always per-
formed contemporaneously with developmental regression,
due to access to EEG testing and delayed referrals to special-
ist care especially in children without seizures. It was also dif-
ficult to delineate precise offset of SWAS unless regular EEG
studies in sleep are performed. This adds to the need for a
more streamlined approach in monitoring and management

of patients with DEE-SWAS and EE-SWAS.

Conclusion

We report a large cohort of patients with DEE-SWAS and
EE-SWAS and dissect the «clinical and etiological
differences between these syndromes. Distinguishing
DEE-SWAS from EE-SWAS aids prognostic counseling
regarding epilepsy duration and cognitive function, and
likely yield of genetic testing. Where a pathogenic variant
is identified, reproductive counseling and cascade testing
in family members should be performed. Understanding
the etiology is critical to move towards precision medicine
approaches for these severe epilepsy syndromes.
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