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Abstract

Aim: To assess the clinical utility of exome sequencing for patients with developmen-
tal and epileptic encephalopathies (DEEs).

Method: Over 2years, patients with DEEs were recruited for singleton exome se-
quencing. Parental segregation was performed where indicated.

Results: Of the 103 patients recruited (54 males, 49 females; aged 2 weeks—17 years),
the genetic aetiology was identified in 36 out of 103 (35%) with management impli-
cations in 13 out of 36. Exome sequencing revealed pathogenic or likely pathogenic
variants in 30 out of 103 (29%) patients, variants of unknown significance in 39 out
of 103 (38%), and 34 out of 103 (33%) were negative on exome analysis. After the
description of new genetic diseases, a molecular diagnosis was subsequently made
for six patients or through newly available high-density chromosomal microarray
testing.

Interpretation: We demonstrate the utility of exome sequencing in routine clinical
care of children with DEEs. We highlight that molecular diagnosis often leads to
changes in management and informs accurate prognostic and reproductive counsel-
ling. Our findings reinforce the need for ongoing analysis of genomic data to iden-
tify the aetiology in patients in whom the cause is unknown. The implementation of
genomic testing in the care of children with DEEs should become routine in clinical

practice.

Abbreviations: CNV, Copy number variant; DEE, Developmental and epileptic encephalopathy; VUS, Variants of unknown significance.
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Ready access to genomic testing for severe diseases is only
just becoming a reality in most parts of the world, includ-
ing Australia. This partly relates to affordability and access
to molecular testing, expertise in analysis, and increasing
availability through Medicare-funded items.

In epilepsy, gene discovery has led to insights into un-
derlying mechanisms and inheritance of seizure disorders,
transforming clinical diagnosis and management. Within
the epilepsies, gene discovery has had the greatest impact in
the most severe group of epilepsies called the developmental
and epileptic encephalopathies (DEEs). The DEEs are severe
epilepsies that typically begin in infancy or childhood. The
DEEs are characterized by frequent seizures, prominent ep-
ileptiform abnormalities on electroencephalography (EEG),
and developmental slowing or regression." Most children
have multiple seizure types and are at risk of a range of co-
morbidities including intellectual disability, depression,
sleep problems, autism spectrum disorder, movement dis-
orders, and gastrointestinal problems. The developmental
abnormality relates to both the underlying aetiology and the
impact of the superimposed epileptic encephalopathy.

DEEs occur in approximately 1 in 1000 individuals, equating
to approximately 300 newly diagnosed children in Australia per
year.>® The advent of next generation sequencing has resulted
in an aetiological diagnosis in up to 50% of patients with DEEs
where a pathogenic variant is identified via molecular studies,
including gene panels, exome, and genome studies.””® While
the DEEs are highly genetically heterogeneous with more than
400 genes implicated, each individual genetic disease is rare.
Genetic mutations often arise de novo and follow dominant in-
heritance; however, some patients have autosomal recessive, X-
linked, or mitochondrial inheritance.” We aimed to trial exome
sequencing in the clinical setting, engaging a network of paedi-
atric neurologists around Australia, to determine the utility of
exome sequencing in clinical practice.

METHOD

The DEE Flagship of the Australian Genomics Health Alliance
was formed in 2016 and included all regions of Australia with
flagship leads in each state. All paediatric neurologists were
asked to identify patients according to the following criteria:
(1) patient first seen by the referring neurologist in 2016 or later;
(2) patient younger than 18years at recruitment; (3) frequent
seizures (frequency not specified); (4) epileptiform abnormali-
ties on EEG; (5) developmental delay and/or regression (exclud-
ing children with static intellectual disability and epilepsy); (6)
magnetic resonance imaging without a causative finding, such
as an acquired disorder (e.g. perinatal insult), or aetiology sug-
gesting a specific genetic disorder, such as tuberous sclerosis
complex. However, malformations such as focal cortical dys-
plasia could be included; and (7) normal microarray or a non-
diagnostic finding on microarray.

The referring paediatric neurologist completed a refer-
ral form (Appendix S1) which was reviewed by a recruit-
ment committee of three paediatric epileptologists. Once

What this paper adds

o The cause was identified in 35% of patients with
developmental and epileptic encephalopathies.

« KCNQ2, CDKL5, SCN1A, and STXBPI were the
most frequently identified genes.

o Reanalysis of genomic data found the cause in an
additional six patients.

« Genetic aetiology was identified in 41% of chil-
dren with seizure onset under 2 years, compared
to 18% with older onset.

o Finding the molecular cause led to management
changes in 36% of patients with DEEs.

approved as fulfilling inclusion criteria, the family then
received genetic counselling. Parents or legal guardians pro-
vided written informed consent for study participation and
publication of results.

Exome sequencing was performed on blood-derived
DNA by a clinically accredited laboratory (Victorian Clinical
Genetics Services, Melbourne). Coding regions were enriched
using either the Sureselect QXT CREv1 or CREv2 exome cap-
ture kit (Agilent Technologies, Santa Clara, CA, USA) and se-
quencing was performed on an Illumina (San Diego, CA, USA)
instrument, with a mean coverage of 100x and a minimum of
90% bases with 15x sequencing coverage. Targeted analysis was
performed on an epilepsy gene panel of 365 genes (Appendix
S2). When no pathogenic variant was identified, the analysis
examined all genes associated with human disease. Variants
were analysed using in silico prediction tools PolyPhen, SIFT,
and CADD, and whether they were recurrent. Molecular find-
ings were discussed at a multidisciplinary meeting and classi-
tied as Class 5 (pathogenic), Class 4 (likely pathogenic), or Class
3 (variants of unknown significance [VUS]), as per American
College of Medical Genetics guidelines.'® Where possible, seg-
regation was performed to determine if the variant was inher-
ited or had arisen de novo. The exome results were provided to
families by their neurologist or a genetic counsellor.

This study was approved by the Human Research Ethics
Committee of Melbourne Health.

RESULTS

There were 127 patients referred to the Australian Genomics
DEE Flagship. Of these, 15 did not satisfy inclusion criteria
for the following reasons: a causative copy number vari-
ant (CNV) on microarray in two, no microarray in four, no
magnetic resonance imaging in three, no epileptiform ac-
tivity on EEG in two, no developmental delay or regression
in one, prior genetic testing in one, and presentation before
2016 in two. A further nine patients were approved but ei-
ther declined participation or were transferred to alternative
Australian Genomics programmes.
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In total, 103 patients (54 male, 52%), aged 2weeks to
17 years, underwent exome sequencing. Age of seizure onset
was under 2years in 75 (73%) and 2years or older in 28
(27%) (range 1day-14years). Seizure frequency was daily in
88 (85%), weekly or multiple weekly in nine (9%), monthly
in one (1%), and unknown in three (3%). A further two
(2%) patients with epilepsy-aphasia syndromes: Landau-
Kleffner syndrome and epilepsy with continuous spike-and-
wave during sleep, did not have clinical seizures recorded.
Epilepsy syndrome diagnoses at presentation were Ohtahara
syndrome (n = 1), early myoclonic encephalopathy (n = 1),
early-infantile DEE (n = 14), infantile spasms (n = 38),
Dravet syndrome (n = 4), early-onset absence epilepsy
(n = 2), myoclonic-atonic epilepsy (n = 8), Landau-Kleffner
syndrome (n = 3), epilepsy with continuous spike-and-wave
during sleep (n = 1), atypical childhood epilepsy with centro-
temporal spikes (n = 1), Lennox-Gastaut syndrome (n = 2),
late-onset spasms (n = 1), neurodegenerative disease (n = 1),
and DEE unclassified (n = 26). Development was abnormal
at presentation in 29, normal in 55 (all of whom had subse-
quent plateau or regression), unclear or unknown in six, and
too early to tell in 13 patients with seizure onset in the first
few days or weeks of life.

Pathogenic or likely pathogenic variants were identified
in 30 out of 103 (29%) individuals (Table 1), 39 out of 103
(38%) had VUS, and 34 out of 103 (33%) had no potentially
pathogenic variants identified. Parental segregation was per-
formed via Sanger sequencing in 23 out of 30 patients with
pathogenic or likely pathogenic variants to determine the in-
heritance pattern. Twenty-one had de novo pathogenic vari-
ants (X-linked or autosomal dominant), one had compound
heterozygous autosomal recessive pathogenic variants, and
one was maternally inherited with Sanger sequencing sug-
gesting mosaicism. The level of mosaicism in the mother was
then quantified in a research laboratory using droplet digital
polymerase chain reaction and shown to be 10.5% in blood.

Since completion of the study in December 2018, the
genetic cause has been identified in a further six patients
(Table 1). In three patients, VUS were reclassified as patho-
genic with additional data. In one child, a homozygous
variant in SMPD4 was reclassified after a recent publication
describing a new developmental syndrome."" The other child
had two variants in PIGN: a recurrent heterozygous deletion
across the intron-exon boundary was initially considered
pathogenic'? and a heterozygous missense variant has now
been reclassified as pathogenic; the phenotype is consis-
tent with PIGN encephalopathy. On segregation studies, the
PIGN deletion was maternally inherited and the missense
variant paternally inherited. The third patient had a homo-
zygous variant in NRROS and was included in a recent paper
reporting this gene as causing a severe infantile-onset neu-
rodegenerative disease.'?

A causative CNV was identified in the remaining three
patients. In one, a newly available high-density microarray
detected a small deletion missed on standard microarray,
which included the gene STXBPI. A second patient had a
duplication of exons 4 to 15 in CDKL5 identified on a new

Invitae gene panel using an in-house algorithm for exonic
CNV detection. The duplication was missed on both stan-
dard exome sequencing and microarray analysis (not high-
density) and fits well with the patient's phenotype. In the
remaining patient, a CNV of uncertain significance was up-
graded to pathogenic after the recent publication of a case
series showing that this CN'V was pathogenic.™*

Pathogenic variants were more likely to be found in chil-
dren with earlier seizure onset. The genetic aetiology was
identified in 31 out of 75 (41%) with seizure onset under the
age of 2 years compared with 5 out of 28 (18%) with seizure
onset over the age of 2 years.

Of the 36 out of 103 patients with an identified genetic
aetiology, 13 diagnoses carried management implications.
These included treatment of the underlying biochemical ab-
normality (SLC2A1 [n = 1]), choice of antiseizure medica-
tion (KCNQ2 [n = 4], SCNIA [n = 3], SCN8A [n = 2], SCN2A
[n = 1]), choice of other medication (ATP1A3 [n = 1]), and

screening for disease-related complications (COL4Al
[n=1]).
DISCUSSION

Yield of exome sequencing in Australia-wide
cohort of DEEs

Exome sequencing is transforming diagnosis in human dis-
ease. Thisis especially relevant to the severe epilepsies known
as the DEEs. In this prospective, Australia-wide study, we
aimed to integrate exome sequencing into clinical practice.
We identified the genetic aetiology in 36 out of 103 (35%)
patients. We found 33 out of 36 patients had single nucleo-
tide variants causing missense, stopgain, or frameshift mu-
tations, and 3 out of 36 had CN'Vs which were identified as
pathogenic through the course of this study.

Of our cohort, 30 out of 103 (30%) remain of unknown
aetiology and 37 out of 103 (36%) have VUS. VUS should be
reinterrogated over time as variant classification may change
with larger cohorts or interaction through online exchanges
such as Matchmaker Exchange."” For example, patient 21
had a SCNIA missense VUS and was in foster care, so pa-
rental segregation was not possible. In the last year, another
patient with Dravet syndrome and this exact SCNIA variant
was published,'® elevating the classification of variant patho-
genicity from uncertain to a recurrent pathogenic variant,
without the need for parental segregation.

Our findings highlight the importance of reanalysis in
patients with DEEs who are negative on initial molecular
testing. Reanalysis has previously been highlighted as use-
tul for patients with DEEs of unknown cause by Rochtus
et al;'"” however, only half of their patients had had prior
exome sequencing performed 7years earlier. Our data
show that, even with recent negative exome sequencing,
regular and timely reanalysis can be fruitful with the fre-
quent discovery of new DEE genes. Reanalysis of the single
nucleotide variants in exome data as new DEE genes (e.g.
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SMPD4, NRROS) are identified will increase the yield over
time. Also, there is increasing recognition of the overlap
in genetic aetiologies across neurological disorders such
as neurodevelopmental, autism spectrum, and psychiatric
disorders."® CNVs of uncertain significance may be sub-
sequently shown to be pathogenic, as in the male with a
16p13.3 deletion."* Furthermore, the recent development
of higher density microarrays means that pathogenic
CNVs missed on routine clinical microarrays may be iden-
tified, such as the female with a CNV including STXBPI.
High-density microarrays are likely to become the stan-
dard of care in future. Other strategies include trio exome
sequencing to identify de novo or recessive pathogenic
variants, and higher depth of sequencing to find mosaic
pathogenic variants.

Novel genetic mechanisms are also likely to explain the
DEEs in individuals in whom the aetiology is still unknown.
For example, genome sequencing enables the identification
of intronic variants such as poison exons and repeat ex-
pansions, which have recently been recognised as causing
epilepsy.'”?® Another promising level of genetic analysis
involves epigenetic studies with recent findings of episig-
natures that aid in identification of underlying pathogenic
variants.”' Inheritance, even in seemingly monogenic DEEs,
is likely to be complex, with recent evidence showing a
higher burden of ultrarare pathogenic variants in patients
with a known pathogenic variant of major effect.”” In addi-
tion, common genetic variation, studied through polygenic
risk scores based on genome wide association studies, is also
likely to influence phenotypic variability in the DEEs.

Benefits of finding the genetic aetiology

Bringing exome sequencing into routine clinical care is
transformational for patients and families as it ends the di-
agnostic odyssey, which has hitherto taken many years and
resulted in considerable frustration and distress for families.
Although the yield in our study was higher for patients with
infantile-onset DEEs, the yield in patients with older onset
was still valuable. Notably, discovery of the aetiology at any
age, including older adults, is important, as it often carries
management implications which can improve outcome.*®
Genetic diagnosis often has management implications, as
we found in almost 40% of our patients in whom the aetiol-
ogy was identified. Diagnosis informs choice of antiseizure
medicine which, by improving seizure control, may improve
long-term outcome and reduce the mortality risk. It also en-
ables the cessation of antiseizure medications that may be
exacerbating seizures, such as carbamazepine in Dravet syn-
drome.*® Molecular diagnosis also informs the risk of spe-
cific comorbidities, such as autism spectrum disorder, gait,
speech, and sleep disorders. Features associated with specific
genetic diseases may not emerge until adult life. For example,
in PCDHI9 clustering epilepsy, a quarter of adolescents and
adult females developed psychosis, highlighting the need for
early recognition and management.” For some families, the

genetic diagnosis of a rare disease with an extremely poor
prognosis may lead to redirection to palliative care.

Genetic findings often provide critical information for
accurate reproductive counselling to young parents con-
sidering further children. A major issue is the risk of pa-
rental mosaicism, as illustrated by patient 22 with Dravet
syndrome. The patient's mother had a history of febrile sei-
zures plus and was 10.5% mosaic for the SCN1A pathogenic
variant. The finding of parental mosaicism is critical as it
carries an increased recurrence risk for future pregnancies.
We previously showed that 8% of probands with DEEs due
to a dominant mutation had a parent who was mosaic on
deep sequencing for their child's pathogenic variant, plac-
ing the parent at significant risk of having a second af-
fected child.”

These major molecular advances come with new chal-
lenges such as the family's grief at a serious diagnosis so early
in their child's life. The ready availability of online resources
means it is hard to protect families from the often devas-
tating consequences of these disorders. Conversely, in some
diseases such as KCNQ2 DEE, seizures may remit in the first
few years of life which may offer reassurance.*® This high-
lights the urgent need for more support for families who are
facing such a difficult journey.

Relationship of epilepsy syndrome to
genetic aetiology

Our cohort showed a wide range of epilepsy syndromes.
Genetic DEEs are associated with specific epilepsy syn-
dromes and our patients often presented with the classical
syndromology of their disease. For example, all four patients
with KCNQ2-DEE presented in the first week of life with
tonic seizures and profound developmental impairment.*®
One had Ohtahara syndrome with burst-suppression pat-
tern on EEG, while three had early-infantile DEE. Our three
patients with STXBPI pathogenic variants, including one
who had a deletion of STXBPI, presented with early-infantile
DEE with onset under 3months or infantile spasms, as
typically described.” There is increasing recognition that
overlap of different epilepsy syndromes may be seen with
specific genetic aetiologies, such as early onset absence epi-
lepsy and myoclonic-atonic epilepsy in SLC6A1,%® and early
onset absence epilepsy, epilepsy with eyelid myoclonias, and
myoclonic-atonic epilepsy in NEXMIF.*’

In our cohort, the genes most frequently identified were
KCNQ2 (n = 4), CDKL5 (n = 4), SCNIA (n = 3), STXBPI
(n=3), SCN8A (n =2), and MECP2 (n = 2), with other genes
implicated in single cases (Table 1). These genes have also
been seen in larger cohort studies such as Epi4K where the
most frequently identified genes differed somewhat to our
findings,” or in larger cohorts using gene panels.”*' Notably,
our exome analysis interrogated more genes (365) than in
previous studies.”® Where a pathogenic variant was not
identified, we then expanded the analysis to all genes associ-
ated with human disease. Our first insights into the genetic
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epidemiology of the DEEs have been gleaned from Victorian
and Scottish studies,”** but we require larger numbers of
patients to understand the epidemiology of each rare genetic
DEE, given that there are now more than 400 genes.

Implementation in clinical practice

Our programme shows that the implementation of exome se-
quencing in clinical practice is both feasible and worthwhile.
In addition to the significant patient- and family-centred
benefits, there are also health economic benefits from avoid-
ing the need for further aetiological investigations.>” These
data are being used to support an application for health sys-
tem funding for routine exome sequencing in patients with
DEEs.

The discovery of a pathogenic variant allows families to
join international groups focused on their child's specific
genetic disease. They can also join parent groups that exist
to support families and help them with the journey toward
precision medicine. The benefit of these groups cannot be
overestimated, as shown by the growth of Genetic Epilepsy
Team Australia, an inspiring group of Australian parents
whose vision is to develop precision medicines for all indi-
viduals with DEEs.

The remarkable advances in molecular genetics have led
to an aetiological diagnosis in many patients with severe ep-
ilepsies. While our study of exome sequencing study found
the cause in 35% of children, ongoing molecular diagnosis
is critical in solving the remaining cases. All molecular data
should be analysed from a broad perspective, including all
genes relevant to neurological diseases, given the increasing
overlap in the genetic basis of these disorders. Clinical im-
plementation of exome sequencing is feasible now and, with
the introduction of newer technologies such as genome se-
quencing, there is the real promise of finding the cause in all
patients with DEEs. Early genetic diagnosis informs targeted
management, and means that Australian patients are poised
for emerging precision medicine trials.
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