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ABSTRACT

Objective. We aimed to identify new candidate pathogenic genes for atypical Rolan-
dic epilepsy.

Methods. We retrospectively evaluated the data from 24 Chinese patients with
atypical Rolandic epilepsy who underwent whole-exome sequencing. Data were
analysed regarding the frequency of affected genes, previously reported disease-re-
lated genes, and evaluation based on Kyoto Encyclopaedia of Genes and Genomes
(KEGQ).

Results. We identified a frameshift mutation in the reported gene PRRT2, which is
classified as pathogenic according to American College of Medical Genetics and
Genomics guidelines (ACMG). We also identified a novel missense mutation in the
PRRT2 gene in a family with three affected patients. Several other candidate genes
were found in at least two patients, some of which were associated with other epi-
lepsies (ADGRV1, CACNATA, CHD2, CLCN2, HECW2, KIFTA, NPRL3, RELN and TSC2),
while others were mainly associated with neuropsychiatric disease (SHANK3 and
AUTS2). The KEGG analysis of 81 candidate genes associated with atypical Rolandic
epilepsy identified a significant association with the GABAergic synapse. Candidate
genes involved in the GABAergic synapse pathway included NSF, CACNATA, as well
as others.

Significance. Our study indicates that PRRT2 mutations may be associated with atyp-
ical Rolandic epilepsy. Moreover, we identified a number of unreported candidate
genes, including ADGRV1, CHD2, CACNATA, NSF, NPRL3, KIF1A, GJB2 and HECW2,
also associated with atypical Rolandic epilepsy.

Key words: atypical Rolandic epilepsy, candidate genes, whole-exome sequencing,
PRRT2

Rolandic epilepsy (RE) is the most com-
mon genetic epilepsy syndrome in
childhood, accounting for 15-24% of
children with epilepsy, with an age at
onset ranging from two to 13 years and a
mean incidence of approximately seven
years [1]. The prominent clinical fea-
tures of “benign” Rolandic epilepsy, for-
merly named as “benign epilepsy with
centrotemporal spikes (BECT)”, include
brief, focal, usually nocturnal seizures
with sensorimotor symptoms, involv-
ing the face and laryngeal muscles, and

secondary generalized tonic-clonic sei-
zures. Centrotemporal spikes (CTS) are
the hallmark of this syndrome. As the
name indicates, BECT typically follows
a benign, self-limiting course. However,
1-7% of the children exhibit atypical evo-
lution, consisting of increased frequency
of epileptic seizures, new types of sei-
zures, cognitive and behavioural distur-
bances, and a spike-wave index (SWI)
in slow-wave sleep in >50%; such cases
are defined as atypical BECT [2]. Atyp-
ical BECT, Landau-Kleffner syndrome
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(LKS) and epileptic encephalopathy with continuous
spike-and-waves during sleep syndrome (CSWS) are
classified as clinical syndromes related to electrical
status epilepticus in slow sleep (ESES) [2], and are
also referred to as atypical Rolandic epilepsy (ARE) [3].
Unlike typical RE, ARE patients may experience intel-
lectual impairment, behavioural disorders, and neu-
rocognitive regression, even after adolescence [4]. RE
and ARE are located at the opposite ends of a contin-
uous spectrum of disorders, but are believed to share
a common genetic basis [5]. Although the underlying
genetic aetiologies remain largely unknown, there has
been some recent progress in unravelling the genetic
basis of the epilepsy spectrum [6, 7]. Some family stud-
ies have confirmed that CTS are associated with the
ELP4 gene [8]. GRIN2A, which is also an underlying
disease-causing gene, but more relevant to speech
disorders, has been detected in familial and spo-
radic cases, especially at the severe end of the RE/ARE
spectrum [9] . Mutations in a series of voltage-gated
potassium genes, including KCNQ2, KCNQ3, KCNB1
and KCNA2, are risk factors for RE/ARE [10-12]. The
voltage-gated sodium genes, SCN2A and SCN9A, have
been reported to cause ESES-related syndrome and
typical RE [13, 14]. A group of other candidate genes,
including PRRT2 and SRPX2, have been implicated
in the pathogenicity of other brain disorders, such
as paroxysmal kinesigenic dyskinesia (PKD), benign
familial neonatal epilepsy (BFNE), and verbal dyspraxia
[15, 16]. Furthermore, genomic alterations in RBFOX,
DEPDC5, SLC6AT and GABRG2 are also relevant risk
factors [6, 17]. Finally, a recently published study has
identified two novel disease-related genes: GRIN2B
and CAMK2A [18]. Thus, previous genetic studies on
ESES-related syndrome or RE/ARE indicate the exist-
ence of complex genetic mechanisms in this spectrum
of diseases. However, these identified genes do not
account for all known cases and it is not clear whether
these genetic variants vary among different ethnicities
in children. In this study, we aimed to:

e verify the known genes that are affected in Chi-
nese patients;

e and explore potential candidate genes related
to the RE/ARE spectrum through the use of
whole-exome sequencing (WES) analysis in a
cohort of patients with atypical Rolandic epilepsy.

Methods and materials

Study participants

Twenty-four patients were recruited from the outpa-
tient and inpatient child neurology units of the Chil-
dren’s Hospital of Soochow University (n = 9) and

Wuxi Children’s Hospital (n = 15) from January 2016 to
December 2018. The inclusion criterion for the present
study was a diagnosis in accordance with the guidelines
proposed by Scheltens-de Boer (2009) [2], as follows:

LKS:
* receptive/mixed aphasia, verbal agnosia;
* (infrequent) seizures;
e sleep stage with high SWI (unilateral/diffuse).

CSWS:
* global cognitive decline, motor disturbances;
® seizures;
* sleep stage with high SWI >85% or >50% (mostly
diffuse).

Atypical BECT:
e cognitive and behavioural disturbances;
* mostly nocturnal (partial) seizures;
e sleep stage with high SWI >50% (focal/diffuse).

Exclusion criteria:

e ESES-related syndrome secondary to brain
trauma, intracranial haemorrhage, hypoxic-
ischemic encephalopathy and other factors;

e any other epilepsy syndromes accompanied by
ESES, such as Lennox-Gastaut syndrome or West
syndrome.

All patients underwent thorough neurological exam-
inations and developmental evaluations. Patients’
previous history and family history were recorded.
Haematological examination and magnetic resonance
imaging (MRI) of every patient showed no abnormal-
ities. Electroencephalography (EEG) monitoring and
genetic tests were performed for all patients. This
study was approved by the Ethics Committee of the
two hospitals. Written informed consent was obtained
from the parents of all participants.

Genetic tests

Gene sample preparation and sequence analysis were
completed by the Beijing Kangso Medical Inspection
Center (China) and Kaiumph Medical Diagnostics Co,
Ltd (China). Genomic DNA was extracted from venous
blood samples of the patients and their parents using
standard methods. WES analysis was performed in 24
patients using NextSeq 500 platform (Illumina, San
Diego, CA, USA). Candidate genes/mutations were fil-
tered according to the following criteria (figure 7):

e high-quality rare variants with a minor allele
frequency (MAF) <0.001 in databases such as
1,000 genomes (http:/browser.1000genomes.
org), EXAC (http://exac.broadinstitute.org/), and
ESP6500 (http://evs.gs.washington.edu/EVS);

e possible pathogenic missense mutations with
CADD score >15, or splice site mutations
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Possible pathogenic mutations

Variants linked with epilepsy or
other neurological diseases

Show conservation with
GERP++_RS>2

Rare variants with a MAF<0.001

Follow the inheritance pattern of disease

Pathogenic according to ACMG guidelines

Missense mutations
with CADD score

> 15;

Splice site mutations
(£2 bp from exon-
intron boundaries)

Insertion/deletion
mutations;
premature
termination codon
mutations

Or with unclear
phenotypes but highly
expressed in brain

m Figure 1. Flowchart of the analysis of candidate genes.

including 2 bp before and after the exon bound-
ary position, or any insertion/deletion mutations,
or premature termination codon mutations;

e variants linked with epilepsy or other neurolog-
ical diseases, or with unclear phenotypes but
highly expressed in the brain;

e conservation based on GERP++_RS>2;

e an inheritance pattern of disease; and

e classified as pathogenic according to the guide-
lines of the American College of Medical Genet-
ics and Genomics (ACMG) [19].

If the variant was de novo or classified as pathogenic
or likely pathogenic, but failed to meet Conditions 1,
2, or 4 of the criteria listed, it was also be retained as
appropriate. Furthermore, mutations were verified by
Sanger sequencing and segregation analysis was per-
formed for families.

Results

Patient data

In the current study, we recruited 24 patients with ARE.
Among them, one patient had LKS, two had CSWS, and
the remaining patients had atypical BECT. All affected

patients presented with epileptic seizures. Cognitive
impairment was apparent and had developed prior to
epilepsy onset in the case of CSWS. The patient with
LKS experienced mixed aphasia. Twenty-one patients
with atypical BECT experienced different degrees of
cognitive, linguistic and behavioural disorders after
the onset of seizures, with a severity that was lower
than that in the patients with LKS or CSWS. All the par-
ticipants were the children of non-consanguineous
parents. Family history data up to four degrees were
obtained from the proband and their parents. Overall,
two (8.3%) of 24 probands had a positive family history
of epilepsy. Age at onset ranged from two to nine years
(median: six years). Five of the patients were female
(20.8%), and 19 were male (79.2%) (table 7). SWI of slow-
wave sleep >50% was observed on EEG in all patients.

Genetic data and KEGG analysis

Exome sequencing resulted in high-quality data
with a mean coverage of 100x. According to the
above-mentioned criteria, each patient had one to
seven candidate genes. A total of 81 candidate genes
and 101 mutations were detected (supplementary
table 7). Among the 101 mutations, 82 (81.1%) were
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Patient
number

¥ Table 1. Summary of clinical details of patients.

Family history

Clinical SWI Developmental

syndrome (%) disorders
of ESES

Seizure Treatment
frequency

1 None Atypical 75 Mild speech Infrequent  LEV
BECT disorder
2 Paternal uncle  Atypical 60 Mild Frequent LEV, steroids
had epilepsy BECT inattention
3 None LKS 70 Mixed aphasia Frequent VPA, LEV, NZP,
steroids
4 None Atypical 80 Mild Frequent LEV, steroids
BECT inattention
5 None Atypical 70 Hyperactivity Frequent VPA, steroids
BECT
6 None Atypical 80 Disturbances of Frequent OXC, LEV, NZP,
BECT memory steroids
7 None CSWS 90 Severe speech Frequent LEV, OXC,
disorder, steroids
hyperactivity,
learning difficulty
8 None Atypical 70 Cognitive Frequent VPA, LEV, steroids
BECT impairment
9 None Atypical 80 Impaired Frequent LEV, steroids
BECT learning ability
10 None Atypical 70 Impulsive, Frequent VPA, LEV, steroids
BECT inattention,
cognitive
impairment
11 None Atypical 55 Mild inattention  Frequent VPA, CZP,
BECT steroids
12 None Atypical 80 Cognitive Frequent VPA, LEV, CZP,
BECT impairment, steroids
speech disorder
13 None Atypical 70 Intellectual Frequent VPA, LEV, CZP,
BECT disability ssteroids
14 None CSWS 80 Severe Frequent VPA, LEV, NZP,
intellectual steroids
disability, gait
and speech
disturbance
15 None Atypical 85 Mild speech Infrequent  VPA
BECT disorder
16 None Atypical 55 Mild inattention  Infrequent  LEV
BECT
17 None Atypical 60 Mild cognitive Infrequent  LEV
BECT impairment
18 None Atypical 50 Impaired ability  Infrequent  LEV
BECT to calculate
626 * Epileptic Disord, Vol. 23, No. 4, August 2021
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¥ Table 1. Summary of clinical details of patients (continued).

Patient Age at Family history Clinical
number onset syndrome
(years) of ESES
19 M 6 None Atypical
BECT
20 M 9 None Atypical
BECT
21 M 6 None Atypical
BECT
22 M 5 None Atypical
BECT
23 M 9 None Atypical
BECT
24 M 6 Grandfatherand Atypical
grandfather’s BECT
sister had
epilepsy

Seizure Treatment

frequency

Developmental

disorders

65 Impaired ability  Infrequent  LEV

to calculate

50 Speech disorder  Infrequent  VPA

60 Inattention Infrequent  LEV

80 Impulsive Infrequent  LEV

55 Inattention, Infrequent  LEV
impulsive

65 Learning Frequent VPA, CZP,
difficulty, steroids, LCM
inattention

Seizure frequency: frequent: >10 lifetime seizures; infrequent: <10 lifetime seizures; M: male; F: female; ESES: electrical status epilepticus in slow sleep;
BECT: benign epilepsy of children with centrotemporal spikes; LKS: Landau—Kleffner syndrome; CSWS: continuous spike-and-waves during sleep
syndrome; LEV: levetiracetam; VPA: valproate; NZP: nitrazepam; OXC: oxcarbazepine; CZP: clonazepam; LCM: lacosamid.

missense, two (2.0%) were nonsense, nine (8.9%)
were frameshift mutations, four (4.0%) were deletion
mutations, two (2.0%) were insertion mutations, and
two (2.0%) were splice site mutations. Among these
mutations, 85 (84%) were novel. Genes (TSC2, TRIO,
CACNATH, NPRL3) with de novo mutations were

identified in four patients (16.6%) (supplementary
table 7).

KEGG analysis of the 81 candidate genes revealed six
genes (CACNATA, CACNA1B, CACNA1D, GABRD, NSF
and SLC6AT) involved in the GABAergic synapse path-
way (figure 2).

0 1

GABAergic synapse I—
Synaptic vesicle cycle I
Nicotine addiction I
Cholinergic synapse I
Type Il diabetes mellitus I
Thyroid hormone signaling pathway I
Calcium signaling pathway I
Morphine addiction I
Glutamatergic synapse I
Carbohydrate digestion and absorption I

2 3 4 5 6 7

W LOG10 (P-Value)

m Figure 2. KEGG analysis of 81 candidate genes in this study.
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¥ Table 2. Detailed information of patients with PRRT2 mutation.

DNA Protein SIFT; Polyphen2; CADD Novel Max
mutation alteration MutationTaster score
RBFOX3 5 c.271G>A p.Asp91Asn -;Benign;Disease-causing  23.6 No 0.0002 uUs
PRRT2 5 €.649dupC p.Arg217Profs*8 - - No 0.0344 Pathogenic
PRRT2 24 c236C>T p.Ser79Leu Damaging, benign, 23.11 Yes 0.0002 us
polymorphism
KCNBT 12 c.2506C>A p.His836Asn Probably damaging 25.9 Yes 0.00023 us
Damaging, disease-causing
SLC6AT 20  c.589A>G p-Met197Val Tolerated, benign 17.13 Yes 0 us
Disease-causing
KCNQ2 16  c.2602G>C p-Ala868Pro Tolerated, benign; 16.24 No 0.000005  US

Disease-causing

Known RE/ARE-related genes

After comprehensive analysis, we identified six
mutations within five genes (table 2) that have
been previously reported to be associated with
RE/ARE. Of the six mutations, PRRT2(c.649dupC)
was classified as pathogenic according to ACMG
standards. The other mutations were classified as
“uncertain significance”. A four-generation family
with three affected members was enrolled in this
study (figure 3A). Exome sequencing revealed a
novel missense mutation (NM_145239 c.236C>T)
in heterozygous form within the PRRT2 gene in
Patient 24 (figure 3B) and his grandfather, as well as
his unaffected father.

Prevalence of affected genes

Genes that were affected in more than one patient
and identical mutations, that satisfied the criteria
described above, were analysed. The most commonly
affected gene was CACNATA, which was present
in four patients. Other genes mutated in more than
one patient included three genes (TSC2, SHANK3
and HECW2) in three patients and 11 genes (AUTS2,
ADGRV1, BSN, CDH2, CLCN2, GJB2, INTS1, KIF1A,
PRRT2, RELN, TAS2R19) in two patients (figure 4). Some
mutations in PRRT2, HECW2 and GJB2 were classi-
fied as pathogenic or likely pathogenic according to
ACMG standards.

In addition, identical mutations were detected in
three genes: p. Arg2294Pro (CACNATA), p. Glu917_
Glu917del (KIF1A) and p. Thr181Thrfs*24 (TAS2R19).
All these mutations were classified as “uncertain
significance”.

Discussion

In the present study, we performed WES in 24 unre-
lated Chinese patients with ARE in order to identify
potentially causative genes and support previous data.
Overall, in this study, only five genes detected in five
patients were consistent with previously reported
causal genes, indicating the heterogeneity and com-
plexity of the disease. PRRT2 is one of these few
genes. Dimassi et al. [15] reported genomic altera-
tions in PRRT2, detected in two patients with ARE. In
addition, Torisu [20] reported a case of a Japanese girl
with a hot spot PRRT2 mutation (c.649_650insC, also
recorded as c.649dupC) who developed focal seizures
with spikes resembling Rolandic spikes. In our study,
the same heterozygous mutation, c.649dupC, and a
novel mutation, ¢.236C > T, in PRRT2 were detected in
two patients with ARE, respectively. One of these was
rated as pathogenic according to ACMG guidelines,
and the other was carried in two affected members
of the family, suggesting that PRRT2 gene mutation
may be related to the pathogenesis of RE/ARE. How-
ever, individuals with the same genotype ultimately
showed different degrees of disease or clinical symp-
toms. A comparison of the electroclinical features of
cases with PRRT2 mutation is presented in table 3. In
this study, the PRRT2 gene mutation of Patient 5 was
derived from his healthy mother, and that of Patient
24 was derived from his healthy father, which may
be due to the incomplete penetrance of the gene. In
addition to PRRT2, we also identified other gene var-
iants inherited from unaffected parents, indicating
that incomplete penetrance may be common in RE/
ARE as previously reported in the literature [21].

The number of genes affected in at least two patients
was relatively small. The most frequently affected
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m Figure 3. (A) The pedigree of Patient 24’s family. Filled-in symbols indicate individuals with epilepsy, empty
symbols indicate unaffected individuals, and symbols with a slash indicate deceased individuals. Arrow refers
to the proband (Patient 24). (B) Identification of a heterozygous mutation, c.236C>T, of the PRRT2 gene in the

proband.

gene was CACNATA, in which heterozygous muta-
tions were identified in four patients. Variants in
CACNATA and another gene, CLCN2 (found in two
patients), which encode for subunits of voltage-gated
ion channels, have been widely reported in a variety
of epilepsy syndromes. TSC2 was identified in three
patients, and the de novo frameshift mutation in
Patient 23 highlights this gene as a candidate gene of
interest. TSC2, the previously reported causal gene
DEPDCS5, as well as the de novo mutated NPRL3 gene
in this study are all mTOR-signalling regulatory genes
that are highly associated with malformations of cor-
tical development [22, 23]. Pacheva et al. [24] reported
the case of a 13-year-old girl with tuberous sclerosis
complex, who presented with severe epilepsy, autism
and ESES on EEG. Coincidentally, in the recently pub-
lished study of Rudolf et al. [18], a de novo variant of
TSC2 was also found in a patient with ARE, moreover,
the authors also identified ADGRV1 variants, which
were found in two patients in this study. RELN was
identified as a candidate gene for LKS in the study
conducted by Conroy et al. [25], as well as BSN, of
which variants were found in two patients in our study.
CHD?2 is another epilepsy-related gene that should be

considered as a candidate gene for ARE. In addition
to various forms of epilepsy, CHD2 is also associated
with cognitive and behavioural abnormalities [26].
The genes, SHANK3 and AUTS2, are typically linked
to neuropsychiatric disorders. However, a mutation
in SHANK3 was previously identified in a patient with
CSWS, and it was suggested that the two spectrum
diseases have some genetic basis in common [27].
Other gene variants, such as those of HECW2 and
KIF1A, have been reported to be associated with epi-
lepsy and intellectual disability [28, 29].

The KEGG analysis in our study revealed that the
mutated genes are largely specific to the GABAer-
gic synapse pathway. GABA is the main inhibitory
neurotransmitter in the brain and the target of many
antiepileptic drugs. Diazepam, the first-line drug
of choice for CSWS in North America [30], also acts
on the GABAergic pathway. Previous studies have
shown that corticosteroids act on GABA receptors
and increase GABA levels in cerebrospinal fluid,
producing an anticonvulsant effect [31], which may be
the mechanism in which corticosteroids function as
treatment for ARE. This theory may shed light on the
pathogenesis of ESES and help guide treatment.
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m Figure 4. Prevalence of genes mutated in the cohort of 24 RE/ARE patients.

¥ Table 3. Specific details of previously identified genes detected in the study.

Patient 1
Origin Present study
Mutation PRRT2 c.649dupC

(p. Arg217Profs*8)

Family history ~Same mutation in mother
with no symptoms

Diagnosis Atypical BECT
Phenotype Generalized tonic-clonic
seizures

Onset Age 2 years

EEG Discharges in Rolandic
region, ESES (SWI70%)

MRI Normal

Comorbidity  Hyperactivity

Treatment VPA, steroids

Response to Good

Treatment

Patient 2

Present study

PRRT2 c.236C>T
(p. Ser79Leu)

Father was not affected, but
grandfather had epilepsy

Atypical BECT

Clusters of focal seizures,
generalized tonic-clonic
seizures, intractable epilepsy

6 years

Discharges in rolandic region,
ESES (SWI 65%)

Normal

Learning difficulty, inattention
VPA, CZP, steroids, LCM
Good

Patient 3

Torisu et al [20]

PRRT2 c.649_650insC
(p. Arg217Profs*8)

Father had PKD and youngest sister had
benign infantile seizures

Infantile focal epilepsy

Focal epilepsy, generalized tonic seizure

14 months

Multifocal spikes in bilateral centrotemporal
areas, moving transiently to the occipital
area, resembling Rolandic spikes

Normal
None
CBZ
Good

ESES: electrical status epilepticus in slow sleep; BECT: benign epilepsy of children with centrotemporal spikes; VPA: valproate; CZP: clonazepam; LCM:
lacosamide; CBZ: carbamazepine; PKD: paroxysmal kinesigenic dyskinesia.
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This study has some limitations. Firstly, we did not
include mutations in untranslated regions (UTRs)
which may also be disease-causing. Furthermore, the
sample size of this study was small, and copy num-
ber variation was not performed, thus only few genes
with strong pathogenicity were found. Despite its lim-
itations, the present study provides important insight
into the candidate genes responsible for ARE.

In conclusion, in addition to some previously reported
RE/ARE-related gene mutations, a number of novel
candidate genes, such as ADGRV1, PRODH, CHD?2,
CACNATA, NSF, NPRL3, KIFTA, HECW2, amongst oth-
ers, were detected in this study. PRRT2 mutations have
been shown to be associated with atypical Rolandic
epilepsy. The common GRIN2A mutation in this dis-
ease spectrum was absent in our cohort of Chinese
patients. Compared with previous studies, the num-
ber of genes affected in more than one patient was
small, which demonstrates the genetic heterogeneity
of the disease. KEGG analysis of candidate genes sug-
gests the involvement of the GABAergic pathway in
atypical Rolandic epilepsy. It is hoped that newly dis-
covered candidate genes will improve our knowledge,
and lead to more targeted therapeutic approaches for
some ARE patients. H

Supplementary material.
Supplementary table and summary slides accompanying the
manuscript are available at www.epilepticdisorders.com.
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TEST YOURSELF

(1) Which syndrome is not considered as atypical Rolandic epilepsy?

A. Atypical BECT
B. Landau—Kleffner syndrome (LKS)

C. Epileptic encephalopathy with continuous spike-and-waves during sleep syndrome (CSWS)

D. Lennox-Gastaut syndrome (LGS)

(2) Variants in which of the following potassium genes are considered to be related to the pathogenesis of atypi-

cal Rolandic epilepsy or Rolandic epilepsy?
A. KCNA2
B. KCNQ2
C. KCNQ3
D. KCNB1

(3) What clinical phenotypes can PRRT2 mutations cause?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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