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Abstract
BRAT1-related neurodevelopmental disorders are characterized by heterogeneous phenotypes with varying levels of clinical 
severity. Since the discovery of BRAT1 variants as the molecular etiology of lethal neonatal rigidity and multifocal seizure 
syndrome (RMFSL, OMIM 614498), these variants have also been identified in patients with milder clinical forms including 
neurodevelopmental disorder with cerebellar atrophy and with or without seizures (NEDCAS, OMIM 618056), epilepsy of 
infancy with migrating focal seizures (EIMFS), and congenital ataxia (CA). This study aims to examine the consequences 
and pathogenicity of a novel homozygous splice site variant in BRAT1 in a patient presenting with migrating focal seizures 
since birth without prominent rigidity. The patient was born from a consanguineous marriage and has had seizures since the 
neonatal period. He presented with dysmorphic features, pontocerebellar hypoplasia, and migrating focal seizures. Despite 
supportive treatment, his symptoms rapidly progressed to intractable myoclonic seizures, bouts of apnea and bradycardia, 
and arrest of head growth, with no acquisition of developmental milestones. Clinical exome sequencing yielded a novel 
homozygous splice variant in BRAT1. Genetic analysis based on reverse transcription of the patient’s RNA followed by 
PCR amplifications performed on synthesized cDNA and Sanger sequencing was undertaken, and the functional effect of a 
BRAT1 variant on splicing machinery was demonstrated for the first time. The severe clinical presentation of migrating focal 
seizures and pontocerebellar hypoplasia in the absence of rigidity further expands the genotypic and phenotypic spectrum 
of BRAT1-related neurodevelopmental disorders.
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Introduction

Epileptic encephalopathies are a genetically heterogeneous 
group of disorders characterized by continuous epileptiform 

activity on electroencephalogram (EEG) and by severe 
developmental delay. These encephalopathies are classi-
fied into different subgroups according to the age of onset, 
seizure types, and distinct EEG patterns. Over the past 
decade, broad application of next-generation sequencing 
has substantially accelerated the identification of disease-
related genes as specific genetic encephalopathies have been 
defined with respect to characteristic electroclinical features 
and comorbidities [1]. Lethal neonatal rigidity and multifo-
cal seizure syndrome (RMFSL, OMIM 614498) is a severe 
autosomal-recessive epileptic encephalopathy characterized 
by the onset of rigidity and intractable seizures at birth or 
soon after birth. This syndrome is caused by biallelic loss of 
function variants of BRAT1, which encodes BRCA1-associ-
ated ataxia telangiectasia mutated (ATM) activator 1 protein 
[2]. Neonates present with rigidity, microcephaly, myoclonic 
jerks, and multifocal refractory seizures leading to early 
death due to apnea and bradycardia [2–6]. RMFSL was first 
described in 2012; later, BRAT1 variants were also reported 
in patients with non-lethal milder clinical forms, including 
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neurodevelopmental disorder with cerebellar atrophy and 
with or without seizures (NEDCAS, 618056), epilepsy of 
infancy with migrating focal seizures (EIMFS), and con-
genital ataxia (CA) [7–10]. We here report on a patient with 
a novel homozygous splice site variant in BRAT1 who on 
the first day of life presented with migrating focal seizures 
without prominent rigidity.

Materials and methods

Clinical exome sequencing

The protocol of this study was approved by the Kecioren 
Teaching and Research Hospital Clinical Research Eth-
ics Committee (ID 2030). This study was conducted after 
obtaining written informed consent from the patient’s par-
ents. Genomic DNA (gDNA) was extracted from periph-
eral blood leukocytes of the proband and his healthy par-
ents using a QIAamp DNA Mini Kit (Qiagen, Hilden, 
Germany). Furthermore, the Illumina TruSight One panel 
was used for clinical exome sequencing (CES) (Illumina, 
San Diego, CA, USA) and variant filtering steps were per-
formed using SOPHiA™ DDM (SOPHiA Genetics). Due 
to consanguinity, homozygous rare variants with low minor 
allele frequency values were prioritized. Additionally, a phe-
notype-driven bioinformatic analysis was performed. The 
pathogenicity of variants was assessed using ACMG cri-
teria. Mutation Taster https ://www.mutat ionta ster.org/ and 
Human Splicing Finder databases were used for predicting 
the pathogenicity of the splice site alterations.

Reverse transcription reaction

Total RNA of the proband and his healthy parents’ samples 
were extracted from whole blood using the QIAamp RNA 
Blood Mini Kit (Qiagen, Hilden, Germany). Complementary 
DNA (cDNA) was reverse-transcribed (RT) from total RNA 
using ipsogen RT Kit (Qiagen, Hilden, Germany), following 
the manufacturer’s protocol and recommended conditions.

Polymerase chain reactions and Sanger sequencing

Polymerase chain reactions (PCR) of cDNA sequences 
flanking splice site variant of BRAT1 were performed using 
specific primers designed using the Perl Primer program. 
cDNA was PCR-amplified using a primer pair designed for 
the junction of exons 10 and 11 (forward primer), and for 
the junction of exons 13 and 14 (reverse primer) (Online 
Resource 1). To determine the pathogenicity of detected 
variant, PCR products of the cDNA samples were sequenced 
with  BigDye® Terminator v3.1 Cycle Sequencing Kit 

(Thermo Fisher Scientific, USA) on an ABI 3500 Genetic 
Analyzer (Thermo Fisher Scientific, USA). The sequences 
were aligned with the reference sequence of the BRAT1 
(NCBI: NM_152743.4) gene. gDNA samples were used for 
the segregation analysis.

Results

Case description

The patient was born from the 5th pregnancy of a 25-year-
old mother at full term after an uneventful pregnancy. 
Birth weight was 2350 g (− 1.94 SD). The parents were 
healthy first-degree cousins of Turkish origin (Fig. 1A). 
Soon after birth, he was intubated due to respiratory fail-
ure and he was transferred to the neonatal intensive care 
unit (NICU). He developed his first seizure within 24 h 
of life. Neurometabolic disorder was suspected due to the 
coexistence of hypotonia and epilepsy. He was transferred 
to the pediatric intensive care unit (PICU) at the age of 
45 days with priorly commenced antiepileptic treatment 
with vigabatrin (dosage: 120 mg/kg/day), levetiracetam 
(dosage: 60 mg/kg/day), topiramate (dosage: 5 mg/kg/
day), and clonazepam (dosage: 0.1 mg/kg/day). He was 
followed in PICU because of sepsis and metabolic insta-
bility. On physical examination, his vital findings were 
as follows: body temperature 36.5  °C, pulse 140/min, 
respiration rate 40/min under mechanical ventilation. 
Bitemporal narrowing, periorbital puffiness, down-slanted 
palpebral fissures, sparse eyebrows, round facies, broad 
nasal bridge, bulbous nasal tip, prominent filtrum, thin 
lips, micrognathia, and generalized edema were observed 
(Fig. 1A). He had neither contractures nor rigidity. No 
neonatal reflexes were elicited, and myoclonic jerks were 
prominent. During the clinical course, separation from the 
mechanic ventilator was not successful due to insufficient 
spontaneous breathing. A tracheostomy was performed 
at the age of 2 months. He had a head circumference of 
39 cm (− 0.51 SD) at the age of 2 months. Gastrostomy 
feeding was initiated at the age of 2 months due to his 
inability to swallow. Initial EEG findings were consistent 
with left frontal focal epileptic activity (Fig. 1B). Focal 
epileptic activity was seen as migrating from one brain 
region to another. Generalized epileptic activities were 
also observed during the follow-ups. EEGs at the age of 2, 
2.5, and 3 months demonstrated widespread deceleration 
of the background. Due to süper-refractory and migrat-
ing focal seizures, video EEG monitoring was performed 
and antiepileptic treatment was revised to include pheno-
barbital (dosage: 8 mg/kg/day), clobazam (dosage: 1 mg/
kg/day), midazolam (dosage: 16 µcg/kg/m), and ketamine 
(dosage: 4 mg/kg/h). In his clinical course, his various 
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convulsions consisted of myoclonic, clonic-tonic, and vari-
ants, for which multiple antiepileptic treatments including 
phenobarbital and clonazepam were not effective. He had 
a weight of 5400 g (− 2.38 SD) at the age of 5 months and 
his antiepileptic therapy was reedited to include carba-
mazepine (dosage: 20 mg/kg/day) and lacosamide (dos-
age: 8 mg/kg/day). Additionally, a ketogenic diet was also 
started. His seizures continued to be refractory with innu-
merable episodes per day. Laboratory examination includ-
ing metabolic work-up did not reveal any abnormalities. 
Ophthalmological evaluation was normal. Echocardiogram 

revealed patent foramen ovale, minimal mitral, and aortic 
insufficiency. Abdomen ultrasound showed ascites. Brain 
magnetic resonance imaging demonstrated atrophic corpus 
callosum, hypomyelination, cortical laminar necrosis in 
both occipital and superior parietal lobes, simple spiral 
pattern in cortical structures, and brainstem and cerebel-
lar vermis hypoplasia compatible with pontocerebellar 
hypoplasia (Fig. 1C). Symptoms rapidly progressed to 
intractable myoclonic seizures, bouts of apnea and brady-
cardia, and arrest of head growth, with no acquisition of 

Fig. 1  Clinical photographs, pedigree, EEG, and cranial MRI of the 
patient. A Dysmorphic features of the affected patient; note bitempo-
ral narrowing, periorbital puffiness, down-slanted palpebral fissures, 
sparse eyebrows, round facies, broad nasal bridge, bulbous nasal 
tip, prominent philtrum, thin lips, and micrognathia, pedigree of the 
patient. B EEGs of the patient: (a) ground rhythm consists of slow 
and disorganized amplitude theta rhythm, superposed, low-amplitude 
fast activity according to age. (b) during this period, a low-amplitude 
fast beta activity, which started from the left hemisphere frontal 
region and reflected on the left hemisphere electrodes, was observed 

for 5–6 s, followed by an asymmetric tonic ictal seizure record with 
right-hand rotation, and then a few beat clones in the right arm. (c) 
in the Fp1–Fp3 electrode position, low-amplitude thorn slow waves 
at a frequency of 1–2 Hz were observed in interictal activity. C Brain 
magnetic resonance imaging demonstrating atrophic corpus callosum, 
cortical laminas necrosis in both occipital and superior parietal lobes, 
simple spiral pattern in cortical structures, hypomyelination and 
brainstem, and cerebellar vermis hypoplasia compatible with pon-
tocerebellar hypoplasia
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developmental milestones. Despite supportive treatment, 
the patient died at the age of 7.5 months.

Molecular results

A novel homozygous BRAT1 variant, c.1499-1G>T, located 
at the consensus splice acceptor site of intron 11, was identi-
fied in the DNA sample of the proband after CES analysis. In 
accordance with ACMG criteria, this variant was classified 
as “pathogenic” (PVS1, PM2, PP3). The variant was not 
found in publicly available databases, including the gno-
mAD database, or in our in-house control clinical exomes. 
In silico predictions indicating that the variant is probably 
pathogenic in its effect on pre-mRNA splicing were veri-
fied by genetic analysis based on reverse transcription of 
the patient’s RNA, followed by PCR amplification and 
Sanger sequencing performed on cDNA. The sequencing 
revealed that the c.1499-1G>T variant disrupts the origi-
nal splice acceptor site and activates a cryptic splice site 
only two nucleotides downstream from the variant site. This 
changes the first two nucleotides of exon 12 to be deleted, 
leading to a frameshift (Glu500Alafs*36) in the mRNA of 
the BRAT1 (Fig. 2). Further analysis of the parents’ gDNA 
revealed the heterozygosity of the detected variant, which is 
consistent with autosomal-recessive inheritance.

Discussion

In this study, we have described a patient who presented with 
a severe phenotype of intractable epilepsy beginning on the 
first day of life, and we have demonstrated the functional 
effect of a novel homozygous splice acceptor site c.1499-
1G>T variant in BRAT1 on the splicing machinery. Because 
disorders caused by BRAT1 variants are manifested in a 
broad range of a clinical spectrum, ranging from the most 
severe clinic RMFSL to isolated CA, [10, 11] some authors 
have suggested renaming this spectrum “BRAT1-related 
neurodevelopmental disorders” [8, 12]. To our knowledge, 
21 publications report BRAT1-related neurodevelopmental 
disorders. Patients with severe clinical form are depicted and 
compared to the present patient in Table 1.

It has been suggested that the phenotypic spectrum of 
BRAT1-related disorders is associated with the type, locali-
zation, domain, and zygosity of the identified variant [4, 11, 
13]. In addition, previous reports have speculated that there 
could be a genotype–phenotype correlation among patients 
such that homozygous frameshift variants are associated 
with a more severe RMFSL phenotype, whereas in-frame 
deletions or missense variants outside of important domains 
in homozygous or compound heterozygous states are asso-
ciated with a milder NEDCAS phenotype [11]. This report 
further contributes to genotype–phenotype correlation, 
since, as we observed in the present patient, the identified 

Fig. 2  A schematic representa-
tion of the BRAT1 gene and 
protein. a BRAT1 protein is 
821 amino acids in length, 
with the arrangement of 
the main domains: CIDE-N 
(N-terminal of an cell death-
inducing DFF45-like effector) 
domain (light blue) and two 
HEAT (Huntingtin, Elonga-
tion factor 3, A subunit of 
protein phosphatase 2A, and 
TOR1) repeat domains (blue). 
A schematic view was adopted 
from reference no: [3]. b The 
chromatogram and schematic 
representation of wild-type and 
mutated sequences illustrate the 
disrupted acceptor splice site at 
position − 1 of intron 11, which 
leads to a frameshift in the 
cDNA sample
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splice variant results in a loss of function of the protein and 
leads to a more severe form.

Variants that affect pre-mRNA splicing are one of the 
most common causes of hereditary disorders [14]. Although 
donor-site splice variants of BRAT1 were previously reported 
in a compound heterozygous state, functional studies, 
including studies of cDNA sequencing, have not yet been 
performed [3, 12]. In the present study, however, we did 
perform cDNA sequencing, even though we assumed that 
mRNA would undergo nonsense-mediated decay (NMD). 
Interestingly, cDNA sequencing of the affected patient in 
this study showed that the c.1499-1G>T variant activates a 
cryptic 3′ splice site only two nucleotides downstream from 
the pathogenic variant site as the first two nucleotides of the 
adjacent exon are A and G, respectively. The cryptic 3′ splice 
site was created using the first two nucleotides of the adja-
cent exon, resulting in the deletion of these two nucleotides 
and the creation of a frameshift. We thereby functionally 
demonstrated that the identified homozygous splice variant 
is a null allele and is associated with the severe phenotypic 
form of BRAT1-related neurodevelopmental disorders.

The phenotype of the present patient differed from the 
reported patients with severe form of BRAT1-related neu-
rodevelopmental disorders, in terms of rigidity, EEG, and 
MRI findings. First, he exhibited all major clinical signs 
except rigidity. Second, unlike most patients reported in 
the literature, he presented with migrating epilepsy. Finally, 
although progressive cerebral and cerebellar atrophy were 
demonstrated in the previously reported patients [4, 15–19], 
we observed pontocerebellar hypoplasia (PCH) in the pre-
sent patient. We excluded additional variants in 28 PCH 
genes (Online Resource 2) including TSEN54 that could 
cause clinical findings similar to RMFSL [20]. BRAT1 
knockdown models result in p53-mediated apoptosis, sug-
gesting that BRAT1 may regulate cell growth and apopto-
sis [7]. The pontocerebellar hypoplasia seen in the present 
patient may therefore be related to the increased apoptosis 
observed in patients with PCH3 [21].

Conclusion

This research has further expanded the mutational and phe-
notypic spectrum of BRAT1-related neurodevelopmental 
disorders by documenting a case of severe clinical presen-
tation of migrating focal seizures and pontocerebellar hypo-
plasia in the absence of rigidity. Patients presenting with 
seizures occurring very early in life, especially on the first 
day of life, even without rigidity, should be suspected of 
harboring a pathogenic BRAT1 variant.
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