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Abstract

ment outcomes of NR2F1-related epilepsy.

Background NR2FT mutations are associated with Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS).
Although ~46.7% of BBSOAS patients present with epilepsy, which is always drug-resistant and associated with higher
rates of behavioral and cognitive problems, the treatment and outcomes of NR2F1-related epilepsy have rarely been
described. Here, we present new cases of BBSOAS-related epilepsy and summarize all previously reported cases

to explore the effective treatment for this type of epilepsy.

Methods We identified six new Chinese cases of BBSOAS with epilepsy. Five different de novo heterozygous NR2F1
mutations were identified in these cases, including two novel mutations c.365G >T, p.Cys122Phe and 449G >T,
p.Gly150Val. By combining the six cases and 14 previously reported cases, we analyzed the characteristics and treat-

Results Twelve of the 20 patients (60%) had infantile epileptic spasms, while the other patients had generalized
tonic/tonic-clonic, focal, myoclonic, absence, or unclassified seizures. Several anti-seizure medications, steroids,

and a ketogenic diet were administered in these cases. However, seizures were controlled in only 50% of previously
reported cases, while all of the six new cases became seizure-free after perampanel as an add-on treatment. The
average time from the addition of perampanel to seizure control was 7.33 +4.59 months (range, 1-12 months). The
median time to seizure freedom was 14 months (1-32 months, > 19 months in 3 cases). The average dosage of per-
ampanel needed for epilepsy control was 0.22+0.17 mg/kg per day.

Conclusions In this paper, we comprehensively summarized the clinical characteristics, treatments and outcomes
of NR2F1-related epilepsy for the first time. Perampanel exhibits dramatic efficacy for NR2F1-related epilepsy. This will
help optimize the treatment of this type of epilepsy and provide clues for its pathogenic mechanisms. The two novel
mutations expand the genotype spectrum of this disease.
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Background

In 2014, NR2F1 (nuclear receptor subfamily 2, group F,
member 1) mutations were first associated with optic
atrophy and intellectual disability by Bosch and Schaaf
[1]. This disease was later named as Bosch-Boonstra-
Schaaf optic atrophy syndrome (BBSOAS). BBSOAS
symptoms include visual system defects, seizures, intel-
lectual disability (ID)/developmental delay (DD), autism
spectrum disorder (ASD), etc [1-4]. Due to the broad
range of clinical abnormalities of BBSOAS, the presence
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of a NR2FI gene variant is the most crucial diagnostic
indicator [3-8].

Epilepsy caused by NR2F1 mutations was first reported
in 2015, which expanded the clinical manifestations of
BBSOAS [2]. To date, various types of epilepsy have been
identified in patients with BBSOAS, including infantile
epileptic spasms syndrome (IESS)/West syndrome [2—-8].
Unfortunately, these NR2F1-related seizures are resistant
to multiple anti-seizure medications (ASMs) and there
were incomplete epileptic data at the time of reporting
[5-8]. The presence of early-onset epileptic encepha-
lopathy in infancy (primarily with IESS) is of particular
importance as it is always associated with poor neurode-
velopmental outcomes. Previously, ASMs for NR2FI-
related epilepsy were selected according to the epilepsy
syndrome and seizure type owing to the lack of specific
and effective drugs.

In this study, we summarized the characteristics of 20
cases of NR2F]I-related epilepsy with detailed epilepsy
records (including our six new cases and 14 previously
reported cases) to analyze the epileptic symptoms and
treatment outcomes. In all of our six cases, perampanel
effectively controlled the NR2FI-related epilepsy. The
NR2F] pathogenic variants in our six cases are also pro-
vided, including two novel mutations, which expand the
clinical phenotypes and genotypes of NR2F1-related epi-
lepsy in BBSOAS.

Methods

Participants

Six Chinese patients with epilepsy carrying NR2F1 muta-
tions were diagnosed with BBSOAS in our epilepsy clinic
from 2018. Complete clinical data of epilepsy were avail-
able from all of the patients, including epilepsy charac-
teristics, electroencephalogram (EEG) data, brain MRI
scans, treatment procedure and prognosis. Another 14
cases of NR2F]I-related epilepsy reported in literature
were included in this study with detailed epileptic data,
including epilepsy characteristics, EEG data, brain MRI
scans, and sequencing information (Fig. 1).

(See figure on next page.)

Page 2 of 18

Ethics approval and consent to participate

This study was approved by the Clinical Research Ethics
Committee of Peking University First Hospital. Written
informed consent was obtained from the participants
and their parents.

Evaluation of ASM efficacy

Outcomes of ASM treatment were classified as seizure-
free (seizures controlled completely, i.e., absence of
hypsarrhythmia on EEG), ASM-responsive (seizures
decreased by>50%), and no effect (seizures decreased
by <50%). In this retrospective study, the medication effi-
cacy was assessed at 12 months after ASM treatment.

Variant analysis

Five milliliters of peripheral venous blood were col-
lected from patients and their parents. Genomic DNA
was extracted for trio-based whole exome sequencing
(WES). The pathogenicity of the variants was predicted
by more than two bioinformatics programs, such as SIFT,
PolyPhen-2, CADD, Protein Variation Effect Analyzer
(PROVEAN), and MutationTaster, based on the Ameri-
can College of Medical Genetics and Genomics guide-
lines in 2015. Variants were evaluated against the general
population using the ExAC, gnomAD, and dbSNP data-
bases (Chigene company, Beijing, China). Sanger
sequencing was performed for variant validation, and
segregation analyses were performed following standard
protocols.

Statistical analysis

Continuous variables are reported as the mean + standard
deviation. Categorical variables are presented as frequen-
cies and percentages. All analyses were conducted using
the SPSS 19.0 software.

Results

Demographics

The mean age of the six cases was 46.5+29.83 months
(range, 20-104 months), and the male-to-female ratio

Fig. 1 EEG recordings before and after administration of perampanel to Patients 1, 2, 3 and 5. a: In patient 1, before perampanel administration,
bursts of high-amplitude spikes, multiple spikes and spike-slow waves, and multiple clinical attacks were detected (with a spasm of the whole body
trunk) (age 5 months). At 15 months after perampandel administration, low-amplitude fast waves, spikes and spike-slow waves in were detected

in the right middle and posterior temporal regions during sleep (age 2 years and 5 months). b: In patient 2, before perampanel administration,

EEG recording detected hypsarrhythmia and bilateral discharges primarily in the posterior region (4 months); at 6 months after perampanel
administration, no hypsarrhythmia, spike-slow waves, or sharp-slow waves were detected in the bilateral posterior regions (10 months). c: In patient
3, before perampanel administration, EEG recording detected spike-slow/sharp-slow waves, polyspike-slow/slow waves mainly in the posterior

and the midline areas. Isolated and series of spasms as well as mild tonic attacks were detected (age 7 years and 6 months). At 4 months

after perampanel administration, EEG recorded spike-slow/sharp-slow, slow, sharp, and spike waves mainly in the posterior and the midline areas
(age 8 years). d: In patient 5, before perampanel administration, EEG recorded multifocal slow, spike and sharp waves, and one attack of focal

origin (age 8 months). At 10 months after perampanel administration, 6-7 Hz waves with medium-to-high amplitudes and 15-20 Hz fast waves
with a large number of continuous discharges were detected in the bilateral occipitotemporal regions (age 2 years and 7 months)
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Fig. 1 (See legend on previous page.)
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was 5:1. The detailed clinical information is summarized
in Table 1.

Epilepsy

To gain a better understanding of NR2F]I-related epi-
lepsy, we included only BBSOAS patients with seizures in
our epilepsy clinic. The six patients had a mean epilepsy
onset age of 3.08+1.96 months (range, 0.5-6 months).
The seizure types mainly included focal seizures, infan-
tile epileptic spasms (IES), myoclonic seizures, atonic
attacks, and generalized tonic seizures (GTS) (Table 2).
IES, which is difficult to control, was observed in all six
patients, with onset before 6 months of age.

We reviewed all previously published BBSOAS cases
to collect detailed clinical information (Additional file 1:
Fig. S1; Table 3). One hundred and twelve BBSOAS
patients with NR2FI mutations had been reported pre-
viously, of whom 45 BBSOAS patients were documented
to have seizure attacks. However, only 14 individuals had
available information on seizure type, seizure onset age,
brain MRI scans, and EEG recording. The outcomes of
epilepsy treatment were reported in eight of the 14 cases,
and 4 of the 8 patients reported effective treatment with
ASMs. Together with the six patients in our epilepsy
clinic, a total of 20 BBSOAS patients were included for
review (Table 3). The seizure types included IES, GTS,
generalized tonic-clonic seizure (GTCS), focal seizures,
myoclonus, absence, atonic, and some undetermined sei-
zure patterns. Thirteen patients (65%) had IES, and the
mean age of IES onset was 3.50+1.54 months (range,
0.5-9 months).

Since IES was the primary seizure type present in
all of the six new cases, adrenocorticotropic hormone
(ACTH), vigabatrin, vitamin B6, and topiramate (TPM)
were first considered for treatment, followed by val-
proate (VPA), clonazepam (CZP), levetiracetam (LEV),
and lamotrigine (LTG). A ketogenic diet was adminis-
tered. The seizures were uncontrolled until the addition
of perampanel (Fig. 1, Additional file 1: Fig. S4). After the
addition of perampanel, all six (100%) patients became
seizure-free. The average time from the addition of per-
ampanel to seizure control was 7.33 +4.59 months (range,
1-12 months). The average time from perampanel addi-
tion to the appearance of effect was 4.5 +2.66 weeks. The
median time to the seizure freedom status was 14 months
(1-32 months, 3 cases>19 months). The median follow-
up time was 26 months (range: 11-32 months). The
average perampanel dosage for epilepsy control was
0.22+0.17 mg/kg per day. The DD/ID symptoms were
improved in all six patients after seizure control.

According to the literature, ASMs used for NR2FI-
epilepsy included VPA, oxcarbazepine, pyridoxine,
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nitrazepam, steroids, CZP, phenobarbital, phenytoin,
TPM, LEV, LTG, and clobazam. Only four of eight
patients (50%) with recorded ASM treatment became
seizure-free. The effective ASMs in these four patients
were VPA and ACTH, and the seizure types were GTCS,
myoclonic seizures, absence seizures, and IES. Moreo-
ver, seven cases of IES have been reported previously,
but only two had detailed treatment information. In
one patient, the IES was controlled by ACTH applica-
tion, whereas for the other patient, the seizures were
uncontrolled and the detailed treatment data were not
provided.

Comorbidity

The most common clinical features across the six patients
were epilepsy (6/6), DD/ID (6/6), vision impairment
(6/6), hypotonia (6/6), and ASD-like traits (3/6).

Vision impairment was identified in all the patients
by professional ophthalmologists. Three patients dis-
played optic atrophy (OA) or a pale/small optic disc. Four
patients showed a prolonged latency and/or decreased
amplitudes of visual-evoked potential (Table 1).

All of the six patients manifested moderate-to-severe
DD/ID. Congenital developmental delay deteriorated
after seizures, especially infantile spasms, and was
improved after seizure control. Speech was affected
profoundly as patients 3 and 5 could only make a sound
resembling "mama" or "baba", and the other patients
could just make babbling sound. The DD/ID symptoms
of the 6 patients were all improved after seizure control.
Patient 1 could sit and stand independently after sei-
zure control. Patients 2 and 3 could not turn body over
by themselves, but right after seizure control, they could
sit independently and their cognitive ability was greatly
improved. Patients 4 and 6 could walk with help, crawl
independently and understand some simple commands
after seizure control.

ASD is a major clinical comorbidity. Due to the pro-
found DD/ID and young age, formal ASD evaluation was
not applied, but ASD symptoms were observed in three of
the six patients. Hypotonia was observed in all patients.
Oromotor dysfunction, high pain tolerance, and common
facial features such as prominent ears, epicanthal folds,
a tall forehead, a thin upper lip, and downturned mouth
corners were also observed in the six patients.

Brain MRI

Brain MRI revealed a thin corpus callosum in two of our
patients and non-specific slightly delayed myelination in
one patient (Additional 1: Fig. S2). The other three cases
had normal MRI finding.
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NR2F1-related genotyping

Five de novo heterozygous NR2FI mutations in the
DNA-binding domain (DBD) were identified in our
cases by trio-whole exome sequencing, including four
missense mutations (at highly evolutionarily conserved
residues across species) and one deletion mutation; two
novel mutations were detected, including c¢.365G>T,
p.Cys122Phe in one patient (Patient 1) and ¢.449G>T,
p.Glyl50Val in two patients (Patients 4 and 5) (Table 4,
Fig. 2, Additional file 1: Fig. S3). Combined with the
cases previously reported, there were 13 NR2FI-related
patients with IESS (65%, 13/20). Twelve patients with
IESS had mutations located in the DBD (nine missense
mutations and three deletions), whereas the remain-
ing patient had an 8.4-Mbp deletion in 5ql14.3-15
[87,086298-95538640—699] (Table 1).

The three patients found with novel mutations all had
IES, severe DD, visual problems, and swallowing disor-
ders. Patient 6 also had a clear tendency towards self-
harming and was extremely emaciated to need a gastric
tube feeding.

Discussion

NR2F1 was first linked to OA with intellectual disability
in 2014. This syndrome was named BBSOAS in a sub-
sequent study. Although NR2FI-related epilepsy was
first reported in 2015, most studies on NR2FI mutation-
related BBSOAS have focused on visual impairment, ID/
DD and psychobehavioral disorders. Less attention has
been paid to related epilepsy.

Our results showed that the NR2FI-related epilepsies
were mostly IESS (65%), which generally occurs within
six months of life and is difficult to control. This type of
epilepsy is always accompanied by visual impairment and
ID/DD. Therefore, for patients with triad presentation
including epilepsy, ID/DD, and vision defects, NR2FI
sequencing should be conducted in a timely manner for
early precision treatment.

We administered perampanel to patients 1, 2, 3, 4, and
5 who presented with seizures resistant to multiple treat-
ments, and this drug showed dramatic efficacy in reduc-
ing the seizures. Based on this experience, the following
patient 6 was treated with perampanel as an initial ASM
when he was diagnosed with NR2FI-related epilepsy
(DD, visual impairment, infantile spasm and WES pre-
senting NR2F1 de novo variant). This patient reached
seizure-freedom with perampanel treatment alone
within 12 months, and the seizure-free status remained
9 months later. In addition, we tried to withdraw ASMs
except perampanel in patients 1, 2, 3, 4 and 5 after reach-
ing the seizure-free status. The seizures relapsed in two
patients during TPM withdrawal; therefore, we main-
tained TPM with perampanel in patients 1, 2, 4 and 5

Page 14 of 18

while withdrawal of other ASMs continued. No recur-
rence or worsening of seizures occurred in these five
cases. This indicates that perampanel combined with
TPM may be an effective combinational regimen for
NR2F]-related epilepsy.

We reviewed recent studies on the efficacy of ACTH,
oral steroids or vigabatrin, which are the first-line treat-
ments for IESS. In 2022, the National Infantile Spasms
Consortium conducted a large-scale retrospective study
on pediatric spasms in 23 medical centers in the United
States. ACTH, oral steroids or vigabatrin was applied in
205, 99 or 91 children with IESS, respectively. Ultimately,
the highest clinical remission rate was found at 30 days
after treatment, which was, however, only 48% [14]. The
latest randomized controlled trial on the standard treat-
ment of IESS reported that, at 30 days after two-week
treatment, 9/12 (75%) of the IESS children were con-
trolled with ACTH, 1/9 (11%) with vigabatrin and 5/13
(38%) with combined therapy [15]. In 2018, 66 newly
diagnosed patients with infantile spasms underwent
sequential treatment and long-term follow-up. After
7 months of follow-up, a total of 48 patients (72.7%)
were controlled [16]. However, there was no systematic
research on the treatment of BBSOAS-related IESS epi-
lepsy. In this retrospective study, we set 12 months as
the time point for assessing medication efficacy, which
is longer than the time frame in traditional studies of
IESS. However, the pathology of BBSOAS-relate IESS is
distinct from the general IESS, and vigabatrin and hor-
mones can cause more severe long-term side effects than
perampanel. Thus, considering the high seizure control
rate in our patients (100%) compared with traditional
treatments for corresponding epilepsy syndrome (e.g.,
ACTH and vigabatrin for IESS), we suggest that peram-
panel could be considered as the first-choice ASM for
NR2FI-related epilepsy. Large prospective studies on the
treatment of the BBSOAS-related IESS are needed in the
future.

The pharmacological mechanism underlying the
effectiveness of perampanel may be related to the
pathogenicity of NR2FI mutations. NR2F1 has been
verified to participate in many aspects of early nervous
system development [17-24]. A review summarizing
all the functional effects of reported NR2FI mutations
proposed that NR2FI mutations identified in patients
with BBSOAS mainly result in haploinsufficiency of the
Nr2f1 protein [3, 4, 20]. Moreover, NR2FI variants in
the DBD domain of the protein are thought to cause a
greater loss of the transcriptional regulation function,
possibly due to the dominant negative effect [20]. In
2020, Del Pino et al. identified that the loss of Nr2fl
protein in cortical progenitors resulted in increased
intrinsic excitability in a mouse model [22]. Bertacchi
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p-Phell0del
p-Cys128Tyr
p-Cys128Arg
1 86 158 184 419 423
p.Gly150Val

p.Cys122Phe

Fig. 2 Distribution of the pathogenic variants in the Nr2f1 protein revealed in our cases. Two novel mutations are marked in red, including p.
Cys122Phe in patient 2 and p.Gly150Val in patients 5 and 6. Abbreviations: DBD: DNA binding domain; LBD: ligand-binding domain

et al. found that the brains of NR2FI-knockout mice
display increased cortical plate thickness [8]. Condi-
tional inactivation of Nr2fl in mouse interneuron pre-
cursors results in decreased numbers of interneurons
and aberrant migration [21]. Moreover, Teratani-Ota
et al. reported that the majority of neuron-like cells gen-
erated from embryonic stem cells by Nr2fl induction
are GABA-positive and express other GABAergic neu-
ronal markers [23]. These findings indicate that the nor-
mal expression of Nr2fl is important for maintaining
normal neurogenesis of GABAergic neurons and opti-
mal excitement of cortical neurons. Thus, mutations
of NR2FI may affect neurogenesis and the functions of
GABAergic neurons, leading to an excessive increase
in cortical excitability, and finally epilepsy. However,
the first “patient-specific” NR2F1-R112K mutant mice
generated by Zhang et al. [24] only recapitulated ASD-
like traits while no epilepsy phenotype was observed.
In summary, previous studies have indicated that the
NR2FI-related epilepsy is primarily attributed to hap-
loinsufficiency of the Nr2fl protein caused by NR2FI
variants, as Nr2fl plays a role in maintaining the nor-
mal number and migration of interneurons, as well as
the normal excitability of excitatory neurons in brain
development. Consequently, decreased functionality
of the Nr2fl protein may lead to abnormal excitability
of excitatory neurons as well as decreased number and
aberrant migration of interneurons.

Perampanel selectively inhibits glutamate receptors
[25, 26]. TPM is thought to exert antiepileptic effects
through enhancement of GABAergic activity and inhi-
bition of kainate/ AMPA-type glutamate receptors [27].
The effectiveness of perampanel and TPM in our cases
further supports the hypothesis that NR2FI-related
epilepsy is due to the increased excitability and num-
ber of pyramidal neurons, as well as decreased number
and aberrant migration of interneurons. To elucidate
the mechanism of NR2FI-related epilepsy, experimen-
tal models with patient-specific NR2FI mutations,
such as knock-in mouse models and brain organoids

originating from patient-induced pluripotent stem
cells, are needed.

A limitation of this study was that it was an observa-
tional and retrospective study without a randomized
control group. We only recruited BBSOAS patients with
NR2F]I-related epilepsy; therefore, the number of patients
recruited was relatively small. Moreover, all the six
patients in our clinic suffered from IES. In future studies,
patient data from multiple hospitals are needed to reduce
the sampling error and focus on more types of NR2FI-
related intractable epilepsy. Second, we did not conduct
any experiments to verify our hypothesis that the effec-
tiveness of perampanel on NR2F]I-related epilepsy is due
to the enhancement of pyramidal neurons and weakening
of interneurons. Experimental models carrying patient-
specific NR2F1 mutations may be needed to fully explore
the underlying mechanisms of NR2FI-related epilepsy.

Conclusions

In summary, in this paper we summarize the clinical
characteristics of NR2F1-related epilepsy, including treat-
ments and outcomes. Infantile epileptic spasms was the
most common seizure type of NR2FI-related epilepsy.
Although NR2FI-related epilepsy was previously resist-
ant to multiple anti-seizure medications and steroids,
in our patients, perampanel exhibited dramatic effects
on NR2F]I-related epilepsy. This finding will help opti-
mize the treatment of this type of epilepsy and provide
insights into the pathogenesis of this epilepsy. We also
reported two novel mutations, ¢.365G>T, p.Cys122Phe
and ¢.449G > T, p.Gly150Val, which expand the genotype
spectrum of this disease.

Abbreviations

ASM Anti-seizure medication

ASD Autism spectrum disorder

ACTH Adrenocorticotropic hormone

BBSOAS  Bosch-Boonstra-Schaaf optic atrophy syndrome
czp Clonazepam

DD Developmental delay
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DBD DNA-binding domain

GTS Generalized tonic seizures

GTCS Generalized tonic-clonic seizure

D Intellectual disability

IESS Infantile epileptic spasms syndrome
LEV Levetiracetam

LG Lamotrigine

NR2F1 Nuclear receptor subfamily 2, group F, member 1
TPM Topiramate

VPA Valproate

WES Whole-exome sequencing
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Additional file 1: Figure S1. Flow chart of literature search. We searched
the Pubmed, Embase and Cochrane Library databases using the following
keyword combinations: ("NR2F1"and ("Bosch-Boonstra-Schaaf Optic Atro-
phy Syndrome” or "BBSOAS")), (“COUP-TFI"and ("Bosch-Boonstra-Schaaf
Optic Atrophy Syndrome” or “BBSOAS")), (‘NR2F1"and "epilepsy”), ("NR2F1”
and “"development”), ("Bosch-Boonstra-Schaaf Optic Atrophy Syndrome”)
and ("NR2F1"and "BRAIN"). Moreover, recently published reviews were
screened to include additional records. Figure S2. Brian MRI and genetic
mutation information of patient 2. Upper: brain MRI revealed delayed
myelination of white matter in the bilateral insula (1 year and 3 months);
Lower: Chromatograms of NR2F1 mutation in patient 2. Figure S3. Species
conservation analysis. Figure S4. Timelines of ASM adjustment for the 6
cases.
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