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Familial focal epilepsy with variable foci is an autosomal dominant disorder characterized
by partial epilepsy with variable foci. In this study, we report a six-generation with
segregation of the mutation present in four generations Chinese family presenting with
focal epilepsy with variable foci. Whole exome sequencing confirms a novel pathogenic
mutation in the NPRL3 gene (c316C>T; p. Q106*. PCR, Western blotting, and
immunohistochemistry were conducted to analyze the gene transcription, protein
expression, and subcellular localization of NPRL3 and related signaling molecules in
peripheral blood cells from family members. As compared with healthy family
members, both mRNA level and protein expression of NPRL3 are decreased in
peripheral blood cells of the mutation carrier. In addition, the expression of
downstream molecular Phospho-p70 S6 kinase (P-s6k) are increased consequently.
Our findings expand the genotypic and phenotypic spectrum of the NPRL3-associated
epilepsy and reveal the mechanisms of mTOR pathway signaling and GATOR1
pathogenesis in focal epilepsies, providing exciting potential for future diagnostic and
therapeutic interventions. However, further in vitro and animal experiments are still needed
to evaluate the role of NPRL3 loss-of-function mutation in epileptogensis.

Keywords: GATOR1, NpriI3, mTOR signaling pathway, whole-exome sequencing (WES), familial focal epilepsy with
variable foci

INTRODUCTION

Familial focal epilepsy with variable foci (FFEVF, OMIM 604364), also named familial partial
epilepsy with variable foci (FPEVF), is an autosomal dominant disorder characterized by partial
epilepsy with variable foci. It was initially described in an Australian family with focal epilepsies
arising from different lobes, including the frontal, temporal, frontotemporal, parietal, and occipital
cortical regions, among the affected family members (Scheffer et al., 1998) though most of the

Abbreviations: ASM, antiseizure medication; CBZ, carbamazepine; EEG, electroencephalogram; F, female; FLE, frontal lobe
epilepsy; FBTCS, focal to bilateral tonic-clonic seizure; LTG, lamotrigine; M, male; MRI, magnetic resonance imaging; PB,
phenobarbital; PHT, phenytoin; TLE, temporal lobe epilepsy; VPA, valproic acid.
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patients have their epileptic focus in the frontal or temporal
lobe (Lu et al., 2008). Focal to bilateral tonic-clonic seizures
(FBTCS) may occur with the spreading discharge. Sex ratio
(male/female) of FPEVF is 0.8-1.5. The onset of seizure
ranges from infants (1-month-old) to adults (43 years old),
and the median age is 13 years with the peak at 5 and 25.
Structural magnetic resonance imaging (MRI) and computed
tomography (CT) usually do not reveal unremarkable
changes in the brains of FFEVF, but single photon
emission computed tomography (SPECT) could show
hypertransfusion of the associated seizure regions (Picard
et al., 2000). Families with FFEVF show an autosomal
dominant inheritance pattern with incomplete penetrance.
To date, mutations in the DEP domain (Dishevelled, Egl-10,
and Pleckstrin domain)-containing protein 5 (DEPDC5, NM_
001242896.1) genes were identified as the most common
cause for FFEVF (Ishida et al.,, 2013). However, because
FFEVF presents a wide spectrum of clinical manifestations,
more investigation needs to identify additional genetic causes
of this disease.

Recently, an increasing number of presumably pathogenic
mutations in GATOR1 complex genes were reported in cases
of focal epilepsy (Iffland et al., 2019). The GATOR1 complex
consists of the nitrogen osmosis regulatory factors-3 (NPRL3,
NM_001077350.2), nitrogen osmosis regulatory factors -2
(NPRL2 ,NM_006,545.4), and DEPDC5, which are involved
in the mTOR cascade reactions (Bar-Peled et al., 2012). To
date, around 80 different NPRL3 mutations were found to
associate with sporadic and familial general epilepsy as well
(Carvill et al., 2015; Baldassari et al., 2019). In addition,
several epileptic syndromes, such as nocturnal frontal lobe
epilepsy (NFLE) and benign epilepsy in children with centro-
temporal spikes, were also associated with NPRL3 (Carvill
et al.,, 2015; Baldassari et al., 2016; Korenke et al., 2016;
Baldassari et al., 2019). Notably, numerous mutations in
the coding region of the NPRL3 gene have so far been
reported in FFEVF families. Exome sequencing analysis
identified three NPRL3 mutations (c.835_836insT, p.
Ser279Phe fs*52 ¢.314T>C, p. LeulO5Pro) in multiplex
families with focal epilepsy originated in both temporal
and frontal lobes, respectively (Ricos et al., 2016). Two
NPRL3  (c.1270C>T, p. Argd24*, c.1070delC, p.
Pro357Hisfs*56) mutations were also identified in FFEVF
families (Weckhuysen et al., 2016). Christina Canavati and
colleagues detected an NPRL3 mutation (c.1063C>T, p.
GIn355%; ~ 38-kb deletion encompassing eight exons 8-15)
in Palestinian FFEVF families (Canavati et al., 2019).

In this study, we examined a six-generation family with
segregation of the mutation present in four generations with
FFEVF and identified a new genetic mutation, c316C>T/p.
Q106*, in the NPRL3 gene, expanding the phenotypic
spectrum of NPRL3-associated epilepsy. Furthermore, the
functional study revealed that the new identified NPRL3
mutations significantly affected the transcript expression of
NPRL3, resulting in hyperactivation of the mTOR signaling
pathway.

NPRL3 Mutation Identified in FFEVF

MATERIALS AND METHODS

Patients

The autosomal dominant (AD) FFEVF family with seven
affected individuals (Figure 1) was recruited in the
department of neurology (Tongji hospital, WuHan). After
obtaining permission to have access to the affected members’
medical records, clinical manifestation, including epilepsy
symptomology, electroencephalogram (EEG), MRI, and any
other neurological disorders related to epilepsy diagnosis,
were collected for analysis. Additional EEGs were performed
in individuals V-7,1V-3,V-13, and V-34 and MRI in IV-3, V-
13, and V-34. Family members underwent phenotyping by
filling in a seizure questionnaire, review of clinical
investigation, and accessory examinations. Epilepsy was
classified according to current recommendations of the
International League against epilepsy revised organization.
Peripheral blood cells were collected from individuals IV-3,
V-1, V-2, V-7, V-13, VI-1, V-5, V-6, V-7, V-8, V-22, V-26,
VI-3, and VI-4 using standard procedures.

Genotyping

DNA samples were prepared from peripheral blood cells of
family members using a Blood DNA Extraction Kit (Vazyme
Biotech Co., Nanjing, China). Whole exome sequencing was
applied in five affected individuals IV-3, V-1, V-2, V-7, and
V-13 and three unaffected individuals VI-1, V-22, and V-26.
Exomes were captured using a VAHTS® mRNA-seq v3
Library Prep Kit (Vazyme Biotech Co., Nanjing, China).
Sequencing was performed on an Illumina HiSeq X Ten
instrument (Illumina Inc.,, San Diego, CA). Picards was
used to remove redundant PCR amplification products. A
Genome Analysis Toolkit was used to detect and filter InDel
and SNPs. The Annovar linked gene database includes 1000
genomes, the Exome Aggregation Consortium (EXAC). After
the relevant mutation data were obtained, the genomic
reference sequence of the relevant mutation was obtained
from NCBI Gene, followed by Sanger sequencing to verify the
result. Additionally, genotyping was applied by Sanger
sequencing in healthy family members V-5, V-6, V-8, VI-
3, and VI-4 and co-segregation analysis. The forward primer
for NPRL3 was GTGCAGTTTACTGAGACCCTTCCG; the
reverse primer was GCCCAGGGGAAGCCAAATCTAC.

In Silico Analysis

The pathogenicity of gene mutation was predicted by
mutation taster, SIFT (http://sift.jcvi.org/), CADD, and
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). All
the nonsynonymous, nonsense, frameshift, and splice-site
variants with a minor allele frequency <1% in ExAC
(http://exac.broadinstitute.org) and gnomAD (https://
gnomad.broadinstitute. org) databases were included. The
clinical interpretation of the genetic mutation was based on
The American College of Medical Genetics and Genomics
(ACMG)and the Association for Molecular Pathology (AMP)
2015 guideline.
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FIGURE 1 | Pedigree of the FFEVF with the NPRL3 p. GIn106* mutation.
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In Vitro Experiments
Using percoll density gradients for leukocyte isolation (Ulmer et

al., 1984), peripheral blood cells (PBCs) of individuals IV-3, V-13,
and V-1 carrying the NPRL3 gene mutation (c.316C>T, p.
GIn106*) and three age-matched healthy people and healthy
family members V-2, V-22, and V-26 were collected. Total
RNA from PBCs was extracted by the TRIzol method (Sigma-
Aldrich, Darmstadt, Germany) and reverse transcribed with
HiScript III qRT SuperMix (Vazyme Biotech Co., Nanjing,
China), and the qPCR System was applied with ChamQ SYBR
qPCR Master Mix (Vazyme Biotech Co., Nanjing, China) on a
CFX96 Touch Real-Time PCR Detection System (bio-rad,
California, USA). NPRL3 ¢DNA was amplified using specific
primers located inside the deleted region. The forward primer was
CAGCTCATCTGGTGTACTGGG; the reverse primer was GGG
GCCAGGGGATTCCTAAA. Histochemistry and Western blot
was performed to assess the NPRL3 protein expression level
(Anti-Mare antibody, Abcam #ab121346; 1:100 dilution) and
mTORCI activity (S6kl Rabbit mAb, Cell Signaling #4856; 1:
200 dilution; S6k1 Rabbit mAb, Abcam #ab32359; 1:200 dilution),
and slides were observed with an OLYMPUS BX51 fluorescence
microscope (OLYMPUS, Tokyo, Japan).

RESULTS
Clinical Description of FFEVF Family

There were eight patients with seizure out of 84 family members
in this six-generation Chinese family with segregation of the
mutation present in four generations with FFEVF (Figure 1). The
NPRL3 mutations had a calculated penetrance of 50% or less in
our family. All the patients in the family had no history of febrile
seizure and specific brain abnormality although two had mild
cognitive impairment. Age at onset of seizures ranged from 8 to
20 years (median 9 years). Two patients have nocturnal seizures,
and one had diurnal seizures only, and in the other two, sleep-

related seizures predominated. Epilepsy types range from frontal
to temporal lobe epilepsy, and all patients manifested FBTCS
type. Seizures were preceded by emotional aura and sensory
auras, including fear and headache. Duration of seizures
ranged from 1 to 5 min. The frequency of attacks ranged from
weekly to monthly, and the frequency and severity of attacks
decreased with age even when the patient was refractory to ASMs.
Most of the patients had a good response to phenobarbital and
carbamazepine; however, three have ongoing seizures. The
clinical features of the five patients available for clinical
evaluation are included in Table 1.

The proband (VI-1, 28 years) started experiencing (FBTCS) at
the age of 19 during sleep with no diurnal seizure (Figure 1;
Table 1). Seizure attacks initiated with head version and
tonic—clonic movements of the left arm and then progressed to
bilateral tonic-clonic movements. Interictal EEG showed bilateral
5- to 7-Hz 6 waves and sporadic sharp waves primarily in the right
frontal lobe (Supplementary Figure S1A). The 1.5-tesla (1.5T)
MRI did not reveal brain abnormalities. He had one to two seizures
per month and was seizure free at the age of 21 on lamotrigine. He
is developing normally.

The proband’s uncle (V-7, 42 years) experienced his first
seizure at the age of 16 with predominant nocturnal seizures.
The FBTCS started with motor automatisms presented as
shouting and tonic movements of the lower limbs and then
progressed to bilateral tonic-clonic movements lasting
2-3min. Long-term electroencephalographic ~monitoring
(LTM) showed 1.5- to 2-Hz sharp and slow wave complex
predominantly in the right temporal lobe (Supplementary
Figure S1B). The 3T MRI did not reveal brain abnormalities.
Seizure frequency was two to three times weekly and decreased to
10 times per year on valproate and phenytoin. He was diagnosed
with mild cognitive impairment as the score of Mini-Mental State
Examination (MMSE) was 23 at the age of 41.

The proband’s grandaunt (IV-3, 74 years) developed FBTCS at
8 years old. She presented with a similar seizure to patient V-7
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TABLE 1 | Clinical features of the patients in the FFEVF family.

NPRL3 Mutation Identified in FFEVF

Subject,sex Age at Age Time Phenotype Seizure ASM use EEG MRI Seizure
onset studied of seizure type outcome
(years) (years)
V-3, F 8 74 Diurnal Unclassified FBTCS PB Normal Brain Seizure-free
atrophy
V-7, M 16 42 Nocturnal, TLE FBTCS Clonazepam, Sharp and slow wave complex Normal 10 seizures per
diurnal PTH, VPA predominantly in right temporal year
lobe
V-13, M 9 a1 Nocturnal Unclassified FBTCS PB Normal Normal 10 epileptic
auras per year
V-34, M 20 37 Nocturnal, Unclassified FBTCS PB, CBZ Normal Normal 1-2 seizures
diurnal per year
VI-1, M 19 28 Nocturnal FLE FBTCS TGM Sharp waves in the right frontal Normal Seizure-free
lobe; normal later
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FIGURE 2 | A nonsense mutation ¢.316C>T, p. GIn106* in the NPRL3 gene. (A) Sanger sequencing of the parent-proband trio (patients VI-1, V-1, and V-2). The
filled symbol indicates the affected individual. (B) Protein schematic of NPRL3.

except for an inexplicable fear aura. LTM showed a normal
record, and 3T MRI showed age-related brain atrophy.
Seizure frequency was three to four times per year. She
responded well to phenobarbital and was seizure free at
the age of 72. She showed mild cognitive impairment with
a MMSE score of 21 at the age of 74.

The uncle of the proband (V-13, 41 years) had a similar
seizure to the proband at the age of 9. He occasionally
experienced atonic movements, which progressed to
bilateral tonic-clonic movements. Seizures were preceded
by a sensory aura, which presented as headache. EEG and

MRI were normal. Seizure frequency was seven to eight times
monthly at the age of 9 and decreased to 10 times per year
after phenobarbital treatment. He is developmentally normal.
The proband’s uncle (V-34, 37 years) presented with
FBTCS at age 20years. The patient experienced bilateral
tonic—clonic movements occasionally preceded by shouting.
He had unbearable post-ictal headache with a pain score of
seven points. EEG and MRI were normal.Seizure frequency
was one to two times monthly at age 20 and decreased to one to
two times per year at the age of 37 on phenobarbital and
carbamazepine. He is developmentally normal.
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NPRL3 mutations

All the DNA samples passed the quality control measures. For WES,
around 9-11 GB of clean reads were obtained from each sample, and
more than 99% of the measured bases were aligned to the genome
reference consortium (hg19). The average sequencing depth is 146.86-
fold, and a 99% average read depth of the target regions were covered
at 10x, and 98% at 20x. Following bioinformatics analysis of
sequencing data, we identified a novel NPRL3 gene mutation
(c.316C>T, p.GInl06*) in an autosomal dominant (AD) six-
generation family with focal epilepsy by WES. All of the identified
mutations were confirmed by Sanger sequencing (Figure 2). The
NPRL3 gene mutation (¢.316C>T) was co-segregated with the disease,
and all the affected members among IV-3, V-1, V-2, V-7, V-13, VI-1,
V-5,V-6,V-7,V-8,V-22,V-26, VI-3, and VI-4 had the mutation, and
all the healthy members did not carry the mutation except for V-1. In
silico analysis showed the NPRL3 gene (c.316C>T) mutation was
disease causing through the proposed mechanism of nonsense

mutation-mediated mRNA decay. The ACMG 2015 guideline
classified the NPRL3 gene (c.316C>T) mutation into likely
pathogenic (PVS1, PM2, PP1, PP4).

Molecular Studies

Analysis of RNA and protein from the peripheral blood cells
demonstrated decreased NPRL3 transcription and expression in
the mutation carriers (Figure 3A,B). Phospho-S6 ribosomal
immunostaining was positive in peripheral blood cells of the
NPRL3 mutation carrier (Figure 3C-E), consistent with mTOR
pathway activation.

DISSCUSSION

We report a six-generation family with segregation of the
mutation present in four generations with FFEVF, and
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genetic investigation revealed a nonsense mutation ¢.316C>T, p.
GIn106* in the NPRL3 gene segregating with FFEVF in an
autosomal dominant pattern, which is a novel mutation
absent in ExAC and gnomAD databases. mTORopathies are
neurodevelopmental disorders that are caused by loss-of-
function (LOF) mutations in negative regulators of mTORC1
(Liu and Sabatini, 2020). A unique subset of mTORopathies
caused by GATOR1 complex mutations was subclassified as
“GATOROopathies.” Almost two thirds of the GATORopathies
are composed of sleep-related hypermotor seizures and focal
epilepsies, and FFEVF patients are only reported in less the 10%
of cases (Baldassari et al., 2019). The report of a novel familial
mutation in NPRL3 presenting with FFEVF is of certain
significance in understanding the disease.

As a familial focal epilepsy with an autosomal dominant
pattern, the possible diagnoses were sleep-related hypermotor
epilepsy (SHE), autosomal dominant epilepsy with auditory
features (ADEAF), and familial focal epilepsy with variable
foci (FFEVF) (Kaur, 2013). SHE, formerly known as
nocturnal frontal lobe epilepsy (NFLE), is characterized by
clusters of nocturnal motor seizures and is associated with
mutations in ligand-gated neuronal nicotinic acetylcholine
receptor (nAChR) (Scheffer, 2000). Remarkably, DEPDC5
LOF mutations were also found in 13% of the families with a
presentation of autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE) (Picard et al, 2014). ADNFLE and
FFEVF have genotypical and phenotypical overlap, so it is
important to exclude the ADNFLE diagnosis in families
present with nocturnal seizures. For SHE, all affected
individuals in the family must have seizures compatible with
sleep-related hypermotor movements. A predominance of
awake seizures is also reported to be a useful distinction
between FFEVF and SHE (Tinuper et al., 2016). Autosomal
dominant epilepsy with auditory features (ADEAF) is a focal
epilepsy syndrome with familial lateral temporal lobe seizure in
affected family members, and is characterized with auditory
auras and aphasic seizures (Klein et al., 2016). In our series, VI-1
had nocturnal frontal lobe seizures, IV-3 had only awake
seizures, and V-7 had temporal lobe seizures, favoring a
diagnosis of FFEVF. There are two of five patients with mild
cognition impairment in the FFEVF family. Cognition decline is
the most common comorbidity of epilepsy, which is prevalent in
mTORopathy patients (Nickels et al., 2016). A cohort including
73 probands showed that 44% of the probands had
neurocognitive deficits (Baldassari et al., 2019). In addition,
GATORI1-related genes play vital roles in brain development
(Bockaert & Marin, 2015). Therefore, repeated seizures and
genetically driven pathological changes might all contribute to
the cognitive decline for our patients.

Studies of other mTORopathies suggest that GATOR1 and
mTORCI signaling are likely to be involved in embryonic
neurogenesis as well as signaling in the adult brain (Baulac,
2016). NPRL3 can affect cell structure and signal transduction
through the mTORCI1 pathway and also affects cell polarity
and the growth process during development (Iffland et al,
2018). Increased cell volume and PS6 activity were found in
brain samples of FCD type Ia patients with NPRL3 LOF

NPRL3 Mutation Identified in FFEVF

mutations NPRL3 (Sim et al., 2016). The same change was
observed in the NPRL3 shRNA silenced Neuro2A cells.
Besides this, the NPRL3 knockout permeates the co-
localization of mTOR and the lysosomal membrane under
the condition of amino acid starvation, and all of these
changes could be reversed after the application of
rapamycin (Iffland et al., 2018). The functional loss of the
NPRL3 gene may cause the abnormal development of
filamentous pseudo and dendrites, leading to the abnormal
localization of neurons, and finally causing the structural
abnormality of the cerebral cortex in FCD (Baldassari
et al.,, 2016).

The proposed pathogenic mechanism of the NPRL3 gene
mutation is that LOF causes an haploinsufficiency induced by
nonsense-mediated decay of mRNA as previously suggested that
truncating mutations in NPRL3 reduce transcript levels
significantly (Canavati et al., 2019). In this study, we found a
nonsense mutation ¢.316C>T, p. GIn106* in the NPRL3 gene,
which is located in exon4 (Figure 2). By analyzing the NPRL3-
mTOR signaling pathway in family members in vivo, we
confirmed the epilepsy was associated with decreased NPRL3
protein expression levels and increased mTOR pathway activity.
Moreover, mTOR activity was increased in PBCS of the FFEVF
patients, indicating a ubiquitous hyperactivation of the mTOR
signaling pathway in NPRL3 mutation carriers. Our results
further emphasize the role of aberrant regulation of mTOR
signaling in NPRL3 mutation-related seizures and NPRL3 LOF
in the genesis of epilepsy.

It is interesting to note that the NPRL3 mutation in this family
is not of full penetrance. The possible explanation for the marked
phenotypic variability is that the epigenetic regulation and the
second hit during brain development may greatly influence the
severity of the phenotypes. NPRL3 In the previous studies, NPRL3
gene mutations are reported to be the likely cause for
malformation of cortical development (MCDs) and MCD-
related epilepsy (Iffland et al., 2019). However, our results
suggest that the NPRL3 gene mutations cannot be excluded in
MRI-normal epilepsy patients.

Existing mTORCI1 inhibitors, such as rapamycin, show
promise in the treatment of focal epilepsy associated with
tuberous sclerosis and might also be effective for other focal
epilepsy syndromes (Myers and Scheffer, 2017). The presumable
mechanism of treatment is thought to be the inhibition of
formation and growth of cortical tubers that are presumed to
be epileptogenic. Another hypothesis is that rapamycin and
analogs can suppress the inflammation reaction by increasing
IL-1P and other inflammatory cytokines and chemokines in the
neocortex and hippocampus (Zhang et al, 2015) mTORCI1
antagonists in the treatment of focal epilepsy are promising,
especially for individuals carrying mutations of GATORI
genes, including DEPDC5, NPRL2, and NPRL3. Our study has
several limitations. The inability to obtain brain tissue samples
from the family members prevented us from obtaining more
evidence for altered NPRL3 expression in the responsible brain
region, and a PET scan is needed to reveal the subtle metabolic or
biochemical function changes in the brain of the FFEVF family
patients.
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CONCLUSION

To our knowledge, this is a novel nonsense mutation of NPRL3
found in an FFEVF family. Our results reveal the mechanisms of
mTOR pathway signaling and GATORI1 pathogenesis in focal
epilepsies. The detection of an increasing number of patients with
GATORI complex mutations and further investigations into the
mechanisms of mTOR pathway signaling and GATORI1
pathogenesis in focal epilepsies present exciting potentials for
future therapeutic interventions.
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