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Abstract

Nitrogen permease regulator-like 3 (NPRL3) has been reported to play a role in
seizure onset. The principal manifestation of NPRL3-related epilepsy is a range of
epilepsy-associated syndromes, such as familial focal epilepsy with variable foci
(FFEVF), sleep-related hypermotor epilepsy (SHE), and temporal lobe epilepsy
(TLE). The association between phenotype and genotype of NPRL3 mutations
remains inadequately described. This study aimed to explore the phenotypic
and genotypic spectra of NPRL3-related epilepsy. We reported two novel NPRL3
variants in two unrelated epilepsy cases, including a nonsense (c.1174C>T,
p-GIn392*) and a missense variant (c.1322C > T, p.Thr441Met). Following a re-
view of the literature, a total of 116 cases of NPRL3-related epilepsy were as-
sessed, mostly with nonsense and frameshift mutations. Our findings suggest
that patients harboring various NPRL3 variants exhibit variable clinical mani-
festations. In addition, it may be worthwhile to consider the existence of NPRL3
mutations in epilepsy patients with a family history. This study provides useful
information for the treatment and prognosis by expanding the phenotypic and
genotypic spectrum of NPRL3-related epilepsy.

Plain Language Summary

This study expands the phenotypic and genotypic spectra of NPRL3-related epi-
lepsy by reporting two cases with different novel variants. Following a review
of the literature, it was observed that patients harboring various NPRL3 vari-
ants exhibited a variability of clinical manifestations. Also, patients carrying
nonsense mutations are frequently prone to drug resistance and other severe
comorbidities such as developmental delay, but more cases need to be collected
to confirm these findings.
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Genetic factors play a significant role in the occurrence
and development of epilepsy. Recently, several epilepto-
genic genes encoding non-ion channel proteins have been
reported, particularly the GTPase-activating protein activ-
ity toward Rags 1 (GATOR1) gene complex. The GATOR1
complex, which includes Egl-10 and domain-containing
protein 5 (DEPDCS5), nitrogen permease regulator-like 2
(NPRL2), and nitrogen permease regulator-like 3 (NPRL3),
shows an inhibitory effect on the mechanistic target of ra-
pamycin (mTOR) signaling pathway. It has been shown
to regulate neurogenesis, synaptic transmission and plas-
ticity."! NPRL3 is a highly conserved and widely expressed
gene associated with development, and it is located on
chromosome 16p13.3 and encodes a protein of 569 amino
acids.” Mutation in NPRL3 can lead to the loss of function
of the GATORI1 complex, thereby excessively activating
the mTOR signaling pathway, and this can affect the mor-
phology, structure and function of brain cells.?

The common phenotypes of NPRL3-related epilepsy
are familial and sporadic focal epilepsy with or without
focal cortical dysplasia (FCD), especially familial focal
epilepsy with variable foci (FFEVF).** Notably, there are
remarkable differences in the clinical manifestations of
focal epilepsy which usually occur in diverse cortical areas
in various family members. Furthermore, several epilepsy
syndromes, such as sleep-related hypermotor epilepsy
(SHE) and benign epilepsy in children with central tem-
poral lobe spikes, are also associated with NPRL3.>®

In this study, we expand the phenotypic spectrum of
NPRL3-related epilepsy by describing the clinical char-
acteristics of two cases with different novel variants of
NPRL3. In addition, we reviewed the reports related to
similar conditions and summarized the associations be-
tween the phenotypes and genotypes in NPRL3-related
epilepsy. This study attempts to customize the treatment
strategies and evaluation of the prognosis of this condition.

2 | METHODS
2.1 | Case presentation
21.1 | Casel

A girl, aged 2years and 5months, had an onset of un-
provoked seizures 10days after birth, which mainly
manifested as tonic seizures, epileptic spasms and focal
seizures. The seizures occurred mostly during wakeful-
ness and starvation and lasted for 20-40s at a frequency
of more than 20 times per day. The seizures were difficult
to control using a ketogenic diet and adrenocorticotropic

Key points

 Patients carrying different NPRL3 variants ex-
hibit a variability of clinical manifestations.

« Patients harboring nonsense mutations tend
to suffer from drug resistance and other severe
comorbidities.

« The penetrance of NPRL3-related epilepsy is
incomplete.

« The NPRL3 variant should be considered in pa-
tients with a family history of epilepsy.

hormone (ACTH), as well as a range of anti-seizure medi-
cations (ASMs), including topiramate, levetiracetam,
valproate, clonazepam, oxcarbazepine, lacosamide and
perampanel. The patient was born at term and delivered
by cesarean section with normal performance. She de-
veloped obvious developmental delay at 4months of age
whereby she failed to raise her head. She also had diffi-
culties tracking moving objects and responding to sounds.
Notably, her grandmother and uncle had a suspected his-
tory of epilepsy while her father was healthy without any
known history of serious illness.

Metabolic screening, cerebrospinal fluid tests and
routine biochemical examinations were unremarkable.
However, brain magnetic resonance imaging (MRI) re-
vealed abnormal signals around the posterior horn of the
left lateral ventricle and a widened left frontotemporal
sulcus. A widened bilateral frontotemporal extracerebral
space was observed 1 month later (Figure S1). Video elec-
troencephalogram (VEEG) demonstrated diffuse slow
wave activity with a prominent left posterior head, slow
physiological waves in the left frontal, central, parietal, and
meso-posterior temporal regions, and spike-waves in the
left central and parietal regions during sleep (Figure S2). A
heterozygous NM_001077350.3: ¢.1174C>T (p.GIn392%)
mutation in NPRL3 was identified in the proband and her
father by whole-exome sequencing (WES). She was ulti-
mately diagnosed with FFEVF. The patient had been sei-
zure-free by hemispherectomy at 1year and 2months of
age, and yet she has been undergoing rehabilitation train-
ing due to cerebral palsy manifested on her right side.

2.1.2 | Case2

A 6-year-old girl had repeated seizures for more than
5years. The patient was born without asphyxia or hypoxia
and had no family history of epilepsy. Focal seizures and
epileptic spasms occurred with no inducing factors at
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10 months of age, which mainly manifested as bilateral
gaze, teeth biting, right limb convulsions, or head nod-
ding with flexion of upper limbs. The seizures occurred
mostly before sleep and lasted for 20-60s at a frequency
of more than 10-30 times per day. Her cerebral MRI ap-
peared normal. Conversely, VEEG revealed generalized
slow and fast wave activities, frequent either single or se-
rial spasms during sleep as well as a secondarily general-
ized seizure (Figure S3). WES demonstrated the proband
and her mother carried a heterozygous variant of NPRL3
(NM_001077350.3: ¢.1322C>T, p.Thr441Met). Other ex-
aminations were unremarkable except for severe develop-
mental delay. Significantly, her mother had a suspected
intellectual disorder, and her biological older brother and
sister also have been suspected of having a developmental
delay. The final diagnosis of the patient was FFEVF.

Seizures remarkably decreased after ASMs treatment
(topiramate, sodium valproate, nitrazepam and methyl-
prednisolone), whereas levetiracetam was ineffective. The
girl had been seizure-free for 8 months when treated with
a combination of valproate, topiramate and nitrazepam.
Nonetheless, the irregularity of ASMs intake gave rise
to the frequent occurrence of seizures, which lasted for
40-60s at a frequency of more than 20 times per day. The
patient also presented with focal to bilateral tonic-clonic
seizures (FBTCS). Multifocal and generalized spike, poly-
spike, spike slow and slow-wave discharges were observed
during the VEEG re-examination (Figure S4). After ACTH
pulse therapy, the patient who continues to take valproate,
topiramate and nitrazepam, experienced only a few sec-
onds of limb tremors 2-3 times a day.

2.2 | Novel mutation in NPRL3 gene

Peripheral venous blood was collected from two patients
and their parents for WES. Two novel mutations in NPRL3
gene (NM_001077350.3) were detected, c.1174C>T
(p-GIn392*) and ¢.1322C>T (p.Thr441Met) (Figure 1).
The results of Sanger sequencing validated that the
proband and the father carried the same variant in Case
1. And the mother was a mild-type, that is, did not carry
the NPRL3 gene variant, whereas in Case 2, the proband
and the mother carried the same variant with a mild-type
father. The variant c.1174C>T is a nonsense mutation
found in Case 1, in which sequence change creates a pre-
mature translational stop signal (p.Gln392¥) in the NPRL3
gene. It is predicted to affect protein products and result in
loss of function mutation (LoF). This variant had neither
been previously found in the Asian Population database of
1000 Genomes Project nor recorded in the EXAC and gno-
mAD databases. ClinVar contains an entry for this vari-
ant (Variation ID: 1072659). Based on the standards and

. . ®
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guidelines for the American College of Medical Genetics
and Genomics (ACMG), this variant has been classified as
Pathogenic.’

The variant c.1322C>T is a missense mutation found
in Case 2, in which sequence change replaces neutral and
non-polar threonine with methionine at codon 441 of the
NPRL3 protein (p.Thr441Met). This variant has been re-
corded in the dbSNP database (rs776673140) and ClinVar
(Variation ID: 1500544). The functional significance of
the variant c.1322C>T is currently obscure. The present
evidence is inconclusive as to role of this variant in dis-
ease. According to the ACMG standards and guidelines, it
has been classified as a Variant of Uncertain Significance
(VUs).’

2.3 | Literature review

A systematic literature search was performed in PubMed
(accessed February 2023). The research strategy was as
follows: “NPRL3” AND “epilepsy”. Data from all eligible
studies were analyzed and discussed by two reviewers.
A list of reported NPRL3 variants-related epilepsy is pro-
vided in Table S1.

3 | DISCUSSION
The mTOR signaling plays an important role in neuro-
genesis, synaptic transmission and plasticity during em-
bryonic brain development. NPRL3 encodes a subunit of
the GATOR1 complex, which is an upstream regulatory
element of the mTOR pathway.8 The GATORI1 complex
negatively modulates the activity of the mTOR pathway
in response to extracellular amino acid level changes.®’
GATOR1 dysfunction caused by NPRL3 variants can ramp
up the activity of the mTOR signaling pathway, thereby
affecting brain development and function.® Enlarged
neurons and mTOR pathway activation were observed in
the brain tissue samples obtained from individuals with
NPRL3-related FCD.? Iffland et al.'° found mTOR-depend-
ent abnormalities in the cell size and subcellular translo-
cation of mTOR in NPRI3-knockout mouse neuronal cell
lines. The first animal model of NPRL3-related epilepsy
was established by Ishida et al. deleted NPRI3 from the
dorsal telencephalon in mice. This recapitulated sponta-
neous seizures and led to dysmorphically enlarged neu-
ronal cells with increased mTORC1 signaling.'’ Overall,
NPRL3 variants might contribute to seizures by interfer-
ing with the mTOR signaling pathway.

To the best of our knowledge (up to February 2023),
114 patients with NPRL3-related epilepsy have been re-
ported.**'*%7 Together with our reported cases, there
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FIGURE 1
respectively).

were 116 patients of which 42 and 31 were male and fe-
male, respectively, and 43 cases were of unknown gen-
der (Table 1, Table S1). The age of onset was obtained for
65 cases, and this suggested a wide onset age range for
NPRL3-related epilepsy, ranging from the neonatal period
to adulthood. Focal seizure was the most common type
of seizure in NPRL3-related epilepsy. Epileptic syndromes
included FFEVF (24 cases) and SHE (12 cases). Apart
from unclassified epilepsy (UE) and unclassified focal
epilepsy (FE), epileptic phenotype included frontal lobe
epilepsy (FLE) (9 cases), temporal lobe epilepsy (TLE) (8
cases), tonic—clonic seizure (TCS) (3 cases) and febrile sei-
zures/febrile seizures plus (FS/FS+) (2 cases). Neonatal
seizures (1 case), frontotemporal epilepsy (1 case) and ep-
ilepsy with auditory features (1 case) were also observed
(Table 1, Table S1). In addition, multiple seizure types
were identified in 3 cases, one of which first presented
with FS at 5months of age and then TCS at 12years old.
In our reported cases, one patient suffered multiple types
of seizure (including tonic seizure, epileptic spasm and

D c. 1322C>T

Case2 12

The pedigrees and Sanger sequencing results of the two cases with NPRL3 variants. (A, C and B, D refer to Cases 1 and 2,

focal seizure) 10 days after birth, and the other had epilep-
tic spasms, focal seizures which were followed by focal to
generalized tonic—clonic seizures.

It should be noted that there were no structural intra-
cranial lesions observed in most NPRL3-related epilepsy
cases. Brain MRI results were acquired from 68 cases, and
this included 26 cases with abnormal MRI. A total of 23
patients with abnormal MRI were diagnosed with malfor-
mation of cortical development (MCD), 18 of whom pre-
sented with FCD, 3 with hemimegalencephaly (HME), 1
with periventricular heterotopia (PH) and 1 with polymi-
crogyria (PMG) (Table 1, Table S1). FCD Ila (7 cases) and
FCD IIb (1 case) were confirmed by postoperative histol-
ogy examinations in 8 patients with FCD who underwent
surgery (Table S1). In our reported cases, Case 1 was con-
sidered to have a high likelihood of FCD after MRI consul-
tations at an external hospital. In addition, there was one
case each of hippocampal sclerosis, brain atrophy and cor-
tical thickening of the frontal gyrus observed from the re-
ported cases. A “two-hit” hypothesis has been considered



YANG ET AL.

|

Epilepsia Open®

TABLE 1 Summary of the genotypic and phenotypic
characteristics of NPRL3-related epilepsy.

Phenotypic Cases with NPRL3-related
characteristics epilepsy
Sex 31F,42M (n=73)
Age (Onset) 1day ~51years (n=65)
FFEVF 24
SHE 12
TLE 8
EEE 9
TCS 3
FS/FS+ 2
UE 12
MCD 22 (17 FCD, 3 HME, 1 PH, 1 PMG)
Brain MRI 42 Normal, 26 Abnormal (n=68)
EEG 10 Normal, 63 Abnormal (n=73)
Development delay 7
Drug resistance 20
Familial/Sporadic 98 Familial/9 Sporadic
Inheritance 98 Inherited/7 de novo
Genotypic Cases with NPRL3 variants
characteristics (n=37)
Variant class

Nonsense 12

Frameshift 10

Missense 8

Exonic deletion 5

Splicing 2
Novel classification

Pathogentic 24

VUS 10

Likely pathogentic 3

Abbreviations: EEG, electroencephalogram; F, female; FCD, focal cortical
dysplasia; FFEVF, familial focal epilepsy with variable foci; FLE, frontal
lobe epilepsy; FS, febrile seizures; FS+, febrile seizuresplus; HME,
hemimegalencephaly; LOF, loss of function; M, male; MRI, magnetic
resonance imaging; PH, periventricular heterotopia; PMG, Polymicrogyria;
SHE, sleep-related hypermotor epilepsy; TCS, tonic—clonic seizures; TLE,
temporal lobe epilepsy; UE, unclassified epilepsy; VUS, variants of uncertain
significance.

as a possible mechanism for GATOR1 complex-related
epilepsy either with or without MCD. This would involve
a germline variation in the GATOR1 complex gene, which
is followed by cellular variation in the other allele that is
influenced by environmental and modifier genes, result-
ing in inactivation of both alleles in the focal area and then
cortical malformation.”” Germline and somatic mutations
causing FCD were identified in the focal tissues of patients
carrying the DEPDC5 variants.”®** A maternally inherited

pathogenic germline variant in the NPRL3 gene from
two brothers with FCD was reported by Bennett et al.*!
However, Baulac et al. reported a case of autosomal dom-
inant sleep-related hypermotor epilepsy (ADSHE) with
both germline and somatic variants of the DEPDC5 gene
without significant imaging abnormalities.*® Hence, the
pathogenesis of MCD needs to be further investigated.

It was reported that around 60% of GATOR1-related
epilepsy patients had either cognitive impairment or psy-
chosomatic comorbidities.*! That was especially the situa-
tion in patients with early onset, poor seizure control and
epileptic spasms.*! Moreover, GATOR1-related epilepsy
with attention deficit hyperactivity disorder (ADHD) and
autism spectrum disorder (ASD) were also reported.*! In a
literature review, several patients presented with develop-
ment delay (7 cases), cognitive impairment (2 cases) and
oppositional disorder (1 case) after the onset of seizures
(Table 1, Table S1). The other patients suffered FLE com-
bined with intellectual disability (ID) and ASD. In addi-
tion, sudden unexpected death in epilepsy (SUDEP) was
suspected in the families of 3 cases, although whether the
dead family members carried the same variants could not
be verified. Baldassari et al. reported that SUDEP occurred
in 17 out of 183 patients who had GATOR1 complex gene
mutations, which indicated the incidence of SUDEP in
GATORI1-related epilepsy relatively was high (9.3%)."*
Currently, though the pathophysiological mechanism of
SUDERP is still unknown, early onset, sleep-related onset
and drug resistance are potential risk factors.

Previous studies have suggested that the most com-
mon GATOR1 complex gene variants are loss-of-function
(LoF) variants, which account for 67%, and these include
nonsense, frameshift and splicing variants, followed by
missense variants."* Combined with the reported cases, a
total of 37 NPRL3 variants were detected, with nonsense
variants being the most common (12 cases), followed
by frameshift variants (10 cases), missense variants (8
cases), exonic deletion (5 cases) and splicing variants
(2 cases) (Table 1, Figure 2). NPRL3 LOF mutations in-
hibit the negative regulation of the GATOR1 complex on
mTORC1, which leads to hyper-activation of the mTOR
signaling pathway. Li et al. found that transcription and
expression of NPRL3 in Chinese FFEVF-associated fam-
ilies were severely affected. This results in hyper-activa-
tion of the mTOR signaling pathway and coincides with
the observations of Canavati et al., who suggested that
the truncated variants of NPRL3 can significantly reduce
the transcription levels.>?° Nevertheless, the pathogenic
mechanism of missense variants needs to be further
explored. Currently, haploid insufficiency is the main
pathogenic mechanism for the GATOR1 complex gene
variation.* All the reported NPRL3-related epilepsy were
heterozygous mutations.
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FIGURE 2 Diagrammatic representation of the NPRL3 protein. The highly conserved region at the N-terminus is highlighted in blue,

the positions of the three helix-turn-helix domains H1, H2, and H3 are highlighted in green, yellow, and orange-pink, respectively.

The GATOR1 complex gene mutation is autosomal
dominant with incomplete penetrance. It was reported that
over 90% of patients carried inherited variants.'* Different
epileptic phenotypes occur in different patients with the
same variant seen in the same family, ranging from no
symptoms to SUDEP. Among the 105 cases with NPRL3-
related epilepsy reviewed here, 98 carried inherited variants
and only seven with de novo variants (Table 1, Table S1). 13
of the 20 NPRL3-related families were reported to manifest
incomplete epilepsy penetrance. In a four-generation fam-
ily with six cases of nocturnal frontal lobe epilepsy, indi-
viduals carrying the NPRL3 heterozygous mutations were
found to present seizure-free, with an overall penetration
of at most 50%.° Li et al.” reported a six-generation Chinese
family with 8 FFEVF patients carrying the NPRL3 muta-
tion and the overall penetrance was 50% or less. An NPRL3-
related epilepsy penetrance rate of 28% was reported in
Iffland et al.’° In our two cases, two probands’ relatives
were observed to carry NPRL3 variants without epileptic
phenotypes, which further indicated that the penetrance of
NPRL3-related epilepsy is incomplete.

Our study found that some specific mutations may lead
to more severe clinical manifestations. Patients carrying
nonsense (7/20), exonic deletion (4/20) and missense mu-
tations (4/20) were more susceptible to drug resistance
(Table 1, Table S1). A total of 15 out of 22 cases suffer-
ing MCD carried frameshift mutations. Other severe co-
morbidities such as developmental delay, ID, ASD, and
even SUDEP were more likely to be observed in patients

carrying nonsense and missense mutations (Table S1).
Conversely, splicing mutations were the less common
variants (2/116) of all cases.

Phenotypic and genotypic characteristics can pro-
vide a scientific basis for treatments of NPRL3-related
epilepsy. Resistance to antiepileptic drug therapy has
been reported in nearly 50% of patients with NPRL3-
related epilepsy.'>**'® A majority of patients with defi-
nite epileptogenic focus were either seizure-free or had
significant improvements after surgical resection. For
patients with no structural lesions and nonsurgical in-
dications, the mTOR inhibitor, rapamycin, maybe a
new treatment option. Previous publications reported
that mTOR inhibitors can achieve long-term seizure
reduction and overall improvements in the disease.*?
However, a case of NPRL3-related epilepsy was reported
in which seizures were effectively controlled with rapa-
mycin but ultimately failed due to various side effects.*
Therefore, mTOR inhibitors need to be researched more
thoroughly before being used routinely in these types of
cases. Additionally, GATOR1 complex agonists, which
are more selective than mTOR inhibitors, may be a
promising new therapeutic target.?®

There were certain limitations in this study. Only the
patients and their parents participated in genetic testing
in these two NPRL3-related epilepsy cases with novel
variants. However, the whole pedigree analysis was not
performed and therefore we failed to explore the rele-
vance between these mutations and clinical phenotypes.
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Additional cases need to be collected, and their detailed
phenotypic analysis conducted in order to evaluate
whether identified the pathogenic variants contribute to
the appearance of phenotype.

4 | CONCLUSION

Our study reported two novel NPRL3 variants observed in
two unrelated infants. These were due to a nonsense and
a missense variants, and both cases further evidenced the
involvement of NPRL3 in epileptogenesis. We observed
that patients harboring various NPRL3 variants exhibited
a variability of clinical manifestations. Also, patients car-
rying nonsense mutations are frequently prone to drug
resistance and other severe comorbidities such as develop-
mental delay. Our study expands the phenotypic and gen-
otypic spectra of NPRL3-related epilepsy. In addition, the
cases presented here will provide physicians with valuable
information for the treatment and prognostic evaluation
of new patients with similar conditions.
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