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Abstract

The most frequent genetic cause of focal epilepsies is variations in the GAP activity toward RAGs 1 complex genes DEP domain
containing 5 (DEPDC5), nitrogen permease regulator 2-like protein (NPRL2) and nitrogen permease regulator 3-like protein (NPRL3).
Because these variations are frequent and associated with a broad spectrum of focal epilepsies, a unique pathology categorized
as GATORopathy can be conceptualized. Animal models recapitulating the clinical features of patients are essential to decipher
GATORopathy. Although several genetically modified animal models recapitulate DEPDC5-related epilepsy, no models have been
reported for NPRL2- or NPRL3-related epilepsies. Here, we conditionally deleted Nprl2 and Nprl3 from the dorsal telencephalon in mice
[Emx1cre/+; Nprl2f/f (Nprl2-cKO) and Emx1cre/+; Nprl3f/f (Nprl3-cKO)] and compared their phenotypes with Nprl2+/−, Nprl3+/− and Emx1cre/+;
Depdc5f/f (Depdc5-cKO) mice. Nprl2-cKO and Nprl3-cKO mice recapitulated the major abnormal features of patients—spontaneous
seizures, and dysmorphic enlarged neuronal cells with increased mechanistic target of rapamycin complex 1 signaling—similar
to Depdc5-cKO mice. Chronic postnatal rapamycin administration dramatically prolonged the survival period and inhibited seizure
occurrence but not enlarged neuronal cells in Nprl2-cKO and Nprl3-cKO mice. However, the benefit of rapamycin after withdrawal was
less durable in Nprl2- and Nprl3-cKO mice compared with Depdc5-cKO mice. Further studies using these conditional knockout mice
will be useful for understanding GATORopathy and for the identification of novel therapeutic targets.

Introduction
Focal epilepsy, in which seizures arise from a single brain
region, accounts for 60% of all epilepsies (1). The role of
genetic factors is increasingly recognized. The DEPDC5
(HGNC#18423; OMIM#614191) gene is one of the most
frequent causes of focal epilepsy. Heterozygous loss-
of-function DEPDC5 mutations have been reported in
various types of sporadic and inherited focal epilepsies,
such as familial focal epilepsy with variable foci (FFEVF;
OMIM#604364) (2,3), autosomal dominant nocturnal
frontal lobe epilepsy (ADNFLE; OMIM#600513) (3) and
familial temporal lobe epilepsy (FTLE; OMIM#600512) (3).
A fraction of patients shows cortical malformation, such
as hemimegalencephaly and focal cortical dysplasia
(FCD) (4–6). FCD type 2, characterized by dysmorphic
neurons and balloon cells, is one of the most common
causes of pediatric refractory epilepsies, and 52% of
DEPDC5-related epilepsies with FCD are drug-resistant
(7). In addition, the variations in DEPDC5 are also linked to

an increased risk of sudden unexpected death in epilepsy
(SUDEP) (7). Animal models revealed that homozygous
knockout of Depdc5 (Depdc5−/−) in rodents leads to global
growth delay and severe phenotypic defects that are
embryonic lethal (8,9). Although heterozygous knock-
out (Depdc5+/−) rodents are viable, they show neither
spontaneous seizures nor increased susceptibility to
seizure. Recent clinical studies using brain specimens of
DEPDC5-related epilepsy patients with FCD revealed the
existence of somatic second-hit loss-of-heterozygosity
in the seizure-onset zone (6,10). This indicates that a
biallelic two-hit brain somatic and germline-mutational
mechanism causes a functionally homozygous knockout
condition that may be responsible for the pathogenesis.
This ‘two-hit’ hypothesis has also been supported by
studies using mouse models in which Depdc5 is knocked
out in a limited brain region (10–13).

DEPDC5 is a subunit of the GAP activity toward RAGs
1 (GATOR1) complex. GATOR1 is a repressor of the
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mechanistic target of rapamycin complex 1 (mTORC1)
pathway, which regulates major functions such as
protein synthesis and cell growth in response to cellular
amino acid levels (14). Diseases caused by aberrant
mTORC1 activation, such as tuberous sclerosis, are
categorized as mTORopathies and are associated with
epilepsy (15). NPRL2 (HGNC#24969; OMIM# 607072)
and NPRL3 (HGNC#14124; OMIM#600928) are other
subunits of the GATOR1 complex. Interestingly, auto-
somal dominant loss-of-function mutations in NPRL2
and NPRL3 were also identified in patients with focal
epilepsies such as FFEVF, ADNFLE and FTLE (16,17),
and they shared clinical features with patients with
DEPDC5-related epilepsies (16–20). This suggests that
the GATOR1 complex plays an important role in the
pathogenesis of focal epilepsies. Variations in GATOR1
complex genes are more frequent and are associated
with a broader spectrum of focal epilepsies compared
with mTORopathies; they are conceptualized as a unique
subset of mTORopathies, known as GATORopathies (21).

To decipher the mechanisms of GATORopathy, animal
models recapitulating the clinical features of patients
are essential. However, in contrast to DEPDC5, there
are currently no animal models for NPRL2- and NPRL3-
related epilepsies. Mice with germline knockout of Nprl2
(Nprl2−/−) or Nprl3 (Nprl3−/−) are embryonic lethal, similar
to Depdc5−/− mice (22,23). Nprl2−/− mice had defective
hematopoiesis, and Nprl3−/− mice showed cardiovascular
defects. Heterozygous knockout (Nprl2+/− and Nprl3+/−)
rodents are viable, but their behavioral abnormality
has not been evaluated. Muscle-specific Nprl2 KO mice
demonstrated altered fiber-type composition, resulting
in abnormal running behavior (24). The knockdown
of Nprl3 in neuronal cell lines caused upregulation of
mTORC1 activity and showed morphological alternation,
soma enlargement and increased filopodia, which were
reversed by an inhibitor of mTORC1, rapamycin (25).

Here, we conditionally deleted Nprl2 and Nprl3 from
the dorsal telencephalon in mice [Emx1cre/+;Nprl2f/f

(Nprl2-cKO) and Emx1cre/+;Nprl3f/f (Nprl3-cKO)] and
compared their phenotypes with Nprl2+/−, Nprl3+/− and
Emx1cre/+;Depdc5f/f (Depdc5-cKO) mice.

Results
Generation of floxed Nprl2 and floxed Nprl3 mice
To study the function of the Nprl2 and Nprl3 genes
in epilepsy, we generated floxed Nprl2 (Nprl2f/f) and
floxed Nprl3 (Nprl3f/f) mice by CRISPR-Cas9 genome
editing technology using single-stranded DNA (ssDNA).
We designed ssDNA donors and crispr RNAs (crRNAs)
for Nprl2 and Nprl3 to knock-in loxP sites flanking
targeted exons (Fig. 1A). We injected ssDNA, crRNA,
trans-activating crispr RNA (tracrRNA) and Cas9 protein
into mouse C57BL/6 embryos as previously reported
(26) and confirmed that 53 and 71% of the deliv-
ered pups carried loxP sites in the targeted region of
Nprl2 and Nprl3, respectively, by Sanger sequencing

(Supplementary Material, Table S1). Each founder mouse
was backcrossed to wild-type C57BL/6 mice >6 times to
eliminate potential off-target events.

Heterozygous germline Nprl2- and
Nprl3-knockout mice did not show spontaneous
seizures
Most heterozygous variations of NPRL2 and NPRL3 in
patients with focal epilepsy are loss-of-function similar
to DEPDC5 variations (16,17,27). Thus, we generated het-
erozygous germline knockout Nprl2 (Nprl2+/−) and Nprl3
(Nprl3+/−) mice by crossing each floxed mice with B
lymphocyte induced maturation protein 1 (Blimp1)-Cre
mice expressing Cre recombinase in the primordial germ
cells. Polymerase chain reaction (PCR) amplification of
genomic DNA across the deleted region revealed that
the intercross of the heterozygous KOs failed to generate
homozygous KO mice, Nprl2−/− or Nprl3−/− mice (Nprl2,
P = 0.0238; Nprl3, P = 0.0421; Chi-squared test) (Supple-
mentary Material, Table S2). This suggests the occurrence
of embryonic lethality, consistent with previous studies
(22,23). Both Nprl2+/− (n > 10) and Nprl3+/− (n > 10) mice
showed neither spontaneous seizures nor hyperactive
behavior, such as wild running, under daily observation
with routine handling over 1 year, similar to heterozygous
germline Depdc5-knockout rodents (Depdc5+/−) (8,9,11).

Generation of dorsal telencephalon-specific
Nprl2-, Nprl3- and Depdc5-knockout mice
The Emx1 (empty spiracles homeobox 1) gene is expressed
in the dorsal telencephalon, which is the brain region
commonly involved in epilepsy. In addition, Depdc5 dele-
tion in the dorsal telencephalon of mice, Depdc5flox/flox-
Emx1Cre (Depdc5-Emx1-Cre cKO), recapitulates patient
features, including spontaneous seizures and enlarged
neurons (13). Thus, we crossed Emx1-Cre mice (Emx1cre/+)
(28,29) with each floxed mouse to obtain Emx1cre/+;
Nprl2f/f (Nprl2-cKO) and Emx1cre/+; Nprl3f/f (Nprl3-cKO)
mice. To compare the gene function among the GATOR1
subunits, we also generated Emx1cre/+; Depdc5f/f (Depdc5-
cKO) using Depdc5tm1c (EUCOMM) Hmgu mice (referred
to as Depdc5f/f) containing loxP sites flanking exon 5 of
Depdc5 (12,13) (Fig. 1A). cKO mice of each GATOR1 subunit
gene were born at the expected Mendelian ratio (Depdc5,
P = 0.6259; Nprl2, P = 0.9273; Nprl3, P = 0.8991; Chi-squared
test) (Supplementary Material, Table S3). Homozygous
floxed mice for each gene (Nprl2f/f, Nprl3f/f and Depdc5f/f)
were used as control mice in this study.

Cre-loxP-mediated recombination caused a deletion
of exon 2–4 in Nprl2, resulting in a frame shift and
premature stop codon at the 34th amino acid. In Nprl3,
the recombination removed the 5′ UTR and the initiation
codon of exon 1. To confirm reductions in the mRNA tran-
script of the KO genes, quantitative Reverse transcription
PCR (RT-PCR) was performed using mRNAs extracted
from the frontal cortex and cerebellum of each cKO
and the control mice. Two sets of primers were designed
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Figure 1. Generation of floxed Nprl2 and floxed Nprl3 mice and dorsal telencephalon-specific knockout mice of Nprl2, Nprl3 and Depdc5. (A) Schematic
illustration of the generation of Nprl2f/f and Nprl3f/f mice using the CRISPR-Ca9 system with ssDNA donors via homology directed repair mechanism. The
Cre recombinase mediates site-specific recombination between two loxP sites. (B) Quantitative analysis of RT-PCR of Nprl2, Nprl3 and Depdc5 transcripts
in the frontal cortex of P12 mice (f/f and cKO mice of GATOR1 subunit genes, n = 3 mice per genotype). Primer set 1 was used for the analysis. (C) Left
panel: Representative western blots of cortical lysates derived from P12 mice (f/f and cKO mice of GATOR1 subunit genes, n = 3 mice per genotype) with
Depdc5 and Actin antibodies. Right panel: histogram of densitometry analysis of Depdc5 normalized with Actin from left western blots. Graph error
bars represent the mean ± SEM. ∗P < 0.05; ∗∗P < 0.01; ns: not significant, Student’s t-test.

to amplify the coding sequence for each of Nprl2 (ENS-
MUST00000010201.9), Nprl3 (ENSMUST00000020530.12)
and Depdc5 (ENSMUST00000119705.8). Because Cre-
mediated recombination is restricted to excitatory
neurons and astrocytes in Emx1cre/+ mice (28,30), the
mRNA expression of each KO gene was not null. mRNA
transcripts of the KO genes were significantly decreased
in the frontal cortex of each cKO mouse compared

with control mice (Fig. 1B, Supplementary Material, Fig.
S1A), whereas the expression levels in the cerebellum
were unchanged across the genotypes (Supplementary
Material, Fig. S1B).

For the protein level, a significant reduction of
Depdc5 in the cortex was confirmed in Depdc5-cKO
mice compared with Depdc5-floxed mice by western
blotting (Fig. 1C). Decreased Nprl2 and Nprl3 protein has

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab337#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab337#supplementary-data


1522 | Human Molecular Genetics, 2022, Vol. 31, No. 9

been previously reported in Depdc5Syn1 and Depdc5Emx1

(13,31) mice and iPSCs derived from patients with
DEPDC5 mutations (32). However, we failed to confirm
the specificity of the anti-Nprl2 and Nprl3 antibodies
used in these studies (Supplementary Material, Fig. S2).
Thus, we could not confirm the reduction of Nprl2 and
Nprl3 protein in Nprl2- and Nprl3-cKO mice.

The mTORC1 pathway was upregulated in the
cerebral cortex of cKO mice
The GATOR1 complex prevents activation of the mTORC1
pathway; therefore, we examined mTOR activity by
measuring the expression level of phosphorylated S6
(pS6), a downstream target of mTOR activation (8,10).
Western blotting using cortical lysate from P12 pups
revealed a significant increase in pS6 expression in
Nprl2-, Nprl3- and Depdc5-cKO mice compared with
control mice (Fig. 2A). No difference was observed in
pS6 expression among these three cKO mouse strains
[P = 0.4789, one-way analysis of variance (ANOVA)].
Decreased phosphorylated Akt (pAkt), representing
compensatory feedback in response to hyperactivation
of the mTORC1 pathway, was also shown in the three cKO
mouse strains compared with control mice (Fig. 2A). The
decrease of pAKT expression was smaller in Nprl2-cKO
than in Depdc5- and Nprl3-cKO mice (Nprl2-cKO vs Depdc5-
cKO, P = 0.0144; Nprl2-cKO vs Nprl3-cKO, P = 0.0351;
Depdc5-cKO vs Nprl3-cKO, P = 0.7315, one-way ANOVA,
Tukey’s multiple comparison test). This suggests that
the negative feedback loop was less active in Nprl2-cKO
mice compared with Nprl3- and Depdc5-cKO mice.

The mTORC1 activity status was also evaluated by
immunofluorescence staining. Intense pS6 signals were
found in the cortex and hippocampus of all cKO mouse
strains (Fig. 2B). Under the Emx1 promoter, Cre recombi-
nase is expressed in excitatory neurons and astrocytes
in the dorsal telencephalon (30). However, the pS6 signal
was colocalized with the neuronal marker, NeuN, but not
with GFAP, an astrocyte marker (Fig. 2B). These results
indicate that the mTORC1 pathway was upregulated in
the cerebral cortex of these three cKO mouse strains.

Spontaneous seizures associated with premature
death were observed in cKO mice
At birth, no noticeable difference in appearance was
observed between mice of each cKO strain and their
control littermates. However, from 2 weeks of age, Nprl2-
, Nprl3- and Depdc5-cKO mice showed poor weight gain
compared with control mice (Fig. 3A). This weight loss
was accompanied by a decreased survival rate. Almost
all cKO mice [Depdc5-cKO, 89% (8/9); Nprl2-cKO, 89% (8/9);
Nprl3-cKO, 100% (9/9)] were dead by postnatal day (P)25
(Fig. 3B). One Depdc5-cKO mouse survived to P52 and one
Nprl2-cKO mouse to P53.

Continuous non-invasive video recording during the
second week after birth revealed all mice of each cKO
mouse strain showed spontaneous hyperactive behavior,

such as wild running, followed by generalized tonic–
clonic seizure or clonic seizure (n = 3 for each genotype)
(Videos S1–S3) and died either during seizure or in the
recovery period. These results indicate that premature
death in Nprl2-, Nprl3- and Depdc5-cKO mice is directly
associated with seizures. No seizures or hyperactive
behaviors were observed in control mice. Continuous
video-electroencephalogram (EEG) recording (3 h/day)
detected epileptiform discharges including spike-and-
wave, polyspike and polyspike-and-wave discharges
during seizures in each cKO mouse strain (n = 3 for each
cKO strain) (Fig. 3C). Such discharge was not detected in
control mice or during the interictal period in cKO mice.
These results indicate that Nprl2-, Nprl3- and Depdc5-
cKO mice share common phenotypic features of lethal
epilepsy.

Megalencephaly and dysmorphic enlarged
neurons were observed in cKO mice
Some epilepsy patients with GATOR1 subunit gene vari-
ations have cortical malformations such as FCD type 2
(6,17); therefore, we assessed the brains of 2-week-old
Nprl2-, Nprl3- and Depdc5-cKO mice for morphological
abnormalities.

NeuN immunostaining of coronal sections demon-
strated increased thickness in Nprl2-, Nprl3- and Depdc5-
cKO mice (Fig. 4A). In contrast, neuronal density was
significantly decreased in the cortical layers in cKO mice
(Fig. 4B). To investigate the etiology of the increased
cortical thickness in these cKO mice, we measured
the soma size of the neurons. We confirmed that the
soma size of the NeuN-positive cells was significantly
larger in Nprl2-, Nprl3- and Depdc5-cKO mice than in
control mice (Fig. 4C). These neuropathological abnor-
malities in Nprl2-, Nprl3- and Depdc5-cKO mice, including
megalencephaly and dysmorphic enlarged neuron size,
recapitulated features of GATORopathy patients and
were consistent with previous studies in mTORopathy
mouse models (12,33,34).

Although rapamycin extends the lifespan of cKO
mice, the benefit after withdrawal was less
durable in Nprl2- and Nprl3-cKO mice compared
with Depdc5-cKO mice
mTORC1 hyperactivity was observed in Nprl2-, Nprl3-
and Depdc5-cKO mice; therefore, we examined whether
chronic administration of the mTOR inhibitor, rapamycin,
prevented premature death of Nprl2-, Nprl3- and Depdc5-
cKO mice. Rapamycin (3 mg/kg) or vehicle was injected
from P13 to P42 (5 days per week) as previously reported
(13,33). Chronic rapamycin treatment dramatically
decreased the expression of pS6 in Nprl2-, Nprl3- and
Depdc5-cKO mice 5 days after the first injection (Sup-
plementary Material, Fig. S3A). The chronic treatment
significantly prolonged the lifespan of Nprl2-, Nprl3- and
Depdc5-cKO mice compared with each vehicle-treated
cKO mouse (Fig. 5A). Among the rapamycin-treated cKO
mouse strains, there was no significant difference in
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Figure 2. mTORC1 upregulation in cKO mice. (A) Left panel: Representative western blots of cortical lysates derived from P12 f/f and cKO mice of each
GATOR1 subunit gene with pS6, S6, pAkt and Akt antibodies. Right panel: quantitative analysis of pS6 normalized with S6, and pAkt normalized with Akt
(n = 3 mice per genotype). Graph error bars represent the mean ± SEM. ∗P < 0.05; ∗∗P < 0.01 (Student’s t-test). (B) Representative immunostaining for pS6
protein (red), neuronal marker NeuN (green) and astrocyte marker GFAP (green) in a brain section from P12 f/f and cKO mice of each GATOR1 subunit
gene. Scale bars: 500 μm (left and middle column), 25 μm (right column).

survival ratio [Log-rank (Mantel–Cox) test, P = 0.1075;
Gehan–Breslow–Wilcoxon test, P = 0.1374].

We performed video recording to evaluate the seizure
phenotype in cKO mouse strains treated with vehicle
or rapamycin. Six-hour (3 h daytime, 3 h nighttime)
continuous recording at 3–4 days after the first injection
revealed a significant reduction in both the number
and duration of generalized seizures in rapamycin-
treated cKO mice compared with vehicle-treated cKO
mice (Fig. 5B). There was no difference in the frequency
and duration of generalized seizures among each

rapamycin-treated cKO mouse strain (seizure frequency,
P = 0.1592; seizure duration, P = 0.0764; one-way ANOVA).
The effect of rapamycin on brain morphology was
evaluated at P42 by immunohistochemistry and revealed
increased cortical thickness and enlarged neuronal soma
size in each cKO mouse strain compared with rapamycin-
treated control mice (Supplementary Material, Fig. S3B).
These findings indicate that chronic mTORC1 downreg-
ulation by rapamycin administration effectively inhibits
seizure occurrence and the subsequent premature death,
but not cortical malformation.
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Figure 3. Spontaneous seizure associated with premature death in cKO mice. (A) Body weight of each floxed (Nprl2f/f, n = 8; Nprl3f/f, n = 5; Depdc5f/f, n = 7)
and cKO line (Nprl2-cKO, n = 7; Nprl3-cKO, n = 9; Depdc5-cKO, n = 5). Graph error bars represent the mean ± SEM. ∗P < 0.05; ∗∗P < 0.01 (Student’s t-test). (B)
Survival rate of each floxed and cKO line (n = 9 mice per genotype). Nprl2f/f versus Nprl2 cKO, P = 0.0001; Nprl3f/f versus Nprl3 cKO, P < 0.0001; Depdc5f/f

versus Depdc5 cKO, P = 0.0002 (Kaplan–Meier curves, log-rank test). (C) Representative EEG tracing of 2-week-old f/f and cKO mice of each GATOR1 subunit
gene. Epileptiform discharges were recorded during generalized seizure in cKO mice.

A persistent benefit of rapamycin after withdrawal
was observed in Depdc5-Emx1-Cre cKO mice (13). Consis-
tent with this, 71% of Depdc5-cKO mice survived longer
than P80 after withdrawal at P42 (Fig. 5C). However, all
the Nprl2- and Nprl3-cKO mice died before P61, signif-
icantly earlier than Depdc5-cKO mice. Video recording
revealed that all Nprl2- and Nprl3-cKO mice (Nprl2-cKO,

n = 3; Nprl3-cKO, n = 3) died either during generalized
seizures or in the recovery period after withdrawal at
P42, similar to 2-week-old Nprl2- and Nprl3-cKO mice.
Although significantly increased pS6 and decreased pAkt
were observed 1 week after withdrawal of rapamycin
(P49) (Fig. 5D), no significant difference was found in
their expression among the three cKO mouse strains
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Figure 4. Neuropathological abnormalities in cKO mice. (A) Upper panel: Representative immunostaining patterns for neuronal marker, NeuN (green)
in a brain section from 2-week-old f/f and cKO mouse of each GATOR1 subunit gene. Lower panel: Quantification of cortical thickness measured from
six paired sites in three sections per brain (n = 3 mice per genotype). (B) Neuronal density measured from three paired areas of each layer in cortex (n = 3
mice per genotype). (C) Left panel: Representative immunostaining patterns for NeuN in a brain section. Right panel: Neuron soma size measured from
25 NeuN-positive cells in each layer (n = 3 mice per genotype). Scale bars: 500 μm for (A) and (C). Graph error bars represent the mean ± SEM. ∗P < 0.05;
∗∗P < 0.01 (Student’s t-test).

(pS6, P = 0.9097; pAkt, P = 0.3929; one-way ANOVA). This
suggests that mTORC1 activity is not directly associated
with the reduced durability of the effect of rapamycin
after withdrawal in Nprl2- and Nprl3-cKO mice.

Discussion
In this study, we demonstrated dorsal telencephalon-
specific knockout of Nprl2 and Nprl3 in mice, as the first
animal models of NPRL2- and NPRL3-related epilepsies.
Nprl2- and Nprl3-cKO mice showed spontaneous seizures
resulting in premature death. Although 67% of GATOR1
variations in epilepsy patients are heterozygous loss-of-
function, Nprl2+/− and Nprl3+/− mice exhibited neither
seizures nor hyperactive behavior during daily observa-
tion for >1 year, similar to Depdc5+/− rodents (8,9). This
discrepancy can be explained either by species differ-
ences between humans and rodents or by a biallelic two-
hit hypothesis.

Abnormal features of neuronal cells in the patients,
such as increased soma size, were recapitulated in
patient iPSC-derived cortical neurons harboring Depdc5
mutations (32), but not in Depdc5+/− mouse models (9),
suggesting the existence of species-specific differences
(32).

Recent clinical studies reported the existence of
somatic loss-of-function DEPDC5 variations in brain

specimens of focal epilepsy patients harboring DEPDC5
germline variation (6,10). Because the somatic variation
showed gradient expression around the seizure-onset
zone (10), occurrence of the somatic variation resulted
in biallelic inactivation (the somatic variation plus the
germline variation) of DEPDC5, which is likely associated
with the epileptogenesis. This two-hit hypothesis is also
supported by animal models. Focal somatic inactivation
of Depdc5 in rodents (10,35) and conditional KO of Depdc5
in mouse neuronal cells (Depdc5flox/flox-Syn1Cre) (12) and
the dorsal telencephalon (Depdc5flox/flox-Emx1Cre) (13)
result in spontaneous seizure (12,13,31). Interestingly,
Nprl2- and Nprl3-cKO mice also share common pheno-
typic features with Depdc5-cKO mice. Although second-
hit somatic variations have not yet been reported in
NPRL2 and NPRL3 in patients, our results indicate that the
two-hit hypothesis may also be applicable to NPRL2- and
NPRL3-related epilepsies. Our results also show common
effects of GATOR1 complex component loss, suggesting
that there is no functional redundancy or compensation
among the three subunits of the GATOR1 complex. These
findings are also coincident with the fact that patients
with DEPDC5, NPRL2 or NPRL3 mutations share common
clinical features of focal epilepsies (21).

To evaluate the seizures of cKO mice, we performed
video-EEG recording. Because they were pre-weaned,
recording was performed for a limited period of up
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Figure 5. Chronic rapamycin administration extended the lifespan, but showed different outcomes after withdrawal among cKO mice. (A) Survival rate
of f/f and cKO mice of GATOR1 subunit genes treated with vehicle or rapamycin (rapa) (n = 9 mice per group). Nprl2, cKO-vehicle vs cKO-rapa, P = 0.0002;
Nprl3, cKO-vehicle vs cKO-rapa, P = 0.0002; Depdc5, cKO-vehicle vs cKO-rapa, P = 0.0045 (Kaplan–Meier curves, log-rank test). Depdc5-cKO-rapa vs Nprl2-
cKO-rapa vs Nprl3-cKO-rapa, P = 0.1075 (Mantel–Cox, Log-rank test), P = 0.1374 (Gehan–Breslow–Wilcoxon test). (B) Number of generalized seizures (upper
row) and duration of each seizure (lower row) observed for 6 h (3 h in daytime, 3 h in nighttime) in cKO mice of GATOR1 subunit genes treated with vehicle
or rapamycin. (Depdc5, Nprl2, n = 3 each genotype; Nprl3 f/f, n = 3; cKO, n = 4) ∗P < 0.05, (one-tailed Mann–Whitney test). (C) Survival rate of Depdc5-cKO
(n = 7), Nprl2-cKO (n = 6) and Nprl3-cKO (n = 6) mice after withdrawal of rapamycin administration. Depdc5 cKO-rapa vs Nprl2 cKO-rapa, P = 0.0133; Depdc5
cKO-rapa vs Nprl3 cKO-rapa, P = 0.0212; Nprl2 cKO-rapa vs Nprl3 cKO-rapa, P = 0.4391 (Kaplan–Meier curves, log-rank test). (D) Left panel: Representative
western blot of cortical lysates derived from P49 f/f and cKO mice of each GATOR1 subunit gene with pS6, S6, pAkt and Akt antibodies. Right panel:
Quantitative analysis of pS6 normalized with S6, and pAkt normalized with Akt (n = 3 mice per genotype). ∗P < 0.05; ∗∗P < 0.01 (Student’s t-test) Graph
error bars represent the mean ± SEM.
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to 3 h/day. Nevertheless, we detected typical epileptic
discharges coinciding with the seizure. SUDEP occurs
in 10% of patients with GATOR1 variations (7). SUDEP
is defined as sudden, unexpected, witnessed or unwit-
nessed, non-traumatic or non-drowning death of people
with epilepsy, with or without evidence of a seizure,
excluding documented status epilepticus (SE) and in
whom postmortem examination does not reveal a
structural or toxicological cause for death (36). Because
video-EEG recording was carried out for a limited period,
we failed to detect an EEG at death. However, non-
invasive long-term 24-h video recording revealed that
all observed cKO mice died during generalized seizure
or in the recovery period, including SE. It indicates that
their death is strongly related to the occurrence of the
seizure and may not be classified as SUDEP.

Mutations in GATOR1 subunit genes are also linked
to focal epilepsies with malformation of cortical devel-
opment such as FCD (17). Histopathological analysis
of specimens from patients displayed enlarged and
dysmorphic neurons with elevated mTORC1 activation
as demonstrated by increased pS6 expression (4,10,17).
We revealed that Nprl2- and Nprl3-cKO mice also demon-
strated the same neuropathological abnormalities as
patients, such as enlarged neuronal cells with increased
pS6 signals, similar to Depdc5-cKO and other animal
models of Depdc5 (8,12,13). Because Emx1 is expressed
in neuroprogenitor cells of the dorsal telencephalon,
Cre-dependent recombination occurs in the excitatory
neurons and astrocytes of the dorsal telencephalon.
However, an intense pS6 signal was detected only in
neuronal cells, not in astrocytes, by immunohistochem-
istry (Fig. 2B). Klofas et al. (13) showed hyperactivation
of mTORC1 in cultured primary astrocytes of Depdc5-
Emx1-Cre cKO mice. Although a significant increase of
pS6 was confirmed in cultured astrocytes by western
blotting, the extent of the increase was much smaller
compared with that in the whole cortical lysate. In our
immunofluorescence images, pS6 signals in astrocytes
may be masked by the intense pS6 signal in neuronal
cells. Further experiments using astrocyte primary
culture will be necessary to determine the expression
of Nprl2 and Nprl3 in astrocytes, in addition to mTOR
activity in the cells.

Thirty percent of the probands of GATOR1-related
epilepsy had early-onset epilepsy (7). This means that the
GATOR1 genes are crucial for proper brain development,
and their defect may result in disruption of neuronal
connections and seizure. In mice, the period of intense
synaptogenesis is limited to the first 2 weeks after
birth (37). Chronic administration of the mTOR inhibitor
rapamycin from P13 improved survival in Nprl2- and
Nprl3-cKO mice compared with each vehicle-treated cKO
mouse. Video recording revealed that the number and
duration of generalized seizures significantly decreased
in rapamycin-treated cKO mice. This result indicates
that mTORC1 pathway hyperactivation is involved in
epilepsy development in Nprl2- and Nprl3-cKO mice. It

also suggests that postnatal rapamycin treatment may
be effective for the treatment of GATORopathy seizures.

In contrast, our study revealed different durabilities of
the rapamycin effect after withdrawal among GATOR1
cKO mice. As previously reported (13), the effect of
rapamycin was durable in our Depdc5-cKO mice even
after withdrawal at P42. They survived longer than P80.
However, all the observed Nprl2- and Nprl3-cKO mice
exhibited recurrent generalized seizures and died by
P61 after withdrawal of rapamycin at P42. Because the
increased expression of pS6 1 week after withdrawal
was equivalent among the three cKO mouse strains,
the phenotypic difference may be independent from
the mTORC1 activation level at that time. Similar to our
Nprl3-cKO mice, a recent medical case report showed that
chronic treatment with the mTORC1 inhibitor sirolimus
for 3.5 months completely inhibited the seizures of a
patient with NPRL3 mutation, but seizures reoccurred
after 1 week of withdrawal (19). In another report,
sirolimus given for 17 days with adequate serum drug
level failed to control the seizures of a patient with NPRL3
mutation (20). Because mTORC1 inhibitors are expected
to be a potential targeted treatment for GATOR1 epilepsy,
further comparative studies using Depdc5-, Nprl2- and
Nprl3-cKO mice may be important to reveal the mech-
anism of the different rapamycin treatment outcomes.
Transcriptome analysis, such as RNA-seq, using these
three cKO mouse strains, will facilitate identification
of the common and different genetic players for each
related epilepsy and the understanding of GATORopathy.
It will also contribute to the identification of new drug
targets.

In summary, here we generated the first epileptic
animal model of NPRL2- and NPRL3-related epilepsies
as novel animal models of GATORopathies. Dorsal
telencephalon-specific conditional knockout of Nprl2
and Nprl3 in mice identically recapitulated the major
abnormal features of the patients, spontaneous seizures
and dysmorphic enlarged neuronal cells with increased
mTORC1 signaling. Because no seizures were observed in
heterozygous Nprl2- or Nprl3-knockout mice, our results
propose a ‘two-hit’ hypothesis for the pathogenesis of
NPRL2- and NPRL3-related epilepsies. Although chronic
postnatal rapamycin administration dramatically inhib-
ited seizure occurrence and prolonged the survival
period, the benefit of rapamycin administration was
significantly less durable after withdrawal in Nprl2- and
Nprl3-cKO mice compared with Depdc5-cKO mice. Further
detailed comparative studies using Nprl2-, Nprl3- and
Depdc5-cKO mice will facilitate the understanding of
the underlying pathogenic mechanisms and the genetic
architecture of GATORopathy.

Materials and Methods
Mice
To generate floxed Nprl2 (Nprl2f/f) and floxed Nprl3
(Nprl3f/f) mice using the CRISPR-Cas9 system, ssDNA
composed of the targeted exon flanked by two loxP
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sites was injected into C57BL/6 mouse zygotes with
crRNA, tracrRNA and Cas9 Protein as previously reported
(26,38). The ssDNA, crRNA and tracrRNA were provided
by Fasmac (Kanagawa, Japan). The nucleotide sequences
used are listed in Supplementary Material, Table S4. Both
floxed mice, Nprl2f/f and Nprl3f/f, and heterozygous KO
mice, Nprl2+/− and Nprl3+/−, were deposited with the
National Bio Resource Project for the Mouse in Japan.
Genomic DNA was extracted from tail biopsies. Primers
used for genotyping are listed in Supplementary Mate-
rial, Table S5. Floxed Depdc5 mice (Depdc5tm1c(EUCOMM)Hmgu,
referred to as Depdc5f/f) and Emx1-Cre mice (Emx1cre/+)
(29) were obtained from the MRC Harwell Institute and
the RIKEN BioResource Center, respectively. Blimp1-Cre
mice were kindly provided by Dr Takahiro Adachi (Tokyo
Medical and Dental University, Tokyo, Japan).

All animal care and experimental procedures were
approved by the Institutional Animal Care and Use Com-
mittee of Tokyo Medical and Dental University. Mice were
maintained in a 12-h light/dark cycle with food and water
ad libitum.

Quantitative reverse transcription PCR analysis
RNA was extracted from the frontal cortex and cerebel-
lum of mice using a RNeasy Plus Universal Mini Kit (QIA-
GEN, Hilden, Germany) or Maxwell Rapid Sample Con-
centrator Instrument (Promega, Madison, WI, USA). One
μg of each RNA sample was subjected to reverse tran-
scription using the Prime Script RT reagent kit (Takara
Bio, Shiga, Japan). Quantitative PCR was performed using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)
on a CFX connect/CFX96 Deep Well Real-Time PCR Detec-
tion System (Bio-Rad). All primer sets used for quanti-
tative PCR are listed in Supplementary Material, Table
S5. The � cycle threshold (�Ct) values were calculated
as the mean Ct for the target gene, Nprl2 and Nprl3,
minus the mean Ct for the control gene, Gapdh. The fold
differential expression of the target gene in tissues of cKO
mice compared with that of floxed mice was expressed
as 2−��Ct and analyzed as previously reported (12).

Western blotting
Brain samples of mice were flash-frozen in liquid
nitrogen and homogenized using an ultrasonic homog-
enizer in 2 × cell lysis buffer (Cell signaling, Danvers,
MA, USA) supplemented with phosphatase inhibitor
PhosSTOP (Sigma-Aldrich, St. Louis, MO, USA) and
complete protease inhibitor (Sigma-Aldrich), according
to the manufacturer’s instructions. Total protein samples
(35 μg) were separated on 4–15% gradient sodium dodecyl
sulfate (SDS)-polyacrylamide gels (Bio-Rad, Hercules, CA,
USA) and 4–12% Bolt™ Bis-Tris Plus gels (Thermo Fisher,
Waltham, MA, USA) and transferred to polyvinylidene
difluoride membranes (Bio-Rad/Thermo Fisher). The
primary antibodies used were as follows: anti-Depdc5
(Abcam, Cambridge, UK, #ab185565, 1:1000), anti-βactin
(8H10D10) (Cell signaling, #3700, 1:2000), anti-phospho-
S6 Ribosomal Protein (Ser 240/244) (Cell signaling, #5364,

1:1000), anti-S6 Ribosomal Protein (Cell signaling, #14467,
1:1000), anti-phospho-Akt (ser473) (Cell signaling, #4060,
1:2000) and Akt (pan) (Cell signaling #2920, 1:2000).
Signals were detected by chemiluminescence using
ImageLab (Bio-Rad) and iBright CL 1500 (Thermo Fisher).

Immunohistochemistry
Mice were deeply anesthetized and transcardially per-
fused with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS). After the brains were removed,
they were postfixed in 4% PFA at 4◦C overnight and then
cryoprotected in 30% sucrose/0.1 M PBS. Brain sections
35 μm thick were prepared using a cryostat (Leica, Wet-
zlar, Germany). Immunostaining experiments were per-
formed as previously reported (8). The primary antibod-
ies used were anti-NeuN (Millipore, Burlington, MA, USA,
#MAB377), anti-GFAP (GA5) (Cell signaling, #3670) and
anti-phospho-S6 Ribosomal Protein (Ser 240/244) (Cell
signaling, #5364). Primary antibodies were detected with
the following secondary antibodies: donkey anti-rabbit
IgG (H + L) highly cross-adsorbed secondary antibody,
Alexa Fluor 568 (Invitrogen, Carlsbad, CA, USA) and don-
key anti-mouse IgG (H + L) highly cross-adsorbed sec-
ondary antibody, Alexa Fluor 488 (Invitrogen). Images
were acquired using a BZ-X700 fluorescence microscope
(KEYENCE, Osaka, Japan) and BZ-X-Analyzer software
(KEYENCE).

Cortical thickness, neuron density and neuron soma
size of mice were measured using ImageJ software. Three
anatomically matched sections per mouse were used
from the three cKO mouse lines and three floxed mouse
lines. Cortical thickness was measured from six locations
per section. The measurement of neuron soma size was
performed for 25 neuronal cells at each layer per section
for 2-week-old samples and at layer V per section for
P42 samples as previously reported (12). The analysis was
carried out blind with respect to genotype.

Video-EEG recording
For implantation of EEG electrodes, 2-week-old mice were
anesthetized with isoflurane and fixed in a stereotaxic
instrument. Small holes were made in the skull, and
screw electrodes (#SNZS-M1-3; NBK, Gifu, Japan) for
EEG recording were placed on the surface of the frontal
cortex. The reference electrode was implanted on the
right frontal cranium. All electrodes were soldered to a
connector and fixed to the skull with dental cement.
After a recovery period of at least 1 day, mice were
placed individually in a chamber equipped with a video-
EEG recording system. Because the mice had not been
weaned, video-EEG recording was performed for up to
3 h per day. The visual recorder, AQ-VU (TEAC, Tokyo,
Japan), was used to store video taken from the above and
from the side. Continuous EEG was recorded using an
amplifier (HAS-4; Bio Research Center, Nagoya, Japan).
The recorded EEG signals were stored and analyzed
using Lab chart software (AD Instruments, Sydney,
Australia).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab337#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab337#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab337#supplementary-data
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Rapamycin treatment
Rapamycin treatment was performed as previously
reported (13,33). Rapamycin (LC Laboratories, Woburn,
MA, USA) was dissolved at 30 mg/ml in ethanol and
stored at −20◦C as a stock solution. This was diluted
with vehicle (0.25% Tween-20/0.25% polyethylene glycol)
in PBS. Rapamycin (3 mg/kg) or vehicle was intraperi-
toneally injected into cKO and floxed mice 5 days per
week, Monday–Friday, from P13–42.

During the injection period, cKO mice at an age
between P15 and P20 were monitored with their mothers
by a non-invasive video recording system (O’Hara & Co.,
Ltd, Tokyo, Japan) under a standard 12-h bright–dark
cycle and ad libitum access to water and food. Frequency
and duration of generalized seizures, including tonic,
clonic and tonic–clonic seizures, were determined by
observers blinded to both treatment and genotype.
Recorded videos used for analysis were randomly chosen
(total 6 h: 3 h light on, 3 h light off).

Statistical analysis
Statistical analysis was performed using GraphPad
Prism 8 software (GraphPad, San Diego, CA, USA). The
results are presented as the mean ± SEM. Comparisons
between two groups were performed by unpaired two-
tailed Student’s t-test for parametric data, two-tailed
Student’s t-test with Welch’s correction if SDs were
not equal, and the Mann–Whitney test was conducted
for non-parametric data. Comparisons among multiple
groups were analyzed by ordinary one-way ANOVA with
Tukey’s multiple comparison test or two-way ANOVA
with Sidak’s multiple comparison test as post hoc analysis
for parametric data. A log-rank (Mantel–Cox) test was
used to compare the Kaplan–Meier analysis for survival
distribution.

Supplementary Material
Supplementary Material is available at HMG online.
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