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Abstract

The mechanistic target of rapamycin (mTOR) pathway has been implicated in a growing number
of malformations of cortical development (MCD) associated with intractable epilepsy. Mutations
in single genes encoding mTOR pathway regulatory proteins have been linked to MCD such as
focal cortical dysplasia (FCD) types lla and Ilb, hemimegalencephaly (HME), and
megalencephaly. Recent studies have demonstrated that the GATOR1 protein complex, comprised
of DEPDCS5, NPRL3, and NPRL2, plays a pivotal role in regulating mTOR signaling in response
to cellular amino acid levels and that mutations in DEPDC5, NPRL3, or NPRL 2 are linked to
FCD, HME, and seizures. Histopathological analysis of FCD and HME tissue specimens resected
from individuals harboring DEPDC5, NPRL3, or NPRLZ2 gene mutations reveals hyperactivation
of mTOR pathway signaling. Family pedigrees carrying mutations in either DEPDC5 or NPRL3
share clinical phenotypes of epilepsy and MCD, as well as intellectual and neuropsychiatric
disabilities. Interestingly, some individuals with seizures associated with DEPDC5, NPRL 3, or
NPRL 2 variants exhibit normal brain imaging suggesting either occult MCD or a role for these
genes in non-lesional neocortical epilepsy. Mouse models resulting from knockdown or knockout
of either Depdc5 or Npr/3 exhibit altered cortical lamination, neuronal dysmorphogenesis, and
enhanced neuronal excitability as reported in models resulting from direct mTOR activation
through expression of its canonical activator RHEB. The role of the GATORL1 proteins in
regulating mTOR signaling suggest plausible options for mTOR inhibition in the treatment of
epilepsy associated with mutations in DEPDC5, NPRL3, or NPRLZ.
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1| INTRODUCTION

Progress in understanding how gene mutations produce malformations of cortical
development (MCDs) and epilepsy is occurring at a rapid pace. Mutations in mechanistic
target of rapamycin (mTOR) pathway regulatory genes, for example, phosphotidylinositol-3
kinase (P/3K), protein kinase B (AK73), STE20-related kinase adapter protein alpha
(STRADA), Ras homolog enriched in brain (RHEB), and MTOR, have emerged as playing
key roles in producing MCDs that are highly associated with intractable epilepsy. Greater
understanding of the mTOR signaling cascade has allowed progress beyond simple
genotype-phenotype correlations to determine the consequences of mutations on cell and
network function and to define new strategies for precision treatment modalities.

Malformations of cortical development linked to mutations in genes encoding regulators of
mTOR cascade activity have been termed “mTORopathies.”! The paradigm disorder to
understand mTORopathies is tuberous sclerosis complex (TSC), in which inherited or
sporadic loss-of-function mutations in the mTOR regulators 7SCZ or TSCZresult in
constitutive hyperactivation of mTOR kinase activity in the fetal brain. As a consequence,
focal cortical dysplasias (FCDs; tubers) form during fetal brain development that cause
significant network disruption, and are highly associated with both infantile spasms and
intractable epilepsy.2 Over the past few years, the phenotypic spectrum of MCDs linked to
mTOR cascade mutations has expanded to include a range of MCD subtypes spanning FCD
types Ila and 11b to widespread hemispheric and whole brain abnormalities, for example,
hemimegalencephaly (HME) and megalencephaly (ME), respectively.3-® The molecular and
cellular mechanisms responsible for these phenotypic differences remain to be fully defined.

The central tenet for conceptualizing mTORopathies is that mutations in distinct genes
within the mTOR cascade culminate in common phenotypic features including mTOR
signaling pathway activation, abnormal neuronal morphology, aberrant cortical laminar
structure, neuronal hyperexcitability, and clinically, seizures.”=9 Indeed, the net cellular
effects of mTOR pathway mutations seem to funnel through mTOR complex 1 (mTOR and
its binding partner raptor; mTORCL1) as a common signaling node, since in vitro and in vivo
data demonstrate reversibility of both structural and functional (eg, hyperexcitability) effects
of these mutations by pharmacologic mTOR inhibition with rapamycin or related
compounds known as rapalogs.810

Recently, germline and somatic loss-of-function mutations in DEP domain containing 5
(DEPDC5) and Nitrogen Permease Regulator - Like 3 (MPRL3) genest! that code for
protein components of the GTPase-activating protein (GAP) activity toward Rags 1
(GATORL1) protein complex have been identified in focal epilepsies associated with
MCDs*6:12.13 (Figure 1). Subsequent studies have identified mutations in another GATOR1
component, the Nitrogen Permease Regulator Like - 2 protein (MPRLZ) in focal onset
epilepsy, variably associated with MCDs.14-16 DEPDC5, NPRL3, and NPRL2 have been
identified as putative tumor suppressor genes that are individually deleted in multiple
cancers and cancer cell lines. Whereas TSC1 and TSC2 proteins regulate mMTORC1 in
response to growth factor signaling, the GATOR1 complex regulates mTORCL1 signaling in
response to fluctuating cellular amino acid (AA) levels through a complex and elegant
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protein signaling pathway (see below Figure 2). GATOR1 components function as GAPs
that inhibit mTORCL1 activity by inactivating the Rag GTPases. When AA levels are low,
GATOR1 signals to inhibit mMTORC1; when AA levels are adequate, GATORL releases
MTORCL inhibition so that mMTORC1 can signal in response to growth factors and promote
cellular growth.

GTPase-activating proteins activity toward Rags 1 complex mutations are a frequent cause
of focal epilepsies and may suggest a unique subset of mTORopathies functionally
subclassified as “GATOROopathies.” For example, NPRL 3 variants have been linked to
familial and sporadic FCD type lla, characterized by cytomegalic dysmorphic neurons and
severe dyslamination. DEPDC5 variants have been identified in FCD type lla and HME as
well as a number of different epilepsies including sleep-related focal hypermotor epilepsy,
familial focal epilepsy with variable foci, and interestingly, nonlesional neocortical epilepsy.
12,14-18 pEPDC5 and NPRL 3 gene variants have been linked to seizures, intellectual
disability, language delay, anxiety, attention-deficit disorder, and autism spectrum disorder.
The exact mechanisms through which GATOR1 complex loss-of-function mutations lead to
altered structural assembly of the cerebral cortex and seizures remain to be defined, although
a number of preclinical studies using cell culture and mouse models have begun to shed light
on these processes.

We recently presented an Investigator’s Workshop (IW) at the 2018 AES meeting in New
Orleans, LA, addressing the collective associations between GATOR1 complex gene
mutations and human epilepsy syndromes (“GATORopathies”). The genetics of GATOR1
component mutations and individual epilepsy syndromes, the cell biology of the GATOR1
proteins, and mouse models of mMTORopathies to investigate the mechanisms of
epileptogenesis caused by GATOR1 variants were discussed. This review summarizes the
presentations at the IW and proposes new directions for research in epilepsy associated with
DEPDCS5, NPRL3, and NPRL2.

GENOTYPE AND PHENOTYPE IN GATOROPATHIES

The initial association between DEPDC5 and epilepsy was reported in several large
pedigrees with familial focal epilepsy with variable foci (FFEVFL). In these autosomal
dominant pedigrees, there was association of the DEPDC5 variants with distinct epilepsy
subtypes, that is, sleep-related focal hypermotor epilepsy and temporal lobe epilepsy, as well
as neuropsychiatric abnormalities. Imaging data were not included for these pedigrees.1® A
subsequent report identified DEPDCS5 variants in association with bottom-of-the-sulcus
dysplasia or band heterotopia.1® Because DEPDCS5 is a member of the GATOR1 complex, it
was not surprising when mutations in the gene encoding the DEPDC5-binding protein
NPRL3were identified in association with focal onset epilepsy and FCDIla.14-16
Histopathologic analysis of brain tissue resected as part of epilepsy surgery in the DEPDC5
and NVPRL3variant-associated cases revealed hyperactivation of mMTOR signaling evidenced
by hyperphosphorylation of ribosomal S6 protein, a downstream substrate of mTORC1.12.13
Mutations in NPRLZ2have been linked to focal epilepsy with a less clear association with
FCD and mTOR pathway activation.14-16
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It has been estimated that germline variants in the GATOR1 complex genes (DEPDCS,
NPRL3, and NPRL2) are present in approximately 10% of all focal epilepsy cases.20 There
have been over 180 unrelated families described to date with GATOR1 complex mutations,
making the GATOR1 complex among the most frequently mutated genes in focal epilepsies.
A recent comprehensive study highlighted the wide range of phenotypic variability seen in
the GATOROopathies, analyzing the complete clinical spectrum of known GATOR1 variants.
15 In this cohort of 73 unrelated probands, 63 distinct GATOR1 variants were identified, for
example, 53 in DEPDC5, 7 in NPRL3, and 3 in NPRLZ2. Most individuals had focal epilepsy
with variable onset foci, that is, frontal, temporal, frontotemporal, occipital, parietal,
centrotemporal epilepsies (49%) or sleep-related hypermotor seizures (36%), but some of
the probands presented with infantile spasms (10%) or generalized epilepsy (4%). Seizures
started in childhood (mean age 4.4 years, range 0-16 years), with onset in the first year of
life in 30% of cases. Brain imaging was normal in a majority of probands and MCD was
found in only 25% of cases.1® In this cohort, 54% of probands had drug-resistant epilepsy,
and 15% underwent resective surgery, with an Engel Class | outcome in 60% of patients. In
another report, successful surgical remission was achieved in patients with germline
DEPDC5 variants and thus these data demonstrated that detection of germline GATOR1
variants is not a contraindication for epilepsy surgery.1220:21 A major finding was that
sudden unexpected death in epilepsy (SUDEP) occurred in 12% of cases, suggesting that
variants in the GATOR1 genes are associated with increased risk of SUDEP.1° In one series,
DEPDCS5 variants were found in epilepsy with auditory features.22

One challenging mechanistic feature of GATORopathies is that most result from germline
mutations identified in large multiplex pedigrees, and yet the radiologic findings
demonstrate focal MCDs. This of course begs the interesting question of how a
heterozygous germline mutation, affecting all cells in the brain and not causing mTOR
hyperactivation, might cause a focal/ malformation within a restricted brain area associated
with hyperactivated mTOR signaling? This problem had previously faced investigators
working in TSC and was resolved by finding a somatic “second-hit” mutation in the
unaffected gene restricted to cortical tubers.23:24 The somatic mutations plus the germline
mutation yields a functionally homozygous condition, fully inactivating the gene and leading
to loss-of-function of the encoded protein and mTOR hyperactivation. In FCD associated
with germline DEPDC5 mutations, somatic “second-hit” mutations have recently been
identified in DEPDC5 suggesting a mechanism like TSC.25 In contrast, an unresolved
clinical challenge is that while TSC is a multisystem disorder affecting brain, eye, heart,
kidney, skin, and lung, it appears that DEPDC5 or NPRL3 confer a neurologic phenotype,
only with no systemic features.

DEPDC5 and NPRL3 variants are associated with a range of phenotypes including FCDIla,
FCDIIb, HME, and nonlesional neocortical epilepsy and, in part, the phenotypic variability
in GATORopathies may reflect the genomic diversity within these genes. For example, to
date, 140 different variants in the GATOR1 complex genes have been detected in 183
unrelated individuals with epilepsy; 85% DEPDC5, 11% NPRL3, 6% NPRL2 (see reference
17). Among these, 67% of the probands had loss-of-function variants, leading to
haploinsufficiency and 27% are missense variants.1®> A novel, predicted pathogenic variant
in NPRL 3 (c.349delG, p.Glull7LysFS) was recently linked to a Mennonite cohort from
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Ohio that was highly associated with an epilepsy phenotype.28 Ongoing studies are
assessing the genotype-phenotype correlations in two large pedigrees in the Mennonite
community from Pennsylvania and Ohio of epilepsy resulting from single Founder variants
in NPRL3or DEPDC5. Amazingly, despite the fact that all affected individuals in these
pedigrees share the same Founder mutations, there is high clinical variability across
epilepsy, intellectual disability, and neuropsychiatric phenotypes, suggesting that intragenic
differences within the GATOR1 genes are not likely to be the cause of the wide phenotypic
spectrum seen in the GATOROopathies (V. Carson, personal communication). Possible
explanations include effects of somatic “second-hit” mutations, modifier genes for each
phenotype, or contributions from the exposome, that either increase or decrease the
likelihood of developing seizures or MCDs within individuals affected by either DEPDC5 or
NPRL 3 variant.

3| CELL BIOLOGY OF THE GATOR1 COMPLEX

The GATOR1 complex is the key regulatory complex within the amino acid modulatory arm
of the mTOR cascade composed of DEPDC5, NPRL2, and NPRL3, which regulate mTOR
activation in response to ambient cellular amino acid levels! in concert with several other
protein complexes (Figure 2). This portion of the mTOR cascade serves to either permit or
inhibit mTORCL1 kinase activity when amino acids are replete or reduced within the cell,
respectively. GATORL1 alters the nucleotide-loaded state (GTP or GDP) of the Rag proteins
on the lysosomal membrane to prevent the mTORC1 complex from localizing to the
lysosomal membrane and carrying out its kinase activity in the absence of amino acids. The
Rag proteins are heterodimers (Rag A/B and Rag C/D) tethered to the lysosome by the
protein complex Regulator that acts as a dock for mTORC1.2” The GATOR1 complex has
two effector modes: an inhibitory mode and a “GAP” mode. In the “GAP” mode, the
heterodimer of NPRL2-NPRL3 exerts GTPase activity on the Rag A protein.28 In the
inhibitory mode, DEPDCS interacts directly with Rag A and prevents the GTPase activity.
While GATOR1 acts on Rags A/B, a separate protein complex, folliculin/folliculin-
interacting protein 1 (FLCN-FNIP1), controls the nucleotide binding state of Rags C/D. In
this paradigm, when amino acid levels are low, GATOR1 acts on Rags A/B to inactivate it
(GDP bound) and FLCN-FNIP1 sits on the lysosomal surface ready to activate Rag C/D.
When amino acids are replete, FLCN-FNIP1 will hydrolyze the GTP on Rags C/D thereby
activating it and permitting mTORC1 to return to the lysosomal membrane.29-30

To inhibit mMTORC1, GATOR1 must be recruited to the lysosomal surface. This is achieved
by the four-protein complex KICSTOR composed of Kaptin (KPTN), Seizure Threshold 2
Protein Homolog (SZT2), Chromosome 12 open reading frame 66 (C120rf66), and Integrin
Alpha FG-GAP Repeat Containing 2 (ITFG2). Indeed, cells lacking components of the
KICSTOR complex are insensitive to amino acid starvation, and GATOR1 and mTORC1
stay localized to the lysosomal surface.3! It remains unknown how KICSTOR recruits and
interacts with GATORL1 to chaperone it to the lysosomal surface.

GATOR1 receives signaling cues from amino acid sensors located in both the lysosome and
cytoplasm that either inhibit or disinhibit GATOR1 to modulate mTORC1 activity. There are
two known mTOR pathway—associated amino acid sensors that detect intracellular arginine,
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an essential amino acid important for proper cell division. Cytosolic levels of arginine are
detected by the protein Cellular Arginine Sensor for mTORC1 (CASTOR1). CASTOR1 is a
homodimeric protein complex that binds to GAP Activity Towards Rags 2 (GATORZ2; a
poorly defined pentameric protein complex) when cytosolic arginine levels are low and
allosterically inhibits it.32-34 GATOR?2 inhibition results in the release of GATOR1 and
mTORC1 signaling is prevented. In arginine replete conditions, binding of arginine to
CASTORL1 prevents its association with GATOR?2 and thus GATOR1 is inhibited and
mTORCL1 can localize to the lysosome.32-34

SLC38A9 is an additional arginine sensor that serves to detect intra-lysosomal levels of
arginine and aids in the transport of amino acids out of the lysosome.32:36 S| C38A9
modulates mMTORC1 kinase activity in a GATOR1-independent fashion, modulating the
GTP/GDP bound state of the Rag heterodimers.3 In contrast to GATOR1, which actively
inhibitsmTORC1 when amino acids are scarce, homeostatic levels of intra-lysosomal
arginine actively stimulate mTORC1 via SLC38A9 interaction with the Rag proteins and
actively inhibits mMTORC1 when arginine is scarce through a series of transmembrane
domains. Furthermore, SLC38A9 is an avid transporter of leucine and to a lesser degree
transports isoleucine, tyrosine, valine, and phenylalanine out of the lysosome. However,
SLC38A9 does not efficiently transport arginine out of the lysosome as evidenced by lack of
change in arginine concentration within the lysosome in SLC38A9 null cells. In addition,
intra-lysosomal arginine levels are important in facilitating the transport of other amino
acids out of the lysosome. In both live cells and in purified lysosomes, arginine deprivation
increased lysosomal leucine concentration and stimulation of these systems, and the addition
of arginine resulted in a release of leucine from the lysosome. A similar but less potent
arginine-dependent release of lysine was also observed.38

Signaling to GATORL1 in response to cytosolic changes in leucine (an essential amino acid
important in protein biosynthesis) levels is accomplished through the proteins Sestrins 1 and
2 (Sestrins 1/2).39 Cytosolic leucine binds Sestrins %, which inhibit its binding to GATOR2
and mTORC1 remains active.0 Sestrins 1/2 also bind amino acids similar to leucine
including methionine, isoleucine, and valine, albeit with lesser affinity. Indeed, in instances
where leucine is low, Sestrins 1/2 may bind methionine instead.#%-42 Methionine, however,
has its own amino acids sensor. The S-adenosylmethionine sensor upstream of mMTORC1
(SAMTOR; formerly C7orf60) binds directly to, and inhibits, GATOR1 under methionine
replete conditions. Indeed, both KICSTOR and GATORL, but not GATORZ, are required to
inhibit mTORCL1 signaling during methionine starvation, indicating that SAMTOR acts
independently of GATOR?2 (unlike Sestrins 1/2 and CASTOR) to inhibit mTORC1.43

Most of the experiments defining the components of the amino acid modulatory arm of the
mTOR pathway have been performed in non-neuronal cell lines. Recent studies in neurons,
however, have shown how DEPDC5 and NPRL3 may modulate neural activity and
epileptogenesis.2544-46 A recent study demonstrated that knockdown of Depdc5 or Nprl3
caused mTOR-dependent increases in cell size and process outgrowth in Neuro2a cells (N2a
cells; a neuroblastoma cell line) and in mouse neural progenitor cell.** Furthermore, Depdc5
or Npri3knockdown altered disrupted colocalization of mTOR to the lysosome after
incubation in amino acid-free media (Figure 3). These data demonstrated that GATOR1
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regulates mTOR pathway activity base on amino acid availability in neuronal cells. Multiple
gene variants within this cascade including NPRL24 STZ247-49 KPTN,5051 and
C120rf66°2 have been associated with epilepsy and have not yet been fully functionally
validated in neurons. Progress in our understanding of the neurologic function and
pathophysiologic consequences of loss-of-function in these proteins will surely provide
novel treatment targets for epilepsy and MCD.

EPILEPTOGENESIS AND MTOR-GATOR SIGNALING

The mechanisms by which loss-of-function mutations in DEPDC5, NPRLZ2, or NPRL3
cause hyperexcitability and seizures remain to be fully defined. Indeed, ongoing studies are
focused on understanding how activation of mTOR kinase whether by a gain-of-function
mutation in a pathway activator, that is, PISKCA, AKT3, RHEB, or MTOR itself versus a
loss-of-function mutation in a pathway inhibitor, that is, PTEN, 7SC1, TSC2, and STRADA,
culminates in MCD and network hyperexcitability. The translational classification of
mTORopathies and “GATORopthies” serves to link mechanisms of mTOR activation with
potential therapeutic and disease-modifying approaches using not only mTOR inhibitors, but
also manipulation of alternative pathways and proteins that might dampen mTOR activation.
A number of preclinical rodent model systems have been developed to study the effects of
either overexpression of mTOR activators or knockdown (KD) or conditional knockout (KO)
of mTOR inhibitors on cortical development, cell morphology, and network excitability
(Figure 4). There are interesting commonalities to each model system, although the precise
mechanisms culminating in seizures for each may be similar or distinct. Conditional KO of
Pten, Tscl, or Tsc2in mice leads to dramatic alterations in brain architecture, enhanced
neuronal size, and variably, spontaneous seizures.10 Similarly, overexpression of Akz3,
Rheb, or Mtor containing activating mutations also causes cytomegaly, cytoarchitectural
disorganization in the cortex, and seizures.8:53:54 Targeted KD of Strada causes FCD and
cytomegaly in the mouse cortex®:6 but the Strada germline KO exhibits a perinatal lethal
phenotype,’ so a seizure phenotype has not been yet reported.

A number of Depdc5 transgenic strains have been described in several species. For example,
a zebrafish model generated with antisense morpholino oligonucleotides causing depacs
loss-of-function KD exhibits hyperkinesia, circular swimming, and increased neuronal
activity.58 These phenotypic features were reduced upon treatment with rapamycin. A
depdch zebrafish knockout model exhibited spontaneous epileptiform activity, increased
seizure susceptibility, reduced motor activity, and premature death at 2-3 weeks
postfertilization®® in association with hyperactivation of mTOR signaling. A Depdc5 KO rat
was generated using TALEN technology.*6 Depac5(—/-) embryos died by embryonic day
14.5 and exhibited constitutive mMTORC1 hyperactivation in fibroblasts and brain. Prenatal
treatment with rapamycin rescued the phenotype of Depdc5(—/-) embryos. These studies
provide strong evidence that biallelic inactivation of DEPDC5 is necessary to cause mTOR
hyperactivation, akin to what has been described in human MCD tissue specimens.24:25
Conversely, Depdc5(+) rats developed normally and did not exhibit spontaneous seizures but
had altered cortical neuron excitability. Depdc5(+) rats displayed cortical cytomegalic
dysmorphic neurons expressing increased phosphorylated S6, indicative of mMTORC1
upregulation. A conditional Depadc5™0%/flox_Syn1C" mouse strain exhibits brain enlargement
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and cytomegalic dysmorphic neurons throughout the cortex8 in association with mTOR
hyperactivation. These Depdc570%/fox_Syn1Ce mice also have lowered seizure thresholds,
with decreased latency to seizures after chemo-convulsant exposure and increased mortality
following pentylenetetrazol-induced seizures. A Depdc5-null mouse model generated using
CRISPR mutagenesis causing a double-stranded break in Depdc5 exon 2 exhibited reduced
body size, anemia, diffuse edema, altered cranial structure, and abnormal cardiovascular
development in association with mTORC1 hyperactivity and early embryonic lethality.1 Of
interest, in the heterozygous mice, no cortical structural abnormalities were identified, and
neither spontaneous nor induced seizures were detected.

Two recent studies using CRISPR-editing of Depdc5 in the rodent cerebral cortex
demonstrated abnormal electrical bursts and clinical seizures associated with experimentally
induced FCD following CRISPR-editing of Depdc5 by in utero electroporation.254% In a rat
model*® two short guide RNAs (JRNAs) were used to target rat Depdc5 either at exon 8 or
exon 12 by in utero electroporation on embryonic day 13. Analysis of these animals on
postnatal day 21 revealed enlarged neuronal somata in association with hyperactivated
mTORCL1. All electroporated rats exhibited interictal electroencephalography (EEG)
abnormalities and spontaneous seizures. In a mouse model,2> gRNAs targeting exon 16 of
Depdc5 were transfected by in utero electroporation into fetal mouse brains at embryonic
day 14.5. These animals showed a clear FCD with migration abnormalities and enlarged
cells demonstrating enhanced mTORCL activity. These animals exhibited spontaneous
seizures, interictal EEG abnormalities, and even sudden death (Figures 1-3).

To further study the mechanisms of epileptogenesis and hyperexcitability in mTORopathies
vs GATORopathies, a plasmid encoding a constitutively active form of the mTOR activator
Rheb (RhebCA 8.9) was introduced to the fetal mouse brain by in utero electroporation. Rheb
was selected for comparative genetic manipulation because two recent studies have reported
gain-of-function mutations in RHEB leading to MCD associated with epilepsy®2:63 and
because Rheb integrates both the canonical growth factor signaling vector and the ATP-
AMP-AMPK-dependent vector, thus allowing comparison with the amino acid signaling
arm of the mTOR pathway. In addition, from a methodologic perspective, RhebCA
expression rapidly (6-8 hours) activates the mTOR pathway as compared to other
experimental strategies such as conditional transgenic mice, small hairpin RNA (shRNA), or
CRISPR/Cas9 vectors because the timing of mMTORC1 activation depends on the half-life of
the KD/KO protein of interest. Comparing Rheb®* and CRISPR/Cas9 Depc5 editing
models, both animal groups exhibit Racine grade 4/5 seizures, thus demonstrating how each
leads to network hyperexcitability. Both models exhibit similar histopathologic
abnormalities including cortical dyslamination with severe neuronal misplacement and white
matter heterotopia, and abnormal neuronal morphology characterized by increased soma size
and altered dendritic complexity (Figure 4). Patch-clamp recordings in the animals reveal
increased cell capacitance and decreased membrane resistance in the Rheb®* model.
Astrogliosis and microglial activation, and increased axonal length, are observed in the
RhebCA-model and in the Depdc570X/flox_Syn 1€ mouse.8:64.65 Of interest, as in 75¢2cKO
mice,56 the degree of mTOR hyperactivity correlates with the severity of epilepsy and
associated neuropathology including soma size and misplacement Rheb®A plasmid model.8°
These findings suggest that there are commonalities to the effects of mTOR pathway gene
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variants, but specific gene variants may lead to different levels of mMTORC1 activation and
thus differentially impact cortical development. As investigators look to foster clinical trials
in mTORopathies and GATORopathies, it may be important to evaluate the effects of
individual variants on mTOR activity.

In contrast, although mTORopathies and GATORopthies are linked through the mTORC1
kinase signaling node, there are some differences between each of the models. For example,
although RhebCA expression or Depc5 loss leads to conserved alterations related to cell
misplacement and hypertrophy, there are differences in the effects of membrane properties
and synaptic connectivity in the same type of neurons. RhebCA-expressing cortical
pyramidal neurons display decreased dendritic spine density and a major (80%) decrease in
the frequency of excitatory postsynaptic synaptic currents, that is, functional inputs (Figure
4), although Depc5 mutant neurons displayed a small but significant increase in the
frequency of excitatory postsynaptic currents. Although both gene effects culminate in
mTORC1 hyperactivity, the differential effects of each may depend on cell-autonomous
functions of the different genes being manipulating, such that Rheb and DEPDC5 may affect
parallel pathways independent of mTOR. For example, the work on Pter™!! neurons
compared to 7scZ™! neurons recorded in the same culture conditions suggests signaling
differences in which loss of Pfen led to an increase in both excitatory and inhibitory
neurotransmission, while loss of 7scZ did not affect excitatory neurotransmission and
reduced inhibitory transmission.6” Collectively, the impact of mTOR pathway gene deletion
or constitutive overactivation on synaptic connectivity and cell excitability will likely share
some common features due to signaling through mTOR, but there may also be differences
due to differential effects of individual proteins on other signaling cascades. There will
likely also be region- and cell-specific effects that yield differential effects in distinct cortical
or subcortical regions.

SUMMARY AND CONCLUSIONS

Mutations in DEPDCS5, NPRL3, and NPRLZ2are highly associated with medically
intractable epilepsy as well as with MCDs including FCD and HME. The effects of these
gene mutations are heterogeneous, with multiple phenotypes including seizures, MCD,
autism spectrum disorder, and perhaps most important, SUDEP. Because loss-of-function
mutations in DEPDC5 or NPRL 3 are associated with mTORCL1 hyperactivation both in
experimental models and in resected human tissue, clinical trials with mTOR inhibitors such
as sirolimus or everolimus may provide new avenues for therapy in these individuals.
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Key Points

Mutations in GATOR1 complex genes DEPDC5, NPRL3, NPRL2 are highly
associated with focal epilepsy.

Clinical phenotypes associated with DEPDC5, NPRL3, NPRLZ2 mutations are
variable and include both non-lesional cases and cases associated with MCD.

The GATOR1 complex modulates mTOR pathway signaling in response to
cellular amino acid levels.

There are a number of unique animal model systems that have been developed
to study how DEPDC5 mutations cause network excitability and seizures.

RHEB is a key mTOR regulatory protein that can used to study effects of
mTOR hyperactivation on brain structure and neuronal excitability.
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FIGURE 1.
Magnetic resonance imaging (MRI) showing focal cortical dysplasia (arrows) in a 5-year-old

child with NPRL3 (c.349delG, p.Glull7LysFS) mutation. A, Axial T1-weighted image; B,
axial T2-weighted image; C, Sagittal T1-weighted image
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FIGURE 2.
Schematic of the amino acid modulator arm of the mammalian target of rapamycin (nTOR)

pathway. The canonical mTOR pathway (gray) and its relationship to the amino acid
modulatory arm of the mTOR pathway is depicted. Several amino acid sensors (green) have
been defined. The amino acid sensors SAMTOR, Sestrin 1/2, and CASTOR impact
mTORC1 signaling by directly or indirectly disinhibiting the GATOR1 complex (blue).
SLC38A9 functions as both an amino acid sensor and amino acid transporter coupled to the
Ragulator-RAG GTPase complex. Within the amino acid modulatory arm, multiple proteins
have been linked to cortical malformations and epilepsy including known variants in the
components of GATORL: DEPDC5, NPRL3, NPRL2and multiple components of the
KICSTOR complex: KPTN, SZT2, and C12 orf66
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FIGURE 3.
Functional and morphologic changes in neuronal cells after Depde5 or Npri3knockdown

(modified from reference 44). A, Schematic representation of the consequences (red arrows)
of loss-of-function in amino acid modulatory arm proteins (red x’s). Loss-of-function in
amino acid regulatory arm protein results in a lack of inhibition of mMTORCL1 by the GATOR
complex (dark blue) resulting in increased localization of mTOR to the lysosomal membrane
(B) and thus increased mTOR pathway activation (C) under physiologic and amino acid
deprivation conditions. Loss-of-function in these proteins also produces changes in cellular
morphology (D). B, Using a fluorescence intensity colocalization assay and three-
dimensional (3D) reconstruction of regions of interested (white dashed boxes) where regions
of purple (arrows) indicated colocalization between the lysosome (LAMP2, red) and mTOR
(light blue), we observed a higher degree of colocalization between the lysosome and mTOR
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after Depdc5 or Npr/3 KD and incubation in amino acid free media vs scramble and WT
cells under the same conditions. WT N2a cells in complete media display similar degrees of
colocalization as what was observed in Depdc5 or Npr/3 KD N2a cells in amino acid free
media. C, After Depdc5 or Npri3knockdown in N2a cells, there is increased mTOR
pathway signaling, as measured by ribosomal S6 phosphrylation (PS6), in both physiologic
(DMEM, serum free) and amino acid free media compared to scramble control and WT N2a
cells. Using FACS forward scatter analysis (D), Depdc5 or Npr/3 KD N2a cells were
compared to scramble control transfected cells. Deflections to the right indicate large cells.
Depdc5 or Nprf3 KD cells are larger than scramble control transfected cells (n = 100,000 per
group). AAF, amino acid free; DEP, Depdc5; GFP, green fluorescent protein; LAMP2,
lysosomal-associated membrane protein 2; N2a, Neuro 2a cells; scram, scramble control;
WT, wild-type (see text for abbreviations).
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FIGURE 4.

Conserved and nonconserved cellular abnormalities in mTOR-related MCDs (Figure
modified from 8, 9). A, Mice were electroporated with GFP (control) or varying
concentrations of GFP* RhebC plasmids at E15, targeting layer 2/3 neurons in the cortex.
Pups were screened for successful electroporation via GFP expression at PO. Mice were
monitored with video-EEG recording for 57 consecutive days at 2-4 mo of age and
afterward euthanized for histologic and immunohistochemical analysis. Scale bar: 50 um. B,
Quantification of soma areas of layer 2/3 GFP* cells in coronal sections from P28 control
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and RhebCA-electroporated mice shows neuronal enlargement. Areas were normalized to
control soma area (n = 25 cells, three mice per condition, ftest). C, D, Sholl analysis and
representative traces of dendrites (n = 5-7 cells, three or four mice per condition, RM two-
way ANOVA, Bonferroni post hoc). Shaded areas indicate radii where £<.05. E, F, Spine
density quantification and images of basal dendrites in control and Rheb®A neurons (n =
9-13 branches, three mice per condition, ftest) (Magnification: +, 100x). G, Representative
traces of spontaneous (s) EPSCs recorded from layer 2/3 neurons for each condition.
RhebCA expression decreases SEPSC frequency (n = 8 or 9 neurons from four or five mice
per condition). Scale bar: 20 pA per 0.2 s. *P<.05; ***P<,001; ****P<,0001. All data are
presented as mean + SEM. H, Table demonstrating similarities and differences between
Tscl, Tsc2, Rheb®A, and Depdc5 animal models systems (see text)
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