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Chapter 1: Introduction

Seizures and epilepsy

1. Definitions of epileptic seizure and epilepsy

Epilepsy is one of the most common neurologic disorders, affecting more than 65 million people worldwide
and 2.2 million people in the United states (/). Approximately 4% of individuals will develop epilepsy during
their lifetime (2). Although epilepsy may affect people of all ages, it has a bimodal onset, most often
occurring in childhood and older adulthood. Epilepsy is associated with a wide spectrum of devastating
neuropsychiatric comorbidities including depression, bipolar disorder, attention-deficit/hyperactivity disorder
(ADHD), movement disorders and cognitive deficits (3). Compared to the general population, individuals
with epilepsy are at substantially increased risk for premature death, and sudden unexpected death in epilepsy
(SUDEP) is the most frequent cause of this mortality. In addition, individuals with epilepsy suffer from social
discrimination (4). Given the relatively high prevalence and adverse effects on quality of life, the epilepsies
represent a substantial health and economic burden on patients, their families, the community, and society as a

whole (5).

In 2005, the International League Against Epilepsy (ILAE) and the International Bureau for Epilepsy (IBE)
proposed a definition for an epileptic seizure as “a transient occurrence of signs and/or symptoms due to
abnormal, excessive or synchronous neuronal activity in the brain” (6). Epilepsy is a pathological state
characterized by recurrent, unprovoked epileptic seizures (7). Epilepsy syndromes imply a persistent
epileptogenic abnormality of the brain itself that is able to spontaneously generate paroxysmal activity,
independent of any acute insult or condition (8). The traditional definition of epilepsy requires at least two
unprovoked seizures. In 2014, an ILAE task force revised the definition of epilepsy as a disease of the brain
defined by any of the following conditions: 1) At least two unprovoked (or reflex) seizures occurring >24 h

apart; 2) one unprovoked (or reflex) seizure and a probability of further seizures similar to the general



recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years; 3) diagnosis of

an epilepsy syndrome (9).

2. Classification of seizures and epilepsies

Classification of seizures and epilepsies plays a critical role not only in guiding clinical management, but also
in epilepsy research and in development of new treatments for this disorder. Recently, the ILAE released a
2017 version of the classification of epileptic seizures (/0, /) and epilepsies (/2) in an effort to have

concepts and terminology that reflected the advances in understanding and knowledge of these disorders.

The 2017 seizure classification is based mostly on signs and symptoms of seizures (/3) and presents both
basic and expanded versions. The basic version maintained the overall frame work of the 1981 seizure
classification (/4) and the revision in 2010 (/5), with minor modifications (Figure 1-1). Based on the type of
onset, seizures are first divided into three categories: focal onset (formerly called partial), generalized onset,
and unknown onset seizures (/0, 17). Focal onset epileptic seizures are defined as “originating within
networks limited to one hemisphere”. A seizure can begin focally and later generalize. For focal seizures,
level of awareness is the next (optional) classifier. Focal aware or impaired awareness seizures may be
further classified into motor or non-motor onset subdivisions. Generalized onset seizures are conceptualized
as “originating at some point within, and rapidly engaging, bilaterally distributed networks”, which do not
necessarily include the entire cortex and can be asymmetrical (15, /6). Generalized seizures are divided into
motor and nonmotor (absence) seizures. Level of consciousness is not a classifier for generalized seizures
since awareness is almost always impaired. The third category of unknown onset may later be reclassified
into focal or generalized categories with further information. In this regard, unknown onset is a placeholder
rather than a characteristic of the seizure. It is useful to describe certain commonly encountered entities (/3).

The most important seizures of unknown onset include tonic-clonic seizures, epileptic spasms, and nonmotor



seizures with behavioral arrest. The expanded seizure classification is built on the framework of the basic

classification with more details (Figure 1-2).

In addition to the new classification of seizures, the ILAE also released a new classification of the epilepsies
(12). The 1989 classification (/7) has been used widely for research and clinical management. Revisions to
these classifications have been recommended based on advances made in the last 3 decades, and a proposal
was published in 2010 (/5). The new 2017 classification of the epilepsies provides a framework of three
levels (Figure 1-3). The classification process starts with diagnosis of the seizure type, which is outlined in
the accompanying paper mentioned above (/7). In some cases, it may not possible for the clinician to
progress past the classification of seizure type, either due to inadequate information available or limited
clinical testing resources. Otherwise, the next step is to assume that the patient has a diagnosis of epilepsy
based on the 2014 definition (9) and determine the epilepsy type. The epilepsy types include focal,
generalized, combined generalized and focal, and also an unknown epilepsy group. As a new category in the
2017 classification, the “combined generalized and focal” type was added to capture patients who have both
types of seizures, such as those with Dravet syndrome and Lennox-Gastaut syndrome. The third step in
classification is a diagnosis of the epilepsy syndrome, which refers to a cluster of features incorporating
seizure types, EEG, and imaging features that tend to occur together. Certain syndromes are associated with
distinct age-related feature, comorbidities and EEG or imaging findings, as well as specific implications
regarding etiology, prognosis and treatment. Identification of epilepsy syndromes is a rapidly growing field
and there has been no official classification of epilepsy syndromes by ILAE. Idiopathic generalized epilepsies
(IGE) is a well-recognized subgroup of generalized epilepsies, but the clinician has the option of using

“genetic generalized epilepsy (GGE)” when appropriate.

It is recommended that as soon as patients present with their first epileptic seizure, clinicians should begin

considering its etiology. In accordance, the revised classification includes six etiologic subgroups with



implications for treatment: structural (genetic or acquired or both), genetic, infectious, metabolic, immune, as
well as an unknown group (Figure 1-3). More than one etiological category can apply to a patient’s epilepsy,

and the clinical importance of each may vary depending on the circumstance.

The ILAE 2017 seizure and epilepsy classification will not be a final classification and some aspects of the
new classification still need to be clarified (/8). New classification schemes will continue to evolve as

knowledge about epilepsy pathophysiology and genetics grows.

Genetic epilepsy syndromes

In approximately 20-30% of epilepsy cases, acquired factors are thought to contribute to epileptogenesis,
such as trauma, viral infection, stroke, tumor, inborn brain malformations, etc. (9). However, the remaining
70-80 % of cases have no obvious causes and are usually believed to have a genetic basis, referred to as
genetic epilepsies (GEs) (/9). There is substantial evidence for a genetic contribution in epilepsies through
twin and family studies. Twin studies demonstrated that the concordance of epilepsy in monozygotic twins
exceeds that in dizygotic twins (20, 27). Epidemiologic studies have estimated that the cumulative incidence
of epilepsy to age 40 was 4.7% among relatives of all probands, and risk was increased 3.3-fold (95%

confidence interval 2.75-5.99) compared with population incidence (22).

The concept of a GE is that it results directly from a known or presumed genetic mutation in which seizures
are a core symptom of the disorder (/2). GEs consist of multiple epilepsy syndromes that vary in severity
from the relatively benign febrile seizures (FS) and childhood absence epilepsy (CAE) to the more severe
generalized epilepsy with febrile seizures (GEFS+). A subpopulation of GEs is associated with severe
recurrent seizures and neurodevelopmental impairment that has been referred to as an epileptic

encephalopathy (EE). It should be noted that there is no widely accepted list of GE syndromes. Some



syndromes can be produced by either genetic or acquired factors. For example, the majority (60%-75%) of
cases of Infantile Spasms (IS) result from acquired factors such as hypoxic ischemic encephalopathies,
cerebral malformations, or neonatal infections. However, the remaining 25%-40% have no known acquired

source and their syndrome is thought to have a genetic etiology.

1. Genetic architecture of epilepsies - the range of variants predisposing to human epilepsy

Epilepsy genetics can be conceptualized under two broad headings: monogenic epilepsies in which a single
variant of large effect (either inherited or de novo) is considered causative and complex genetic epilepsies in
which a presumed combinatorial effect of multiple susceptibility variants is thought to underlie the disease

(23).

1) Size

Genetic risk factors predisposing to human epilepsies may span a continuum of scale, ranging from changes
in single base pairs to chromosomal rearrangements (24). Between both extremes are copy number variations
(CNVs), which are small deletions or duplications of segments of DNA larger than 1 kB (typically de novo).
CNVs in the form of microdeletions or microduplications are important molecular causes of GE, with ~10%
of studied individuals with complex epilepsy phenotypes showing a causative or potentially contributing CNV

(25, 26).

2) Inheritance pattern
Genetic risk factors for GEs may occur in familial epilepsies in large pedigrees that can be inherited in a

dominant or recessive fashion or can arise de novo in the affected patient (Figure 1-4).

Monogenic epilepsies or Mendelian epilepsies, which are often “monogenic, simple, and rare” epilepsies,
account for about 2% of all epilepsy cases. Monogenic epilepsies may show variable penetrance and variable
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degrees of severity of the epilepsy. For dominant transmission, a genetic change in a single copy of the gene
is sufficient to cause epilepsy through a dominant mechanism (such as gain of function, dominant negative, or
haploinsufficiency). This is the case in many familial epilepsy syndromes such as GEFS+ that are associated
with mutations in GABRG?2 or SCNIA. Recessive epilepsies are caused by mutations in both disease alleles.
They tend to be severe and progressive, often associated with deficiency of an enzyme or cofactor. The above
examples affect the autosomes. However, GEs can be transmitted through the X chromosome in a dominant
(e.g., CDLK5) or recessive (e.g., ARX) fashion, displaying a variety of sex-related phenotypic patterns.
Mutations in the mitochondria can follow autosomal recessive or maternal inheritance (27). An increasing
number of epilepsies are found to be due to de novo mutations. In these cases, the mutation is found in the
affected proband, but is absent in both unaffected parents. These mutations can be conceptualized as dominant
mutations, which probably occur in the gamete or early in embryogenesis. However, in most cases, there is
no transmission in families, as the patients are severely affected and do not have children. In the severe EEs,
there is an increasing focus on de novo mutations, as recent studies suggest that this mechanism explains a

significant number of cases (2§).

However, the vast majority of GEs are complex genetic diseases exhibiting a polygenic inheritance, in which
both common and rare variants of susceptibility genes, possibly in combination with environmental factors
contribute to the penetrance and expressivity in affected individuals. This genetic complexity is consistent
with the report that many deleterious mutations in ion channel genes can be found in healthy individuals
without epilepsy (29). The identification of genetic risk factors in complex GEs occurs through association
studies, and the recruitment of large patient cohorts having sufficient power for reliable results has been a
long-standing weakness of the field (30). Attempts to identify variants that confer susceptibility to complex
epilepsy using GWAS have identified few contributory variants, most likely because of small sample sizes in

the epilepsy GWAS to date (37). Thus, the complex inheritance of GEs is poorly understood at present (24).



3) Human Epilepsy (hEP) Genes — the synaptopathy era

Human GEs have been associated with mutations of many genes, referred to as human epilepsy (hEP) genes.
In the majority of the monogenic epilepsies, the mutated genes encode ion channel subunits (voltage-gated
and ligand-gated ion channels) that determine neuronal excitability and whose gain or loss of function result
in abnormal generation and propagation of action potentials. This led to the “channelopathy” concept, which
postulates ion channel dysfunction as the key pathological mechanism underlying GEs (32, 33). Mutations of
ion channel subunit genes that either increase excitatory or reduce inhibitory neurotransmission would
produce neuronal hyperexcitability, thereby predisposing individuals harboring the mutant gene to experience

seizures.

In addition to ion channels, recent genetic studies identified additional epilepsy-related synaptic proteins, such
as K'—CI cotransporter KCC2 (SLC12A45) (34), synaptic Ras-GTPase-activating protein (SYNGAPI) (35), and
synaptic adhesion molecule Caspr2 (CNTNAP2) (36). This accumulating evidence has expanded the

epileptogenesis of GEs from channelopathy to synaptopathy (37) .

I will summarize mutations in inhibitory GABA, receptor subunit genes that have been associated with GEs

later in this thesis.

2. Genetic approaches for mutation discovery

Genetic testing in epilepsy patients is important for precise genetic diagnosis that can guide clinical
management, providing accurate prognosis and direct genetic counseling for families (38). More importantly,
clinical discovery of epilepsy mutations can inform basic research regarding mechanisms of epileptogenesis
that will direct precision medicine based on an individual’s underlying genetic etiology in the future (39).
Fortunately, the ability to identify genetic causes of epilepsy is improving as testing approaches are becoming

more sophisticated and more widely available (40). A summary of these methods is given in Table 1-1.



1) Targeted single gene sequencing

Sanger sequencing has been the dominant gene sequencing technology for the past 30 years and is still the
gold standard for validating genetic variants. In addition, there are a few epilepsy syndromes with very
characteristic phenotypes, which could trigger testing a specific gene. Under these conditions, candidate gene
testing is the most direct route and may be instrumental and prudent due to issues related to treatment or
prognosis (47). The best example is testing for SCN/A mutations. In Dravet syndrome, over 80% of cases
are associated with mutations in SCN/4, the gene encoding the al subunit of the voltage-gated sodium
channel (42, 43). Recurrent prolonged febrile hemiconvulsive or generalized seizures in the first year of life
should prompt consideration of Dravet syndrome (44). Testing for a mutation in SCNIA could provide
definitive confirmation before the child’s plateau in development in the second year of life and inform
counseling on prognosis and risks to siblings (27). Definitive diagnosis avoids further unnecessary
investigation in these severely ill children, allows optimization of antiepileptic therapy such as avoiding
carbamazepine and lamotrigine (45), and thus minimizes negative impact on development. However, in a
small proportion of Dravet syndrome patients, no pathogenic variant can be found in SCN1A, and there may
be mutations in other genes including GABRG2(46, 47), GABRA1(48), STXB1(48), and HCN1(48) as well as
other genes. Screening of one gene after another at one time is labor-intensive and time consuming. The
genetic heterogeneity of epilepsy makes Sanger-sequencing for individual genes often impractical as hundreds

of epilepsy genes have been already identified (49) .

2) Chromosomal analysis

Molecular karyotyping approaches, such as array comparative genomic hybridization (aCGH) techniques,
have been informative as a first-line test in identifying common CNVs associated with various forms of
epilepsy including EEs (50). Use of aCGH is indicated in drug-resistant epilepsy, especially when associated
with congenital anomalies or developmental delay. Depending on case series and criteria for inclusion, about

8



12% of people with complex epilepsy might have a CNV considered relevant, making aCGH important and

relevant in current practice (57).

3) Next generation sequencing (NGS)

In contrast to Sanger sequencing, in which single DNA fragments are sequenced, next generation sequencing
(NGS) allows for rapid parallel sequencing of large numbers of DNA segments that are broken into smaller
pieces, sequenced, and then realigned and analyzed computationally. Faster and less expensive, NGS can be
used to sequence a set of candidate genes (targeted epilepsy gene panel analysis), the exome consisting of the
coding regions (whole exome sequencing, WES) and/or the entire genome including its noncoding regions
(whole genome sequencing, WGS). During the last decade, the advent of NGS technologies has advanced the

identifications of genetic factors in GEs (52, 53).

i. Epilepsy Gene Panels

Given incomplete penetrance, variable expressivity, multigenic interactions, and lack of an informative family
history, targeted single gene sequencing is not practical in most cases. These issues drove development of
epilepsy-related gene panels, replacing the Sanger single-gene approach with a parallel-sequencing approach
of various targeted genes simultaneously. The epilepsy gene panel can either be commercially developed or
custom-designed. The composition of custom-designed gene panels varies significantly, both in the number
of genes and in the choice of candidate genes, according to whether they are developed to investigate broader
or more specific epilepsy syndromes (54). Gene panels have been increasingly used in diagnostic settings for
testing a genetic etiology in various epilepsies (53, 55). In 2012, Lemke et al. demonstrated for the first time
the utility of gene panel study by using a panel of 265 genes on a cohort of 33 index patients with various
types of epilepsies (56). Using a NGS-based approach, the authors identified presumed disease-causing
mutations in 16 of 33 patients, demonstrating that gene panel approaches are useful diagnostic tools. Another

report in 2014 documented a diagnostic yield of 47% of a 67 epilepsy gene-sequencing platform (57). The
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genotype—phenotype interpretation is a key step in the NGS analysis and guidelines have been published that
provide uniform criteria for interpreting sequence variants (58). However, panels have their limitations; they
include only the selected candidate genes. There may be a gene not yet suspected to be related to a particular
type of epilepsy that is actually the cause of the syndrome in question; if that gene is not included in the

epilepsy panel, a genetic cause will be missed (57).

ii. WES and WGS
The clinical application of WES has recently emerged as a powerful and unbiased method to investigate the
genetic basis of rare and genetically heterogeneous sporadic epilepsies not amenable to traditional genetic
investigation techniques (59). The advantage of WES is that this technique does not predefine the set of
genes to be studied, enabling the identification of a multitude of new confirmed or putative epilepsy candidate
genes (23). The application of WES in parent—offspring trios has been successful in identifying de novo
mutations in a large fraction of patients with sporadic EEs, and the advance in technology has made it
possible to undertake large-scale WES studies that allow for a global assessment of the genetic architecture of
these conditions (53). These studies demonstrate the great genetic heterogeneity of EEs, with recurrent
mutations occurring in only a minority of identified genes. For instance, a large-scale WES study led by the
EPI4K study group identified 329 de novo mutations in a cohort of 264 trios with EEs. However, in only 9
genes, de novo mutations were observed in at least two probands (60). In addition, exome sequencing studies
have expanded the phenotypic spectrum associated with some of the well-known hEP genes. For instance,
KNCQ2 mutations that are most commonly associated with benign familial myoclonic epilepsy (6/) were
subsequently identified in patients with Ohtahara syndrome using WES (62). Ongoing studies are also
starting to concentrate on WGS, because this may identify possible contribution of mutations in noncoding
DNA to the occurrence of epilepsy. WES or WGS is unquestionably a powerful tool for dissecting the
genetic basis of GEs not completely tractable to previous gene discovery strategies. However, WES and

WGS are currently only available on a clinical basis in a very few centers. We anticipate that they are likely
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to become more widely available and supersede candidate and panel testing in the future, with major impacts

on epilepsy management (63).

GABA, receptors

v-Aminobutyric acid (GABA) is the predominant inhibitory neurotransmitter in the adult mammalian central
nervous system (CNS). After release from GABAergic presynaptic terminals, GABA exerts its inhibitory
effects via two classes of receptors with distinct electrophysiological and pharmacological properties:
ionotropic GABA, and metabotropic GABAg receptors. GABA, receptors (GABAsRs) are fast-activating
chloride ion channels, while GABAjg receptors produce slow and prolonged inhibitory responses (64). As
members of the Cys-loop super family of ligand-gated ion channels (LGICs) that includes nicotinic
acetylcholine (nACh), glycine, and 5-hydroxytryptamine type 3 (5-HT3;) receptors (65), GABAARs mediate
fast phasic inhibition at postsynaptic sites and also tonic inhibition by producing currents in peri- and extra-
synaptic locations (66). Widely distributed throughout the CNS, GABA,Rs play a major role in maintaining
excitation/inhibition balance and are essential for virtually all aspects of brain function including sleep—
wakefulness, cognition, sensory and motor processing, emotions, etc. (67). In addition, it is now well
recognized that GABA R-mediated synaptic transmission regulates neuronal development and maturation
during ontogenesis and adult neurogenesis (68). As such, GABAARs serve as important targets in the
treatment of a wide range of neurological and psychiatric disorders (e.g. epilepsy, sleep disorders, and anxiety)

(69, 70) and for the induction and maintenance of general anesthesia (71).

1. Structure of GABA,Rs

1) Topology and function domains of GABA,R subunits

Functional Cys-loop receptor ion channels require assembly of homologous channel subunit proteins pseudo-
symmetrically into a pentameric complex. GABAAR heteropentamers are assembled from a large family of

subunit subtypes that confer diverse functional properties but share a common topological organization
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(Figure 1-5). Mature subunits are approximately 450 amino acids in length and are comprised of a ~200
residue N-terminal extracellular ligand-binding domain and four a-helical transmembrane domains (M1-M4)
of approximately 20 amino acids in length. The highly conserved M2 segment contributes to the formation of
the pore region of the GABAAR channel. Between M3 and M4 there is a large cytoplasmic loop serving as
the site for various post-translational modulations through interactions with many receptor-associated proteins.
These proteins have been shown to play important roles in regulating receptor trafficking and synaptic

clustering (72, 73).

In addition to major structural elements of GABAsRs, a more detailed description of receptor structure is
necessary to understand the mechanisms of ligand binding and channel gating. Although not gated by GABA,
the only available three-dimensional crystal structure of a GABAJR, the human B3 subunit homopentamer,
was crystallized with a bound synthetic agonist benzamidine in 2014 (74), providing important insights into
its architectural elements. Each extracellular domain (ECD) is composed of an a-helix followed by ten -
strands folded into a curled B-sandwich. These B-strands contain six major loops that are important for
GABA binding. Loops A-C are located on the “principal” or “(+)” side of subunits, while loops D-F are
located on the “complementary” or “(-)” side. The GABA binding site is located at the interface between the
principal side of the B subunit and the complementary side of the o subunit. However, conformational
variability cannot be studied based on this engineered GABAR since only the structure of a single
conformation is available. GABAsRs share a similar structural basis for ligand binding-channel gating
coupling mechanism with the glutamate-gated chloride channel (GluCL) and the glycine receptor (GlyR) al
subunit. Thus, recent x-ray structure of the GIuCL (75) and cryoelectron microscopy studies of GlyR (76)
have demonstrated many features of structural rearrangements during conformational transitions. GABA
binding stabilizes a quaternary twisting/un-blooming reorganization of the ECD triggering GABAAR channel
activation. The M2-M3 loop acts as a key coupling-element. It interacts with the bottom of the ECD interface

and undergoes a large outward translation that is concerted with gate opening (77) .
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2) Subunit composition and heterogeneity of GABA,Rs

GABAARs are remarkable for their diversity among neurotransmitter receptors. To date, eight families with
nineteen GABAAR subunit subtypes (al-6, B1-3, y1-3, §, €, 6, m, and p1-3) have been cloned and sequenced
from mammalian CNS. Given the notion that the GABALR is a heteropentamer and the diversity of known
subunits subtypes, there is a potential for an enormous number of unique GABA4Rs if one assumes random
assembly. However, only a limited number of subunit combinations are in fact expressed on the neuronal
plasma membrane and form functional receptors (78). The overwhelming majority of native receptors are
composed of ternary subunit combinations (79), and the most abundantly expressed are the a1B2y2 receptors,
which account for about 40% of all GABARs (80). af receptors are the most prominent binary receptors in
which the y subunit is replaced by a  subunit (§/). Receptors comprised of four and even five different
subunits have also been reported, such as ala5 subunit-containing receptors (82). In addition, B3 and pl
subunits may form homopentamers as well as heteropentamers (83, §4). For synaptic afy receptors, a
stoichiometry of 2a:2B:1y with a B-a-y-B-o counterclockwise configuration when viewed from the synaptic
cleft has been proposed (85). It is generally accepted that the B-a-B-o portion of the pentamers is conserved
within ternary receptors, whereas the y subunit position could sometimes be replaced by other subunit
subtypes such as & or & In addition to canonical B-a-y/6-B-a receptors, receptors with other subunit
arrangements including fB-a-y/3-a-a receptors at lower levels of y2/6 expression, and B-a-y/d-0~y/d receptors at
higher levels of expression have been proposed (86). However, the existence of these a1p2y2 unconventional
receptors in neurons is controversial due to their low expression levels in oocytes and unusual functional

properties (87).

Although not all subunit combinations can form functional receptors, there is consensus that more than twenty
different GABAAR subtypes still exist in CNS neurons (88). GABAR subtypes represent distinct entities
with unique spatial and temporal expression patterns in the mammalian CNS (89), and with specific

physiological and pharmacological profiles including GABA affinity, kinetics, conductance, probability of
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channel opening, allosteric modulation, and interaction with modulatory proteins. For instance, while ;.3 By
receptors are localized to synapses where they produce large extensively desensitizing currents and mediate
phasic inhibition, 04 and & subunit-containing receptors are mainly localized to peri- and extrasynaptic

compartments where they produce small, slowly desensitizing currents and mediate tonic inhibition (66).

2. Biogenesis of GABA,Rs

Neurons maintain and modulate their inhibitory tone by regulating GABAAR biosynthesis and cell surface
expression, endocytosis, and recycling. Under normal physiological conditions, the CNS tunes GABAergic
networks by exerting strict spatial and temporal control over the number and composition of GABAsR

receptors. In addition, with CNS pathology, GABAR expression is often altered.

As with all membrane proteins, once translated GABAAR subunit proteins enter the secretory pathway in the
endoplasmic reticulum (ER), resulting in processing of individual immature subunits to immature multimeric
ion channels. These immature ion channels are trafficked through the Golgi apparatus to become mature
pentameric ion channels on the surface membrane of neurons (Figure 1-6). All the mechanisms contributing
to GABAAR biogenesis and intracellular trafficking, including post-translational modification of the receptors,

are critical for the modulation of inhibitory synaptic plasticity (90).

1) Transcription and translation of GABA,R subunit genes

Human GABAAR subunit messenger RNAs (mRNAs) contain 9-10 coding exons (9-13 total exons), and
several subunits undergo alternative splicing, further increasing the potential for heterogeneity. For example,
the y2 subunit exists in short (y2S) and long (y2L) forms, which differ by an eight-amino acid insertion in the
intracellular domain (97). Additionally, a3 subunits undergo developmentally regulated adenosine-to-inosine

RNA editing (92, 93).
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The CNS modulates GABAAR mRNA expression in different brain regions and cell types throughout
development and in different physiological and pathological conditions including epilepsy (94). High levels
of variability in the expression of mRNAs encoding the 19 GABAR subunits has been found to be under the
control of multiple gene regulatory mechanisms (95). In the first step of biogenesis, multiexon GABAAR
subunit genes are transcribed in the nucleus to produce premature mRNAs that then interact with the mRNA-

splicing machinery to remove introns and to produce mature mRNAs that are translocated to the ER.

2) GABA,R assembly in the endoplasmic reticulum (ER)

All immature GABAAR subunits are predicted to contain signal peptides (96). During the translation of
GABAR subunit mRNA, the signal peptides target the nascent polypeptides to the ER, where they fold and
oligomerize in a process that depends heavily upon luminal molecular chaperones such as immunoglobulin
heavy-chain binding protein (BiP) and calnexin (96). There have been reports of multiple amino acid
sequences that are important for subunit oligomerization and receptor assembly. Such sequences were found
primarily in in the large N-terminal domain of a, B and y subunits (97). GABA,R assembly in the ER is a
rather slow and inefficient process (98). The subunits exit the ER and enter the secretory pathway only when
they are properly folded and assembled, whereas the misfolded and unoligomerized subunits are rapidly

targeted for ER-associated degradation (99).

3) Exit from the ER and traffic through the Golgi apparatus

When successfully folded and assembled, the immature GABA4R subunits are trafficked from the ER to the
Golgi apparatus where ER core glycans are trimmed and mature glycans are attached, whereas the subunits
inside the ER remain core-glycosylated or unglycosylated (/00). ER-to-Golgi translocation can be facilitated
by the ubiquitin-like protein Plic-1 (proteins that link integrin-associated protein with the cytoskeleton),
which binds directly to intracellular loops of a and P subunits. Plic-1 inhibits ubiquitin-dependent
degradation of subunits and increases stability of GABAAR within the ER, thus contributing to an up-
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regulation of GABAAR surface expression in neurons (/0/, 102). Within the Golgi apparatus, GABAsR
subunits undergo many post-translational modifications facilitated by associated proteins. Golgi-specific
palmitoyltransferase DHHC zinc finger domain protein (GODZ) interacts with a cysteine-rich domain in the
M3-M4 loop of y1-3 subunits and palmitoylates y subunits in assembled receptors. This palmitoylation is

essential for normal clustering and membrane insertion of y subunit-containing GABARs (103, 104).

4) Trans-Golgi network and beyond

The assembled GABARs are incorporated into vesicles and inserted into the plasma membrane (/05). The
translocation of GABAR from the trans-Golgi apparatus to the plasma membrane is regulated by a list of
proteins including GABAR associated protein (GABARAP) (106,107), phospholipase-C-related catalytically
inactive proteins 1 and 2 (PRIP1/2) (/08), brefeldin-A-inhibited GDP/GTP exchange factor 2 (BIG2) (/09)
and N-ethylmaleimide-sensitive factor (NSF) (//0). GABARAP, a membrane-associated protein, interacts
with the intracellular domains of GABAAR v subunits and microtubules (//7). Overexpression of GABARAP
in heterologous cells (//2) and cultured hippocampal neurons (//3) increases the surface expression of y2
subunit-containing GABAARs, suggesting that GABARAP may enhance the exit of GABAARs from the
Golgi apparatus and vesicular transport toward the plasma membrane. PRIP-1 and -2 competitively inhibit y2
subunit binding to GABARAP (//4). In addition, PRIP-1 has been shown to bind to intracellular domains of
B subunits as well as protein phosphatase 1a (PP1a), and as such serves as a scaffold protein that regulates the
phosphorylation state of GABAARs (/15). Therefore, PRIPs have complex effects on the delivery of
GABARs receptors to the membrane and can act both through and independent of their association with
GABARAP. BIG2 is a guanine nucleotide exchange factor (GEF) that catalyzes GDP/GTP exchange on the
small G-protein ADP-ribosylation factor (/7/6). Activation of these G-proteins regulates coated vesicle
budding from the Golgi apparatus and facilitates cargo translocation from trans-Golgi network to plasma
membrane. In addition to its GEF function, BIG2 was also identified to interact with the intracellular

domains of GABAAR P subunits in a yeast-two hybrid assay (/09). Although BIG2 is concentrated mainly in
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the Golgi apparatus, GABAAR/BIG2 colocalization also occurs in vesicle-like structures along dendrites.
Thus, BIG2 enhances the transport of newly assembled GABAsRs to the postsynaptic plasma membrane and
may also influence endocytic recycling of receptors. NSF, a hexameric ATPase, interacts with GABARAP
within the Golgi apparatus, where it is proposed to modulate the intracellular trafficking of GABARs (/17).
In addition, NSF directly binds to the intracellular loops of GABAAR P subunits and decreases receptor cell

surface expression level by regulating receptor insertion rather than endocytosis (//0).

5) Postsynaptic targeting and clustering of GABA,Rs

GABAAR surface expression is very dynamic and regulated. The accumulation of GABAARs at inhibitory
synapses involves a number of receptor-associated proteins and cytoskeletal elements that are concentrated at
postsynaptic densities (PSDs). Once in the membrane they can reach the postsynaptic region through lateral
diffusion, and the synaptic receptors may be stabilized by interacting with their scaffold proteins. Gephyrin is
considered to be the most important scaffold protein for both GABAergic and glycinergic synapses (/18).
Gephyrin, a 93-kDa polypeptide, oligomerizes and forms clusters at postsynaptic sites through interaction of
the N-terminal domain of the protein (G-gephyrin) that assumes a trimeric structure and the C-terminal E
domain that forms a dimer (//9). A direct interaction between GABARs and gephyrin was first observed for
the a2 subunit (/20, 121). Additional studies reported the identification of gephyrin interaction motifs in the
homologous regions of al and a3 subunits and a novel gephyrin-binding motif in B2 and B3 subunit large
cytoplasmic loops (/22). Although the GABA4R y2 subunit is required for recruiting gephyrin to the surface
membrane (/23), the y2 subunit binding site in gephyrin is still unknown. Alternatively, and depending on
their molecular composition, GABA,Rs may remain at extrasynaptic sites. The clustering of GABAARs at
extrasynaptic sites is mediated by the 81-kDa actin-binding protein radixin, an ezrin/radixin/moesin(ERM)-
family member (/24). Radixin is an a5 subunit-interacting protein and is essential for extrasynaptic

anchoring of a5B3y2 receptors (125, 126).
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6) Endocytosis of GABA,Rs from the plasma membrane

Most neuronal GABARs are internalized via clathrin-mediated endocytosis, and the clathrin-Adaptor Protein
2 (AP2) plays a key role in targeting receptors to clathrin-coated pits (/27). Phosphorylation impairs AP2-
GABAR association, thereby reducing receptor endocytosis and increasing inhibitory transmission (/2§).
After endocytosis, GABAaRs are targeted for lysosomal degradation or are rapidly recycled back to the cell
surface (/29). A direct interaction of GABA,Rs and Huntington-Associated Protein 1 (HAP1) plays an
important role in this decision. HAP1 inhibits the degradation of GABAARs and facilitates receptor recycling.
HAP1 overexpression was shown to increase GABA4R surface expression and GABAergic IPSC amplitudes

in cultured neurons (/30).

GEs and GABA R mutations

1. Overview

Dysfunctional GABAergic transmission had long been considered to contribute to epilepsy. This view was
eventually confirmed at the molecular level in 2001 when the first two GE-associated GABAAR subunit gene
(GABR) mutations GABRG2(K328M) and GABRG2(R82Q) were reported in a family with GEFS + (/3/) and
a family with CAE and FS, respectively (/32). Since these important discoveries, dozens of additional
mutations in GABRs encoding the al, B2, B3, y2, or & subunits (GABRAI, GABRB2, GABRB3, GABRG2, and
GABRD, respectively) have been associated with monogenic GE subtypes over the last 16 years (Table 1-2).
These GEs range from mild generalized absence epilepsy to severe EEs such as Dravet syndrome, Infantile

Spasms, and Lennox-Gastaut syndrome.

Most of these GABR mutations have autosomal dominant inheritance or are sporadic de novo mutations.
Based on the location and the impact on protein sequence, these epilepsy mutations can be divided broadly

into four classes: (1) missense mutations in coding regions, (2) nonsense mutations in coding regions, (3)
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insertion/deletion mutations in coding regions, and (4) promoter and splice donor site mutations in noncoding
regions (/33). Missense mutations encode a different amino acid in the subunit, insertions/deletions can lead
to subunit truncation due to a frame shift that leads to a premature translation-termination codon (PTC) in the
new reading frame or to degradation of the coding mRNA by nonsense mediated mRNA decay (NMD), and
splice donor site mutations alter splicing that also generates a PTC and protein truncation or NMD. In the
coding regions, mutations occur in different functional substructures including the N-terminus,
transmembrane domain, and intracellular or extracellular loops. The numbering of all GABR mutations in this
thesis will be designated in the DNA sequence coding for the immature subunit that includes the signal

sequence and the mature subunit.

2. Pathophysiological mechanisms of GE-associated GABR subunit mutations

All of the GE-associated GABR mutations have been shown to impair GABAergic function but to different
extents and by diverse mechanisms, including reducing subunit mRNA transcription or stability, impairing
subunit oligomerization and receptor trafficking, dominant negative effects, mutant subunit aggregation
causing cell stress and cell death, and gating defects. A comprehensive understanding of the molecular
deficits and epileptogenesis mechanisms underlying these mutations would benefit the diagnosis, prognosis

and treatment design.

1) GE-associated GABR mutations generally impaired GABA ,R biogenesis

Transcription of mutant GABRs produce mutant mRNAs and translation of mutant mRNA produces mutant
subunits. Biogenesis of mutant GABAR receptors are subject to cellular quality control at both mRNA and
protein levels, including NMD, ER retention, and ER-associated degradation (ERAD). These quality control
checkpoints prevent nonfunctioning or malfunctioning GABA4R subunits from assembling into receptors and
trafficking to the cell surface and ensure that GABAARs at synapses or at extrasynaptic sites are mature and

functional. The majority of GABR mutations produce mutant subunits with impaired biogenesis and
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trafficking. Therefore, reduction or loss of mutant subunit protein on the cell surface is a common defect for
many PTC-generating nonsense and missense GABR mutations. This can lead to a subsequent reduction of

inhibitory inputs in neurons and therefore increased excitability.

2) GE-associated GABR mutations that produce PTCs may be subject to incomplete NMD

NMD is a posttranscriptional, but translation dependent, cellular mRNA quality surveillance mechanism. It
recognizes and initiates degradation of abnormal transcripts with PTCs, thus reducing intracellular levels of
potentially deleterious truncated proteins (/34). As a general rule, mRNAs with an aberrantly configured 3’
untranslated region (/35) or with a PTC that is at least 50-55 nucleotides upstream from an exon—exon
junction (/36) elicit NMD. However, NMD efficiency is often not complete, and the levels of intact,

undegraded mRNAs vary among different cell types (/37).

At least seven mutations in human GABR genes have been shown to produce mRNAs that activate NMD.
These mutations are in GABRG2? and GABRAI and include nonsense mutations (GABRG2(0Q40X),
GABRG2(R136X) and GABRG2(0Q390X)), frameshift mutations (GABRG2(S443delC), GABRA1(975delC,
S§326f5328X), and GABRA1(K353delins18X)) and an intron 6 splice donor site mutation (GABRG2(IVS6 +

2T2G).

For instance, the GABRA1(975delC, S326fs328X) mutation associated with CAE (/38) caused a shift in the
reading frame, resulting in a PTC 74 nucleotides upstream of the last exon-exon junction. Using intron-
inclusion minigene constructs that support mRNA splicing and editing, it was demonstrated that the
GABRAI1(975delC, S326fs328X) mutation activated NMD, resulting a substantial reduction but not complete
loss of mRNA in heterologous cells and rat cortical neurons, which could be reversed by silencing the NMD
essential factor UPF1 (/39). However, it was also shown that the extent of mutant mRNA reduction was

variable among different cell systems and different transfection methods. This might imply a variation in
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NMD efficiency among neurons in different regions of the brain and during different developmental time
windows that could contribute to regional and developmental differences in the pathophysiological effects of
mutant PTC-containing GABAAR subunits (/40). Similarly, GABRG2(0Q40X) (141) and GABRG2(R136X)
(142) are two nonsense mutations located in the second exon of the GABRG2 gene and both PTCs activate the
NMD machinery. GABRG2(IVS6 + 2T->G) is an intronic splice donor site mutation that segregated with
CAE and FS in a small pedigree (/43). When the mutation is made in the GABRG?2 intron 6 cloned in a
bacterial artificial chromosome, a cryptic splice donor site was activated resulting in partial intron 6 retention
and a frame shift that resulted in a PTC in exon 7. This exon 7 PTC had an exon-exon junction downstream

and thus activated NMD and reduced mutant GABRG?2 transcript level (/44).

All of these mutations produce mRNAs that are partially degraded by NMD, and likely cause epilepsy due to
GABRAI or GABRG? haploinsufficiency. However, mutant mRNAs escaping NMD could still result in
translation of a certain amount of truncated proteins. These truncated proteins are subject to cellular quality
control mechanism at protein level, a topic that I will elaborate on later. Studies have demonstrated that GEs
associated with PTCs are caused by a combination of degradation of unstable subunit mRNA and of unstable

truncated subunit protein (139, 140).

3) GE-associated GABR mutations that do not activate NMD may cause ER retention and activate
ERAD at different rates

Newly synthesized GABAR subunits must properly fold before being transported and inserted into the

membrane. Similar to mRNA surveillance at the mRNA level, at the protein level, trafficking deficient

mutant subunits that do not fold properly within a certain time are targeted for ER protein quality control,

leading to ER retention and ERAD after translation (/45). ERAD efficiently dislocates trafficking deficient

mutant subunits from the ER lumen into the cytosol for degradation via the ubiquitin-proteasome system (/46)
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or chaperone-mediated autophagy (/47). When expressed with partnering subunits in HEK 293T cells, all the

mutant subunits had reduced expression on the cell surface compared with wild-type subunits.

According to the 50-nucleotide boundary rule, PTCs in the last exon of a multi-exon gene or less than 5055
nucleotides upstream of the last exon—exon junction do not activate NMD; thus their mRNAs are not
degraded and they generate truncated subunits. Two nonsense mutations in the last exon of GABRG?2 (Q390X
and W429X) have been reported to be associated with GEFS+ (46, 148). They both were located in the large
M3-M4 intracellular loop of y2 subunits and generated a PTC in the last exon. As expected, both of the
mutations produce mRNAs that are stable and not degraded by NMD. Translation of mutant mRNAs resulted
in production of truncated proteins that were incompletely degraded by ERAD (749, 150). Consistent with

this, significantly reduced peak currents were recorded from homozygous mutant receptors (/57) .

In addition to nonsense mutations, missense GABR mutations that significantly alter protein structure often
result in misfolding or impaired oligomerization of subunits and thus disrupt GABAAR biogenesis. These
trafficking-deficient missense mutations include GABRAI(A322D), GABRAI(D219N), GABRG2(R82Q),

GABRG2(P83S), GABRG2(R177G), GABRB3(G32R) and GABRB2(T287P).

Cell surface GABAAR subunits are more mature and have a higher molecular mass compared with immature
subunits inside the ER. When coexpressed with the wild-type partnering subunits, the mutant subunits
displayed only ER glycosylation that is the core glycosylation for the immature subunits, while the wild-type
subunits had mature glycosylation, suggesting subunit trafficking beyond the trans-Golgi to the cell surface.
The glucosidase Endo-H removes high-mannose N-linked glycans attached in the ER, but not those attached
in the trans-Golgi region. By contrast, the glucosidase PNGase F removes glycans attached in both ER and
trans-Golgi regions. Glycosylation studies have demonstrated that some mutant subunits have arrested

glycosylation, confirming that they are retained in the ER and have impaired forward trafficking. For instance,
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the GABRG2(RI77G) mutation was identified in a family of complex FS (/52). On western blots of
transfected HEK 293T whole cell lysates, Endo-H digestion shifted the subunit protein main bands to the
same levels obtained with PNGase F digestion, suggesting that when coexpressed with partnering subunits,

v2(R177G) subunits underwent ER, but not Golgi, glycosylation (23).

These mutant subunits to varying extent were reported to have impaired folding and impaired oligomerization
with other subunits and to be subject to ER retention and subsequent degradation by ERAD. However, the
degradation rate of different subunits harboring different mutations may differ. The relative stability of mutant
subunits may vary with the stability of different subunit subtypes and with the nature and location of the
mutation. For instance, the three GABRG2 mutations R82Q, P83S and N79S were all located in the N-
terminus that contributes to the y+/B- subunit interface. R82Q and P83S produced severely impaired subunit

surface expression, while the N79S mutation had mildly impaired surface expression (/53).

4) GABR mutations may cause dominant negative suppression of the remaining GABA 4R function
While some mutations cause only simple haploinsufficiency, some GABR mutations generate mutant subunits

that cause dominant negative suppression of wild-type GABAAR subunits.

Using the nonsense GABRG2 mutations as an example, despite minimal cell surface expression for all the
truncated subunits, mutant y2 subunits imposed different levels of dominant negative effects (y2(Q390X)>
v2(W429X)> y2(R136X)) to reduce the surface expression of partnering o and 3 subunits and wild-type y2
subunits (/50). GABRA1(A322D) and GABRG2(R82Q) represent the group of missense mutations with slight
dominant negative effects. More than 80% of the a1(A322D) subunits were degraded in the ER (/54), but the
mutant subunits still oligomerized with wildtype subunits and decreased surface a1f2y2 and a3p2y2 receptor

levels (155). Interestingly, endogenous expression of a5 subunits in cultured hippocampal neurons was
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reduced when coexpressed with y2(R82Q) subunits, indicating that y2(R82Q) subunits conferred a dominant

negative effect (/56).

The degree of dominant negative suppression variation likely correlated with the specific structural
disturbance and degradation rate of mutant GABAAR subunits. A detailed comparison of y2 subunit
metabolism with the radiolabeled pulse-chase assay has been done with GABRGZ2 nonsense mutations
GABRG2(0390X) and GABRG2(W429X). The y2(Q390X) subunits were more stable than wild-type subunits
and thus imposed strong dominant negative effects. In contrast, the GABRG2(W429X) mutation produced y2
subunits with mild dominant negative effects and had slightly enhanced degradation compared with the wild-

type y2 subunits (/50).

5) GABR mutations could induce epilepsy by inducing ER stress, UPR and gain of cellular toxicity

It has been previously demonstrated that several GE-associated trafficking deficient mutant GABAsR
subunits were subject to ERAD and were removed from the cells. However, the build-up of an overwhelming
load of mutant subunits in the ER may cause ER stress and activate corrective intracellular signal transduction
pathways, cumulatively referred to as the unfolded protein response (UPR) (/57). The UPR copes with ER
stress through a broad transcriptional upregulation of ER folding chaperones, lipid biosynthesis, and ERAD
components with a reduction in the biosynthetic burden of protein load that flux into the ER through selective
translational repression and mRNA degradation (/58). The UPR allows cells to restore normal function of the
ER and is therefore critical for cellular homeostasis. In settings of severe and sustained ER stress, however,
the UPR can become cytotoxic, rather than cytoprotective, and commits the cell to various pathways of cell

death (apoptosis) (/59).

Neurodegenerative diseases such as Alzheimer’s disease and Huntington’s disease are often associated with

ER stress-induced apoptosis caused by mutant proteins. However, the chronic cellular toxicity resulting from
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GE-associated GABR mutations has seldom been addressed. The GABRG2(IVS6 + 2T->G) mutation
significantly increased the UPR-induced ER stress marker BIP level in vitro. The y2(Q390X) subunit also
substantially increased BIP levels in HEK 293T cells, but to a level slightly less than that the increase
produced by the GABRG2(IVS6 + 2T->G) mutation. Thus, ER responses may contribute to the pathogenic
mechanism of both GABRG2(0390X) and GABRG2(IVS6 + 2T->G) mutations. However, GABRG2(IVS6 +
2T-2G) subunit transfected cells did not induce apoptosis, suggesting that the GABRG2(IVS6 + 2T2G)

subunit induced mild, chronic stress in the cell (/44).

Recently, our laboratory generated a heterozygous Gabrg2+/ 93X KT mouse and compared it with the
heterozygous Gabrg2”™ knockout (KO) mouse that has reduction of functional y2 subunits without
accumulation of the mutant subunits. Gabrg2™ ¢**** KI mice had spontaneous GTCs and sudden death after
seizures while Gabrg2™™ KO mice only displayed mild absence epilepsy. KI mice also had more severe
neurobehavioral comorbidities than KO mice including hyperactivity, impaired social interactions as well as
cognitive deficits (/60). In addition to impairing inhibitory neurotransmission, it was demonstrated that
mutant y2(Q390X) subunits progressively formed intraneuronal detergent-resistant, high molecular-mass
protein complexes containing y2 subunits in old, but not young, heterozygous Gabrg2/?*"* KI mice. The
v2(Q390X) subunits activated caspase 3 and caused widespread neurodegeneration that increased in severity
with aging (/61). A study using brain magnetic resonance imaging (MRI) found substantial cortical atrophy
and possible neuronal loss in a large group of GE patients (/62). These results provide evidence that in
addition to the disinhibition produced by substantial loss of functional y2 subunits leading to epilepsy, the
worsening epilepsy and progressive behavioral changes caused by the GABRG2((Q390X) mutation may also
be a result of the accumulation and aggregation of truncated y2(Q390X) subunits that increases cell stress and

leads to chronic neurodegeneration in vivo.
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6) Altered channel Kinetics as a rare molecular defect for G4ABR mutations

Several GABAAR subunit mutations/variants associated with GEs alter receptor channel gating. For instance,
a lysine to methionine mutation GABRG2(K328M) in the M2—-M3 loop of the y2 subunit is associated with the
epilepsy syndrome GEFS+. Mutant y2(K328M) subunits assemble into GABAsRs and traffick to the
postsynaptic membrane at normal efficiency. However, patch-clamp electrophysiological experiments in
transfected HEK293T cells demonstrated that the a1B2y2(K328M) receptors had reduced single-channel open
time, and GABA-evoked currents from homozygous mutant receptors deactivated significantly faster than
wild type receptor currents (/63). In addition, miniature inhibitory post synaptic currents (mIPSCs) recorded
from hippocampal neurons transfected with y2(K328M) subunits had reduced deactivation times relative to
mIPSCs recorded from untransfected neurons or from neurons transfected with wild type y2 subunits (/56).
LGS-associated GABRB3(D120N, E180G, Y302C) mutations located at B subunit " interfaces reduced whole
cell currents by decreasing single channel open probability without loss of surface receptors. In contrast, the
IS associated GABRB3(N110D) and GABRBI(F246S) mutations at 3 subunit ~ interfaces produced minor
changes in whole cell current peak amplitudes but altered current deactivation by decreasing or increasing
single channel burst duration, respectively (/64). Recently, a de novo missense mutation, GABRG2(P302L),
was identified in a patient with Dravet syndrome using targeted NGS. The mutation faces the pore lumen in
the y2 subunit and caused ~90% loss of whole-cell current by altering the conduction pathway of the receptor

during gating transitions among closed, open, and desensitized states (/65).

3. Model systems for studying physiological mechanisms associated with GABR mutations

The functional characterization of GE-associated GABAR subunit mutations has been performed in
heterologous cells, cultured neurons, and genetically modified mice as model systems (/33). The basic cell
quality control machineries such as mRNA surveillance, ER retention, and ERAD should be conserved from
heterologous cell system to neurons and from mice to humans. In general, in vitro studies permit direct

investigation of the effects of the mutation on GABA4R biogenesis and function in a relatively simple system
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without the impact of complex neuronal development or network activities. They allow a relatively fast
screening of mutants and thus are usually the methods of first choice, but they do not fully recapitulate the
situations in vivo. Compared with them, genetically modified KI mice have the advantage of allowing
evaluation of the impact of the mutant GABA4Rs in the complex context of an intact living organism. It is
important that results of functional studies should be interpreted carefully considering the characteristics of
the experimental systems used (/66). Because each model system has its own advantages and limitations,
combining the findings from multiple model systems and identifying the common mechanisms will be
important in unraveling the complicated cellular mechanisms contributing to the GABR-related epilepsies and

in identifying new treatments.

1) Heterologous expression systems

Heterologous cells are non-neuronal cells that have minimal endogenous currents and are relatively easy to
use. To confirm genetic data, screening for channel defects affecting ion channel genes and studying the
involvement of impaired GABAsR function in the pathogenesis of epilepsy, heterologous expression is a
necessary first step. As a relatively fast and efficient approach, heterologous expression systems enable

selection of a mutation for further studies in complex neural cellular and animal models.

i. Xenopus oocytes

The oocytes of the clawed African frog Xenopus laevis have been widely used for many years as a
heterologous expression system for studying ion channels (/67). These huge cells (1 - 1.3 mm in diameter)
with few endogenous channels are cheap and easy to handle. Furthermore, they can efficiently translate
exogenous mRNAs and allow subsequent long and stable electrophysiological recordings of ion channel
currents. Initial functional characterizations of several GABAAR mutations were first studied by using this

expression system (/31, 132).
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However, use of the Xenopus oocytes expression system requires consideration of several limitations (/66);
the most serious of which is its non-mammalian cell background. It has been shown that GABAAR assembly
in Xenopus oocytes is more promiscuous than in mammalian cells. Furthermore, the oocyte system has
relatively slow temporal resolution, which makes it difficult to explore the rapid kinetic properties most
relevant to the time scale of synaptic transmission, such as activation, desensitization, and deactivation.

Therefore, Xenopus oocytes are now used less often for studies of GABA AR mutations.

ii. Cultured mammalian cell lines
The use of cultured mammalian cell lines has now become the first line experimental approach for studying
the cellular consequences of GABR mutations. The most commonly used cells are human embryonic kidney
(HEK) cells. The principle characteristics that have made the HEK cell a robust and reliable platform in
which to express mutant GABAARs are: easy maintenance and quick growth, high efficiency of transfection
and protein production using inexpensive methods, small endogenous currents, and small cell size with
minimal processes appropriate for voltage-clamp recordings (/68). Other popular cell lines include COS-7
cells and HeLa cells. The evaluation of GABR mutations based on the combination of traditional
electrophysiological methods and biochemical methods by overexpressing them in heterologous mammalian
cell lines has provided substantial knowledge of the cellular and molecular mechanisms underlying GE

epileptogenesis.

The results from these studies are relevant to effects of the mutations in vivo because fundamental features of
subunit translation, folding and oligomerization, and receptor assembly and trafficking are highly conserved
between heterologous cells and neurons (/69). However, GABAAR expression and function in heterologous
cells and in vivo could differ (/33). Heterologous cells do not provide a neuronal background, in that they
don’t have endogenous GABAAR subunits and also lack many neuron specific GABAsR-associated proteins

that play important roles in GABAAR biogenesis, trafficking and cell surface clustering and stabilization (72,
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73). In addition, it is impossible to study the effect of mutations on GABAergic synaptic transmission in
heterologous cells because they do not form synapses. Moreover, mutations may alter the subcellular

distribution of GABA4Rs, but this effect cannot be observed in non-polarized heterologous cells.

Additionally, it should also be noted that functional studies in heterologous expression systems have provided
inconsistent and ambiguous results. For example, regarding whether there is altered diazepam sensitivity
associated with the GABRG2(R82Q) mutation, some studies revealed altered benzodiazepine binding (/70)
while other groups reported intact benzodiazepine binding to mutant GABAsRs (163, [71-173). This
discrepancy may have arisen from differences in transfection methods or culturing conditions that may have

altered the functional consequences of mutant GABA AR subunits.

2) Cultured neurons

Cultured neurons can overcome most, if not all, of the limitations of heterologous cells mentioned above. In
addition to expressing neuronal specific proteins, their polarity and subcellular specialization allow for
investigation of the targeting of mutant GABA4Rs to synaptic, perisynaptic or extrasynaptic sites. Moreover,
they can form active GABAergic synapses and functional neuronal networks which obviate the need for

exogenous applications of GABA (133).

Several GE-associated GABR mutations including GABRAI1(A322D) (155), GABRG2(R82Q) (156),
GABRG2(K328M) (156), GABRG2(0Q390X)(149-151) and GABRG2(P302L)(165) have been studied in
cultured neurons. Unsurprisingly, these studies confirmed some of the initial observations obtained in the
heterologous cells. For example, studies in HEK cells revealed that mutant y2(Q390X) subunits were
immature and retained in the ER, resulting in loss of function of the y2 subunit. In addition, y2(Q390X)
subunits exhibited a dominant negative effect by impairing assembly and trafficking of wild type partnering

subunits. Similarly, when coexpressed with al and 2 subunits, y2(Q390X) subunits were haploinsufficient
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with minimal expression on the surface of hippocampal neurons. Electrophysiological experiments in
neurons demonstrated that heterozygous alB2y2(Q390X) receptor current amplitudes were less than half of

wild type peak current amplitudes, confirming the dominant negative effect of mutant y2(Q390X) subunits.

Studies in cultured neurons also revealed partially different or completely new findings that could not have
been predicted from the heterologous expression system alone. For instance, expression of the y2(R82Q)
subunit in hippocampal neurons selectively reduced extrasynaptic tonic GABAergic currents but had no effect
on synaptic phasic inhibition, whereas in transfected HEK cells only a general deficit in GABAergic signaling
was detected. In addition, observations made in hippocampal neurons revealed that mutant y2(R82Q)
subunits reduced a5 surface expression (/56). This finding would not have been observed in heterologous
cell lines that do not express either endogenous GABA R subunits or neuron-specific proteins such as radixin,

which associates with the a5 subunit (/26).

Transfected neurons in primary cultures can be a better experimental model in comparison with heterologous
cells and a step forward in studying physiological effects of mutant GABA R subunits. However, it must be
highlighted that they still do not complete reproduce in vivo conditions because with transfection, the

exogenous GABA,Rs are overexpressed at non-physiological levels.

Although expression of mutant GABA 4R subunits in cultured neurons has been useful, it is still likely that the
details of the pathophysiology are incomplete using this approach. With transfection, it is not possible to
regulate the levels of subunit transcription and translation and therefore the relative amounts of wild type and
mutant subunits and assembly partners will not be physiologically correct. In addition, the epilepsy mutations
may have different actions in different brain regions or in different neuronal cell types and thus could modify

neuronal network function differently in different nervous system locations. Ultimately, many of these
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questions must be answered by studying genetically modified animals as well as human patients who possess

these mutations.

3) Genetically modified mouse models

Epilepsy is a complex disease of neuronal networks involving the interaction of many cell types in different
brain regions that can be influenced by GABR mutations. Although there is no doubt that in vitro studies have
and will continue to shed light on the cellular and molecular effects of various mutant GABA R subunits on
GABAergic physiology, building a complete understanding of epileptogenesis in GEs requires models that
enable investigation at different organization levels and temporal scales. Genetically modified KI mice
harboring homologous human GABR mutations preserve the complexity of the nervous system and better
recapitulate real pathophysiological conditions. Therefore, they are one of the best available systems to
investigate epileptogenesis of GEs. In addition, they will aid in the identification and validation of novel

targets for the treatment and prevention of epilepsy.

Currently, the availability of KI mice that mimic human GEs arising from GABR mutations is extremely poor
because they are costly and time-consuming to generate. To date, only heterozygous Gabrg2**? (174-178),
Gabrg2+/ Q390X (160, 161, 179), and Gabral " (180, 181) KI mice have been made and studied. Advances
in CRISPR (clustered regularly interspaced short palindromic repeats)-mediated genome editing have made it

+/P11S

easier to produce KI mice. Our laboratory has successfully generated Gabrb3 KI mice as a model of

CAE (unpublished).

Here 1 will take the heterozygous Gabrg2™®*?¢ KI mouse model as an example. Heterozygous mice
harboring the GABRG2(R82Q) mutation recapitulate the two major seizure types seen in human patients,
including CAE and FS. Consistent with the findings in heterologous cells and in cultured neurons, the

mutation substantially reduced y2 subunit surface expression in the mouse brain (/74). However, in contrast
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to the dominant negative effect of mutant y2(R82Q) subunits observed in cell-culture experiments, no change
of al subunit expression was detected in embryonic neuron cultures from Gabrg2*%*¢ KI mice. This finding
highlights the caution required when interpreting data from in vitro findings to explain the pathophysiological

mechanisms of mutant GABA AR subunits (/82).

Moreover, investigations in this mouse model also revealed some important findings that could not be
predicted in vitro. Analysis of synaptic inhibition demonstrated significantly reduced miniature IPSC
amplitudes in the somatosensory cortex (layer 2/3 pyramidal cortical neurons), with no change in the thalamic
reticular nucleus or ventrobasal thalamus (/74). This generated the hypothesis that a reduction in cortical
GABAR-mediated inhibition may underlie CAE epileptogenesis. Furthermore, it was demonstrated that the
GABRG2(R82Q) mutation causes CAE and FS through distinct molecular mechanisms, and these two
epilepsy phenotypes have different sensitivity to genetic background (/78). To investigate the developmental
impact of the GABRG2(R82(Q) mutation, a tetracycline-based conditional Gabrg2™***? KI model that enabled
a forebrain-specific activation of the R82Q allele at specific times during development was created (/75).
Seizure susceptibility was significantly reduced in mice where the R82Q allele was suppressed during
development, suggesting that GABRG2(R82(Q) mutation impacts network stability during a critical
developmental period and triggers a cascade of events (morphological and transcriptional changes) that define
long-term network stability. These complex series of events can only be fully expressed and studied in mouse

models.

The Gabrg2™™?? KI mouse has provided important insights into how a human GABR mutation can impact
GABAergic inhibition in small time scales, and impact neurodevelopment and consequently increases seizure
susceptibility in longer time scales (/83). Future work with more genetically modified mice carrying GABR
mutations will better enable us to determine the functional effect of these mutations and develop therapeutic

strategies.
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Rationale for experimental chapters

1. The genetics of EEs-the de novo revolution

As previously discussed, genetic factors in EEs have been increasingly recognized in the past few years. In
the genomic era, the major breakthrough in the field was the recent discovery that a substantial proportion of
the genetic architecture of the EEs is due to de novo mutations. Large-scale studies, most prominently the
Epi4K project and the EuroEpinomics project (60, 184), assessed genetic epilepsies by applying family-based
exome sequencing, focusing on the identification of de novo mutations. Currently it is estimated that in 75%
of pediatric patients with genetically identified EEs, the disease is due to a heterozygous de novo mutation,
with smaller subsets due to familial autosomal recessive or X-linked inheritance (/85). Through advances in
NGS technologies, which enable systematic assessment of large parts of the coding region in each individual,
the epilepsy field has made great strides in identifying genes associated with EE. As of 2017, more than 30

genes have been securely established as causative genes for genetic EEs (/86).

Previous studies linking GABRG2 variants to EE have largely focused on nonsense mutations such as
GABRG2(0390X) and GABRG2(Q40X), which lead to truncated protein products with no surface expression.
The y2 missense variants have only been linked to less severe epilepsy syndromes, such as FS, CAE, as well
as GEFS+. Our research laboratory collaborated with clinical teams from several hospitals and performed
NGS (targeted gene panels or WES) on trios with early-onset EEs. Six de novo GABRG2 variants (A106T,
1107T, P282S, R323Q, R323W, and F343L) were identified in eight independent patients. We provided for

the first genetic evidence of the contribution of missense GABRG?2 variants in EEs.

2. Functional and structural characterizations of EE-associated GABRG2 mutations in vitro
However, the de novo GABRG2 variants identified in our study do not necessarily prove that the respective

gene is causative. A large amount of genetic variation is found in the general population. With every affected
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and unaffected individual found to carry on average at least one de novo variant in their exome sequence (53);
the challenge in our study shifts from identifying de novo GABRG?2 variants to understanding their role and
being able to discriminate them from random genomic noise. Therefore, to determine if these de novo
GABRG?2 variants were causative, we performed additional functional and structural studies. Using a
combination of molecular modeling, biochemistry, and electrophysiology, we demonstrated meaningful
functional changes in a recombinant expression system for all the GABRG2 mutations identified in this cohort

of patients with severe EEs (/87).

The second part of this dissertation takes a few small steps toward addressing the correlations between the
structural disturbances and the biochemical and electrophysiological properties of the mutant y2 subunits and
GABAAR channels (/88). We extensively characterized three nonsense GABRG?2 mutations associated with
different epilepsy syndromes, GABRG2(R136X), GABRG2(Q390X) and GABRG2(W429X). We demonstrated
that despite having loss-of-function in common, different nonsense GABRG2 mutations result in different
structural disturbance and different suppression of wild-type partnering subunits, leading to different epilepsy
severities. The characterization of the structural basis for the different mutant y2 subunits in this study may
provide novel insights into epilepsy phenotype heterogeneity. To our knowledge, this is the first attempt to
correlate mutant protein structural disturbances, biochemical properties and function of the mutant proteins
resulting from different mutations associated with a spectrum of disease phenotypes in the same gene.

3. Neurobehavioral phenotyping of Gabrb3™''""

KI mouse model of infantile spasms

For studies of disease pathophysiology of genetic EEs, the most useful models are rodent models harboring
mutations corresponding to the ones detected in patients. Even though the procedures for generation of the
genetic mouse models have significantly improved in recent years due to advances in novel genome-editing
techniques, the number of reported EE mouse lines in literature is still small (/89). Recently, out laboratory

+/N110D

generated a novel KI mouse carrying a human IS mutation, the heterozygous Gabrb3 KI mouse.
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In addition to spontaneous spasms, a characteristic feature of IS is developmental stagnation or cognitive
plateauing/regression during periods of excessive epileptic activity that often manifests as continuous
discharges on the EEG. To determine whether the KI mice have the behavioral comorbidities present in IS

patients, I performed a suite of behavioral tests in adult Gabrb3™"'*"

KI mice. They displayed several
abnormal behavioral phenotypes including hyperactivity, increased anxiety, social interaction deficits, and
impaired spatial learning and memory, which phenocopy major neurobehavioral comorbidities of IS.

However, it is unclear if the neurobehavioral impairment is primarily due to the GABRB3(N110D) mutation

itself or secondary to the persistent epileptic activity. Further studies are required to address this question.
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Figure 1-1: Classification of seizure types, basic version. Adapted from (11)
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+/+ +/+

De novo autosomal dominant
Example: SCNIA

Autosomal dominant inheritance Autosomal recessive inheritance
Example: GABRG2 Example: SLC25422

+ +/- + +/- +/+ +/-

X-linked dominant inheritance X-linked recessive inheritance Risk factor/susceptibility gene
Example: CDKLS Example: ARX Example: 15q13.3 microdeletion

Figure 1-4: Various inheritance patterns in human GEs

A.

B.

Autosomal dominant inheritance is the most common inheritance pattern in monogenic GEs, such as in
GABRG2-related GEFS+ phenotype.

Much less frequently, epilepsy syndromes can be can be inherited in an autosomal recessive pattern. For
instance, homozygous mutations in SLC25422 are associated with migrating partial seizures in infancy.
Mutations associated with EEs typically arise de novo. For example, SCN1A mutations can lead to Dravet
syndrome.

For X-linked dominant epilepsies such as CDKLS5 encephalopathy, the vast majority of patients are
females. Male patients are rare and typically more severely affected than females.

For X-linked recessive epilepsies such as ARX-related epilepsy, the vast majority of patients are males.
Female carriers are generally asymptomatic or very mildly affected.

Gene variant can be a risk factor/susceptibility gene of epilepsy: not all affected individuals have the
variant, and some unaffected individuals are carriers of it, such as 15q13.3 deletion.

Blue represents individuals with epilepsy.
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Table 1-1: An overview of the advantages and limitations across different types of genetic tests in
patients with epilepsy

Genetic test

Targeted
single gene
sequencing

aCGH

Epilepsy gene
panels

WES or WGS

Variations that
may be detected

Point mutations,
small CNVs

CNVs

Point mutations

in a broad range of
possible candidate
genes

Point mutations or
CNVs in coding
regions (WES) or
the entire genome
with its noncoding
regions (WGS)

Typical condition
for which test may be
appropriate

A diagnosed epilepsy type
in which there is a
suspected candidate gene
that explains the vast
majority of cases

Epilepsy syndromes with
features in addition to
seizures, such as
dysmorphism, intellectual
disability or autism

Nonspecific epilepsy
phenotype in which
family history is
uninformative

No suspected candidate
genes, or above tests do
not yield positive results

Advantages

Results typically highly
reliable, with low false
positive and false
negative rates

e Higher resolution
coverage of genome
than karyotyping

e Can detect
chromosome
imbalances when
there are no clues to
what the chromosome
anomaly might be

e Excellent read depth,
efficient and sensitive
look if causal gene is
in the panel

e Cost less than WES
and WGS

e Coverage of entire
exome/genome

e Unbiased approach
with potential
capacity to detect a
variety of different
types of change, all in
one test

40

Disadvantages

e Gene must be known and suspected by
clinician

e Cost per gene often considerable

e Turnaround time typically long

o Will not identify balanced chromosome
rearrangements, such as balanced
translocations and inversions

o The significance of specific CNVs can be
difficult to interpret without knowing
whether or not a parent carries the same
imbalance

o Results require confirmation with other
tests, such as fluorescent in situ
hybridization

e Only evaluate prespecified genes: a risk of
missing the causative variant if the panel
does not include the responsible gene

e Cannot identify CNV

e Results require confirmation with Sanger
sequencing

e Relatively more expensive, not commonly
available at a clinical level

e Uneven coverage: a risk of missing the
causative variant if the responsible gene is
poorly covered

e Turnaround time typically long

e Interpretation may be challenging, with both
false positives and false negatives

o Results require confirmation with Sanger
sequencing
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Figure 1-5: Schematics of GABA,Rs

A. GABARs are localized at both synaptic and extrasynaptic sites.

B. Schematic of a heteropentameric GABAAR composed of two a, two B and one y subunits. Binding of
GABA triggers the opening of the channel, allowing the rapid influx of chloride ions.

C. A 3D structural model of the afy GABAAR was displayed with o subunits in blue, B subunits in red, and
the y subunit in gray.

D. Top view of the structural model of the afy GABAAR from the synapse cleft. The subunit interfaces at
which benzodiazepines (BZ) and GABA bind are labeled with arrows.
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Figure 1-6: Biogenesis of GABA ,Rs. Adapted from (78)
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Table 1-2. GEs-associated GABR mutations

Subunit gene Mutation Location Inheritance Epilepsy Reference
syndrome
GABRAI V741 missense N-terminus AD GEFS+ (190)
S76R missense N-terminus De novo DS-like/ EE (190)
F104C missense N-terminus AD IME (190)
R112Q missense N-terminus De novo DS (48, 190)

De novo IS (191)
N115D missense N-terminus De novo Mild EE (190)
L146M missense N-terminus De novo DS (190)
R214H missense N-terminus De novo DS/EE (190)
D219N missense N-terminus AD GGE (192)
G251D missense N-terminus De novo Mild EE (190)

G251S missense N-terminus De novo DS (48)
P260L missense ™1 De novo OS to WS, WS (191)
M263T missense ™1 De novo WS (191)
M2631 missense ™1 De novo WS (191)
V287L missense ™2 De novo EOEE (191)
T289P missense ™2 De novo EIEE (190)
T289A missense TM2 unknown EIEE (190)

T2921 missense T™M2 De novo IS (60)

K306T missense TM2-TM3 loop De novo DS (48)

De novo MAE-like (190)

A322D missense TM3 AD IME (193)

S32615328X frameshift ™3 AD CAE (138)

K353delins18X splite site TM3-TM4 loop De novo CAE (192)

GABRBI F246S missense TMI1 De novo IS (60)
T2871 missense TM2 De novo EE (194)

GABRB2 M79T missense N-terminus De novo GGE (195)
T287P missense TM2 De novo EME (196)

GABRB3 -897T/C promoter Exon la promoter AD CAE (197)
P11S missense signal peptide AD CAE (198)

S15F missense signal peptide AD CAE (198)

G32R missense N-terminus AD CAE (198)

V37G missense N-terminus AD GEFS+ (199)

N110D missense N-terminus De novo IS (60)

R111X nonsese N-terminus De novo MAE (199)

DI120N missense N-terminus De novo LGS (60)
T157M missense N-terminus AD GEFS+ (199)

L170R missense N-terminus De novo EOEE (200)
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E180G missense N-terminus De novo LGS (60)
Y182F missense N-terminus De novo EE (201)
Y184H missense N-terminus De novo MAE (199)
Q249K missense TMI1 De novo EE (201)
L256Q missense ™1 De novo EE/WS (199)
T2871 missense TM2 De novo EOEE (202)
Y302C missense TM2-TM3 loop De novo LGS (60)
A305V missense TM2-TM3 loop De novo EOEE (200)
A305T missense TM2-TM3 loop De novo LGS (201)
R429Q missense TM3-TM4 loop AD GEFS+ (60)
GABRG2 Q40X nonsense N-terminus De novo DS (203)
P59fsX12 frame shift N-terminus AD FS (204)
R82Q missense N-terminus AD CAE/FS (132)
P83S missense N-terminus AD GGE (192)
A106T missense N-terminus De novo EE (187)
1107T missense N-terminus De novo EE (187)
R136X nonsense N-terminus AD GEFS+ (142)
R177G missense N-terminus AD FS (152)
IVS6+2T>G splice site Intron 6 AD CAE/FS (143)
M199V missense N-terminus AD GEFS+ (204)
¢.549-3T>G splice site N-terminus AD RE (205)
G257R missense N-terminus AD RE (205)
P282S missense ™1 De novo EE (187)
P302L missense TM2 De novo DS (165)
R323Q missense T™M2 De novo MAE (35)
De novo RE (205)
R323W missense T™M2 De novo EE (187)
K328M missense TM2-TM3 loop AD GEFS+ (131)
F343L missense TM3 De novo EE (187)
Q390X nonsense TM3-TM4 loop AD GEFS+/DS (46)
E402£sX3 frame shift TM3-TM4 loop AD FS/TLE (204)
W429X nonsense TM3-TM4 loop AD GEFS+ (148)
S443delC frame shift TM4 AD GEFS+ (206)
V462£sX33 frame shift TM4 AD FS (204)
GABRD El17A missense N-terminus AD GEFS+ (207)
R220H missense N-terminus AD GEFS+ (207)

Abbreviations: IGE, idiopathic generalized epilepsy; JME, juvenile myoclonic epilepsy; CAE, childhood absence epilepsy;
DS, Dravet syndrome (severe myoclonic epilepsy of infancy); EE, epileptic encephalopathy; EOEE, early-onset epileptic
encephalopathy; OS, Ohtahara syndrome; WS, west syndrome; FS, febrile seizures; GEFS+, generalized epilepsy with febrile
seizures plus; EME, early myoclonic encephalopathy; IS, Infantile spasms; LGS, Lennox-Gastaut syndrome; MAE,
myoclonic absence epilepsy; RE, rolandic epilepsy; TLE, temporal lobe epilepsy
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1. Abstract

Epileptic encephalopathies are a devastating group of severe childhood onset epilepsies with medication
resistant seizures and poor developmental outcomes. Many epileptic encephalopathies have a genetic etiology
and are often associated with de novo mutations in genes mediating synaptic transmission, including GABA4

receptor subunit genes. Recently, we performed next generation sequencing on patients with a spectrum of
epileptic encephalopathy phenotypes, and we identified five novel (A106T, 1107T, P282S, R323W and F343L)
and one known (R323Q) de novo GABRG?2 pathogenic variants (mutations) in eight patients. To gain insight

into the molecular basis for how these mutations contribute to epileptic encephalopathies, we compared the

effects of the mutations on the properties of recombinant a1p2y2L. GABA, receptors transiently expressed in

HEK?293T cells. Using a combination of patch clamp recording, immunoblotting, confocal imaging and

structural modeling, we characterized the effects of these GABRG2 mutations on GABA 4 receptor biogenesis

and channel function. Compared with wild-type alB2y2L receptors, GABA, receptors containing a mutant

v2 subunit had reduced cell surface expression with altered subunit stoichiometry or decreased GABA-evoked

whole-cell current amplitudes, but with different levels of reduction. While a causal role of these mutations

cannot be established directly from these results, the functional analysis together with the genetic information

suggests that these GABRG2 variants may be major contributors to the epileptic encephalopathy phenotypes.
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Our study further expands the GABRG2 phenotypic spectrum and supports growing evidence that defects in
GABAergic neurotransmission participate in the pathogenesis of genetic epilepsies including epileptic

encephalopathies.

Keywords: Epileptic encephalopathy; GABAA receptor;, GABRG2; de novo mutation; next generation
sequencing

Abbreviations: EE = Epileptic encephalopathy, GABR = GABA 4 receptor subunit gene

2. Introduction

Epileptic encephalopathies (EEs) are a devastating group of severe infantile and childhood onset epilepsies,
which are clinically and etiologically heterogeneous and characterized by intractable seizures,
neurodevelopmental impairment, and poor prognosis (/). Because of the severity of the seizures and the
associated intellectual and behavioral disabilities, the children and their families often suffer from substantial

economic, social, and emotional burdens (2).

Due to developments in massively parallel sequencing technologies, a significant proportion of EE patients’
etiologies have been shown to be genetic in nature. EE patients usually have limited or no family history of
epilepsy and pathogenic variants typically arise de novo (3). Trio whole exome sequencing, in which the
genomes of the individual with epilepsy and both parents are sequenced, is a powerful tool for dissecting the
genetic basis of EEs (4). Use of targeted epilepsy-related gene panels for next generation sequencing is an
alternative approach for identifying candidate de novo variants in sporadic cases of EE (5). Increased
efficiency and reduced cost of these technologies have enabled discovery of numerous new EE genes with
unprecedented success (6). The majority of the genes identified, to date, are involved in regulating synaptic
transmission (7), which is not surprising given the importance of synaptic function in regulating excitability in

the brain.
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GABA receptors mediate the majority of fast inhibitory neurotransmission and control network excitability
in the brain. They are heteropentameric GABA-gated chloride ion channels, and the a1B2y2 receptor is the
most abundant GABA 4 receptor subtype in the CNS (§). The y2 subunits are abundantly expressed and play
important roles in receptor trafficking, clustering, synaptic maintenance (9, /0) and current kinetic properties
(11). Hence, dysfunctions of GABA, receptor y2 subunits have been postulated to be involved in the etiology
of epilepsy. In fact, among currently known epilepsy-associated mutations identified in GABA4 receptor
subunits, over half of them are found in the GABA,4 receptor y2 subunit gene, GABRG2 (/2). A substantial
number of GABRG2 mutations have been associated with autosomal dominant genetic epilepsies (GEs),
ranging from relatively benign febrile seizures (FS) and childhood absence epilepsy (CAE) to more severe
genetic epilepsy with febrile seizures plus (GEFS+) and Dravet Syndrome (/3). In vitro studies have
demonstrated that these GABRG?2 mutations exhibited a wide array of functional deficits, including alternation
of RNA processing or protein stability, channel kinetic defects, and dominant negative effects (/4). Moreover,
heterozygous knock in (KI) mice bearing human GABRG? epilepsy mutations had reduced cortical inhibition

and displayed epilepsy phenotypes (13, 15, 16).

Given the critical role of y2 subunits and the reported GABRG2 mutations in a broad spectrum of epilepsy
syndromes, we wondered whether rare pathogenic GABRG?2 variants might also contribute to the etiology of
EE. To test this hypothesis, we carried out next-generation sequencing in parent-offspring trios with a wide
range of intractable EE phenotypes and searched for de novo GABRG2 mutations. Six de novo missense
GABRG?2 mutations (A106T, 1107T, P282S, R323Q, R323W and F343L) were discovered in eight isolated
patients. We obtained the patients’ clinical history and investigated functional effects of these de novo
GABRG?2 mutations on GABA, receptor biogenesis, trafficking and function in vitro. GABA, receptor al
and B2 subunits were co-expressed with wild-type or mutant y2 subunits in HEK 293T cells. Using this

heterologous expression system, we found that all of these de novo GABRG2 mutations impaired GABA A
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receptor biogenesis and/or channel function, but to different extents. Furthermore, we characterized mutation-
induced alternations of secondary and tertiary structures of GABA, receptors based on structural modeling.
Our genetic and functional findings provide strong evidence that GABRG2 mutations are a genetic risk factor

for the development of EE.

3. Materials and methods

Patient phenotypes

Seven patients, (six female/one male) were selected for sequencing due to having an intractable early onset
epilepsy. The eighth patient (female) was tested for severe intellectual disability, movement disorder and
early onset seizures. The patients were collected from multiple sites, four European clinical programs
(University of Basal, University of Leipzig, Clinic for Children and Adolescents Munich, Clinic for Children
and Adolescents Halle [IH, JRL, SP, SL, RB, AD]), and three American pediatrics programs (Children’s
Hospital of Philadelphia [EDM, EG, XOG], Boston Children’s Hospital [AP, BS, AR], and Center for Rare
Childhood Disorders, TGEN [KR]). De-identified clinical information was collected and compared across all
patients as part of a case series. Five patients were identified on comprehensive epilepsy panels as clinical

testing, one by clinical whole exome sequencing, and two by research exome sequencing.

Whole exome sequencing and analysis

Whole exome sequencing was performed for one patient at the Duke University Sequencing core (Duke
CHGYV) using the Illumina Genome Analyzer IIx massively parallel sequencing system (Illumina, Inc., San
Diego, CA) as previously published (/7). Alignment to the human genome (reference build hgl8) was
conducted with BWA version 0.5.5. Consensus and variant calls were performed using SAMtools version
0.1.7. Annotation, filtering for quality and removal of potential variants present in dbSNP129 or in 220

individuals from a group non-enriched for neuropsychiatric phenotypes, and prediction of functional effects of
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potential mutations were performed using Sequent Variant Analyzer (SVA) (http://people.genome.duke.edu).

The research laboratory believed the variant was pathogenic.

WES was performed at the TGen research laboratory in another patient using the following protocol.
Libraries were prepared using the Illumina’s TruSeq DNA sample preparation kit and the TruSeq exome
enrichment kit following the manufacturer’s protocol. Sequencing was done by 100-bp paired-end
sequencing on a Illumina HiSeq2000 instrument. Reads were aligned to the Human Genome (Hg19/GRC37)
using Burrows-Wheeler transform alignment (BWA v.0.7.5)1. PCR duplicates were removed using Picard
v.1.922, and base quality recalibration, indel realignment and single nucleotide polymorphism (SNP) and
indel discovery were performed using the Genome Analysis Toolkit (GATK v.2.5-2)3. Variants were
annotated with SnpEff 3.2a and selected (SnpSift) for protein-coding events. Prediction scores were loaded
from dbNSFP and used for filtering. This variant was considered probably pathogenic and was validated by

GeneDx.

In one patient, the GABRG2 variant was found on clinical exome sequencing through GeneDx (XomeDX,

Gene DX, Gaithersburg MD) as per their clinical protocol (for details see http://www.genedx.com/test-

catalog/xomedx/). GeneDx reported the mutation (c.1027T>C) as Variant, Likely Mutation.

Epilepsy panels

One patient was identified on the GeneDx comprehensive epilepsy panel (Infantile Epilepsy Panel, Gene DX,
Gaithersburg MD) and reported as a variant of uncertain significance. Subsequent parental testing revealed
the mutation to be de novo. The panel was performed as per GeneDx available methodology

(http://www.genedx.com/test-catalog/available-tests/infantile-epilepsy-panel/).
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Four European patients identified through the CeGaT epilepsy panel (CeGaT GmbH, Tiibingen, Germany).
All were called pathogenic or likely pathogenic based on the recent guideline from the ACMG (/8). The panel
targeted 119 genes (www.cegat.de/diagnostik/panel-diagnostik/epilepsie-und-migraene/) and was performed
as previously described (/9). In brief, the sequencing was performed by enriching for coding regions and
exon-intron boundaries using Agilent SureSelect technology (Agilent Technologies, Santa Clara, California,
USA) and sequencing on an Illumina HiSeq2500 platform (Illumina, San Diego, California, USA).
Annotation was performed using SAMtools (v0.1.18) and VarScan (v2.3). Variants were selected with a
minor allele frequency below 5% (according to 1000 Genomes, dbSNP, EVS and in-house database). More
than 98% of targets had at least 30x coverage. Validation of suspicious variants as well as segregation

analysis in both parents were performed by post-hoc standard Sanger sequencing.

Complementary DNA (¢cDNA) constructs

The coding sequences of human al, B2 and y2L. GABA, receptor subunits and EGFP were cloned into
pcDNA3.1 (+) expression vectors (Invitrogen). Mutant y2L subunit constructs were generated using the
QuikChange site-directed mutagenesis kit (Agilent) and confirmed by DNA sequencing. Due to the lack of a
highly specific antibody against the extracellular domain of the y2 subunit, N-terminal HA-tagged (y2L"")
subunits were employed. The HA epitope was inserted between the 4th and 5th residue of the mature y2L
subunit, a functionally silent position (20). Note that all subunit residues were numbered based on the

immature peptide that includes the signal peptide.

Cell culture and transfection

HEK293T cells (ATCC, CRL-11268) were cultured at 37°C in humidified 5% CO, incubator and maintained
in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (Life
technologies), and 100 IU/ml penicillin/ streptomycin (Life technologies). Cells were transfected using

polyethylenimine (PEI) reagent (40 kD, Polysciences) at a DNA: transfection reagent ration of 1:2.5, and
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harvested 36 hours after transfection. To express wild-type and mutant a1B2y2 receptors, a total of 3 pg of
subunit cDNAs were transfected at a ratio of 1:1:1 into 6 cm dishes for most experiments except for whole-
cell recording. For the mock-transfected condition, empty pcDNA3.1 vector was added to make a final

cDNA transfection amount to 3 pg.

Western Blot and surface biotinylation

Transfected HEK293T cells were collected in modified RIPA buffer (50 mM Tris (pH = 7.4), 150 mM NaCl,
1% NP-40, 0.2% sodium deoxycholate, | mM EDTA) and 1% protease inhibitor cocktail (Sigma). Collected
samples were subjected to gel electrophoresis using 4-12% BisTris NuPAGE precast gels (Invitrogen) and
transferred to PVDF-FL membranes (Millipore). Polyclonal anti-y2 antibodies (Alomone or Millipore) were
used to detect GABA, receptor y2 subunits. Anti-Na'/K" ATPase antibody (Abcam) was used as a loading
control. IRDye"™ (LI-COR Biosciences) conjugated secondary antibody was used at a 1:10,000 dilution in all
cases. Membranes were scanned using the Odyssey Infrared Imaging System (LI-COR Biosciences). The
integrated intensity value of bands was determined using the Odyssey Image Studio software (LI-COR

Biosciences).

Biotinylation protocols have been described previously (27). Briefly, transfected cells were incubated in
membrane-impermeable reagent sulf-HNS-SS-biotin (1 mg/ml, Thermo Scientific) at 4°C for 40 min. Cells
were lysed after being quenched with 0.1 M glycine. Lysates were cleared by after centrifugation and then
incubated overnight with High Binding Capacity NeutrAvidin beads (Thermo Scientific Pierce). After
incubation, protein was eluted in sampling buffer (Invitrogen) containing 10% beta-mercaptoethanol and

subjected to immunoblotting.
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Flow cytometry

Flow cytometry was performed to determine surface expression levels of y2L"™* subunits. Cells were
collected 36-48 h after transfection in FACS buffer composed of phosphate-buffered saline, 2% fetal bovine
serum, and 0.05% sodium azide. Cells were then incubated with monoclonal anti-HA epitope tag. Following
primary antibody incubation, cells were stained again with Alexa647-conjugated anti-mouse IgG secondary

antibody (Invitrogen) and fixed by 2% paraformaldehyde.

The fluorescence signals were read using a BD LSR II 3/5-laser flow cytometer (BD Biosciences) and
analyzed offline using FlowJo 7.5.5 (Tree Star). For each experimental condition, 10,000 cells in the final
gate were acquired. Mean fluorescence intensity (FI) of samples was calculated after subtracting the mean FI
of the cells in the mock-transfected condition. The relative FI for each condition was calculated by
normalizing to the control (a1p2y2L""). Flow cytometry experiments were performed in the VMC Flow

Cytometry Shared Resource.

Immunocytochemistry and confocal microscopy

For immunofluorescence, cover slip-grown HEK293T cells were washed with PBS and fixed with Prefer
(Anatech) to stain surface proteins or permeabilized with 0.5% Triton X-100 to stain total proteins. The
fixed/permeabilized cells were blocked for 2 hours with 5% BSA in PBS, and then stained with primary
antibodies overnight, followed by incubation in Alexa 488-conjugated donkey anti-rabbit IgG antibodies and
Cy3-conjugated donkey anti-mouse IgG antibodies. Primary antibodies used were as the follows: rabbit
monoclonal HA antibody (Cell signaling), mouse monoclonal al subunit antibody (Millipore), mouse
monoclonal anti-calnexin antibody (Abcam). Coverslips were mounted with Prolong Gold antifade reagent

(Thermo Fisher Scientific Inc.).
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Confocal images were obtained from HEK293T cells using a Zeiss LSM 710 Meta inverted confocal
microscope. Stained HEK293T cells were excited with the 488 nm laser for the Alexa 488 fluorophore signal
and the 543 nm laser for the Cy3 fluorophore signal. Images were taken with 8 bit, 1024Xx 1024 pixel
resolution. Pinholes were adjusted so that the sample thickness was 0.9 pm. An average of four scans was
taken to decrease the background noise. Confocal experiments were performed in part using the VUMC Cell

Imaging Shared Resource.

Colocalization analysis was performed using the Coloc2 plugin in the open source image processing program
Fiji (22). Microscopic image files were imported, and the 2 channels (green and red) were separated. The 2
channels being compared were assigned to channel 1 (green) and channel 2 (red) in a manner consistent
across all samples. A region of interest (ROI) surrounding individual cells was selected in the green channel,
and its location was set in the Coloc2 panel. Both Pearson’s correlation coefficient (R) and Manders’

colocalization coefficient (MCC) were calculated.

Electrophysiology

Whole-cell recordings of wild-type and mutant GABA, receptor currents were obtained at room temperature
from lifted HEK293T cells (23). The external solution was composed of (in mM): 142 NaCl, 8 KCI, 10 D(+)-
glucose, 10 HEPES, 6 MgCl,.6H,0, and 1 CaCl, (pH 7.4, ~326 mOsm). The internal solution consisted of (in
mM): 153 KCl, 10 HEPES, 5 EGTA 2 Mg-ATP, and 1 MgCl,.6H,O (pH 7.3, ~300 mOsm). The CI reversal
potential was near 0 mV, and cells were voltage clamped at -20 mV. GABA (1 mM) was applied for 4 s for
measurements of current amplitude and zinc inhibition. Zinc (10 pM) was pre-applied for 10 s followed by
co-application with GABA. GABA, receptor current concentration-response curves were fitted using
GraphPad Prism version 6.07 for Windows (GraphPad Software, La Jolla, CA). GABA was applied using a

four-barrel square glass pipette connected to a SF-77B Perfusion Fast-Step system (Warner Instruments
Corporations). The solution exchange time across the open electrode tip was ~200-400 ps, and the exchange
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around lifted cells (~8-10 pF) occurred within 800 ps, which was sufficiently fast for these experiments (24)
and guaranteed rapid solution exchanges and accurate measure of the kinetic properties of the receptor. All
experiments were performed at room temperature (22-23°C). Whole cell currents were amplified and low-
pass filtered at 2 kHz using an Axopatch 200B amplifier, digitized at 10 kHz using Digidata 1550, and saved
using pCLAMP 10.4 (Axon Instruments). Data were analysed offline using Clampfit 10.4 (Axon
Instruments). Activation onset and deactivation weight time constants (t) were measured from currents
obtained by application of 1 mM GABA for 10 ms, while peak current amplitude was measured from currents
obtained by application of 1 mM GABA for 4 s. Activation and deactivation time constants (t) were fitted
using the Levenberg—Marquardt least squares method with up to four component exponential functions of the
form Y a.exp(-t/t,) +C, where n is the number of the exponential components, ¢ is time, a is the relative
amplitude, 1, is the time constant, and C is the residual current at the end of GABA application. Additional
components were accepted only if they significantly improved the fit, as determined by an F test on the sum
of squared residuals. The multiexponential time course of deactivation was presented as a weighted time

constant, defined by the following expression: > a,t,/> a,

Structural modeling and simulation

GABA, receptor al, B2 and y2 subunit raw sequences in FASTA format were individually loaded into Swiss-
PdbViewer 4.10 for template search against the ExPDB database. The structure of the Caenorhabditis
elegans glutamate-gated chloride channel (GluCl; PDB: 3RHW) was identified as a template using
DeepView/Swiss-PdbViewer 4.02 (25) . The long cytoplasmic regions of GABA, receptor subunits were
excluded from modeling as they were absent in the solved GluCl structure and separate alignments were
generated for the TM4 domains. Full-length multiple alignments were submitted for automated comparative
protein modeling incorporated in SWISS-MODEL program suite. The resulting subunit models were energy-
optimized using GROMOS96 of the Swiss-PdbViewer. To generate pentameric GABA 4 receptor 3D models,
al, B2 and y2 subunit structural models were assembled in a counter-clockwise B2-al-f2-al-y2 order by
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superposition onto the C. elegans GluCl channel. Neighborhood structural variability on the 3D GABA,
receptor predicted by the vy2 subunit mutations were implemented using Rosetta 3.1 (26)
(https://kortemmelab.ucsf.edu/backrub/cgi-bin/rosettaweb.py). Up to twenty of the best-scoring structures
were generated for each mutation by choosing parameters recommended by the application. We measured
mutation-induced structural differences by analyzing the root mean squared (RMS) deviation between the
initial (wild-type) structures and superimposed simulated (mutated) structures. RMS deviation provides
carbon-o/carbon-a comparisons between two structurally aligned models; the larger the RMS deviation, the
more the mutant structure deviates from the wild-type structure. For each mutation, the average RMS

deviation over ten lowest energy structures was computed. We prepared the figures using Chimera 1.7 (27).

Statistical analysis
Numerical data were reported as mean + S.E.M. Statistical analysis was performed using GraphPad Prism
version 6.07 for Windows (GraphPad Software, La Jolla, CA). Statistically significant differences were taken

as p < 0.05 using one-way ANOVA followed by Dunnett’s multiple comparison test.

4. Results

Mutation screening and de novo GABRG?2 variants

All eight patients, (seven female/one male) were selected for sequencing due to having an intractable early
onset epilepsy. The testing was done at a mean age of 6.4 years (range 3 years to 10 years old). For six
patients, sequencing was done as part of clinical evaluation using either epilepsy panels (n = 5) or WES (n=1)
at GeneDx or CeGaT. For the others, research WES sequencing was performed. In all eight patients, the

variant was found to occur de novo in the child after testing the parental DNA (Fig. 2-1A).

Patient phenotypes
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The clinical features of the eight patients with GABRG?2 variants were summarized in Table 2-1, and their
representative EEG and brain MRI images were shown in Fig. 2-1. The age of onset of epilepsy was within
the first year of life in all eight patients (range day of life 1 to 1 year of age). Seizure semiology at onset was
described as tonic-clonic seizures in two patients, tonic seizures in three patients, partial seizures with
secondary generalization in one patient, and febrile seizures in combination with myoclonic seizures in two
patients. The epilepsy in these patients progressed in all except one patient (patient 8) with development of
additional seizure types, which included atonic, generalized tonic clonic, absence and focal seizures. As EEs
are a spectrum of disorders that include a number of named syndromes, we asked if any patient fit criteria for
a specific electroclinical syndrome diagnosis (i.e. Infantile Spasms syndrome). No patients were given a
diagnosis early, but three patients eventually had features of Lennox-Gastaut syndrome. Epilepsy outcome
was variable, with two patients eventually becoming seizure free (patients 1 and 7), whereas the six other
patients seizures remained intractable as of last follow up despite combination therapy with antiepileptic drugs.
Physical and neurological examinations were remarkable for the presence of hypotonia in six patients,
abnormal eye movements in four patients, and choreiform movements in four patients. There were no
dysmorphic or other pathognomonic features on exam, and two patients (patients 5 and 7) were described as
having normal physical and neurological examinations. Developmentally, all eight individuals had severe

intellectual disability, were nonverbal, and had severe motor disabilities.

Additional studies of EEG and MRI in this cohort were also variable with no consistent findings. The initial
EEG was normal in three patients (patient 1, 2 and 5), but over time all became abnormal. A variety of EEG
abnormalities was found in patients with GABRG?2 variants (Fig. 2-1B) including seven of eight with either
focal (three patients) or generalized (four patients) interictal epileptiform discharges. Brain MRIs were
normal in five patients and showed mild nonspecific findings in three patients (delayed myelination, volume
loss, and falx hypoplasia in one patient each) (Fig. 2-1C). These data suggest that GABRG2 can lead to

variable neurodevelopmental outcomes, including EE and abnormal motor development.
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De novo GABRG?2 variants identified in patients with EE were located in different structural
domains of GABA, receptor y2 subunits

Individual GABA 4 receptor y2 subunits are composed of a large extracellular N-terminal domain, followed by
four transmembrane domains (M1-M4) as well as extracellular (M2-M3) and two intracellular (M1-M2; M3-
M4) loops (28, 29), and the six variants identified here were located in functionally important regions of the
receptor channel (Fig. 2-2A). By analyzing the sequence alignment among the GABRs, we found that P282
and R323 were invariant residues across all GABA, receptor subunits, and F343 was a highly conserved
residue (Fig. 2-2B). Consistently, in silico analysis using Polyphen-2 (30) and SIFT (3/) predicted that the
substitutions P282S, R323Q, R323W and F343L would not be tolerated and might damage protein structure.
In contrast, the variants A106T and 1107T, which were located in the non-conserved residue (Fig. 2-2B), were

predicted to be tolerated.

GABA, receptors are hetero-pentameric proteins assembled with y-B-a-f-a stoichiometry (Fig. 2-2C).
Remarkably, y2 subunit variants were mapped to locations that were closely connected among structural
domains between the interface of the N-terminal (f1-B2 loop) and transmembrane domains (M1, M2 and M3).
In the N-terminal domain, y2(A106T) and y2(I1107T) variants occurred in the B1-f2 loop, whereas y2(P282S),
v2(R323W), y2(R323Q) and y2(F343L) variants occurred in the transmembrane domains M1, M2 and M3

delineating the pore region of the receptor (Fig. 2-2B, C).

De novo GABA, receptor y2 subunit variants found in EE patients decreased GABA-evoked
currents to different extents and altered their Zn®>" sensitivity

We determined the functional consequences of EE-associated y2 subunit variants by measuring macroscopic
GABA-evoked currents in transfected HEK293T cells (Fig. 2-3). All y2 subunit variants decreased GABA,

currents, but to different extents. While y2L(A106T), y2L(1107T), y2L(P282S), and y2L(F343L) variants
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located at the N-terminal and M1 and M3 domains, decreased currents by ~30 % (Table 2-2), y2L(R323W)
and y2L(R323Q) variants located in the pore forming M2 domain decreased channel current ~ 50 %, relative
to wild-type currents (Table 2-2) (Fig. 2-3A, B). In addition, GABA, receptors containing y2L(I1107T),
y2L(P282S), y2L(R323W) and y2L(R323Q) variants increased by ~25 % the fractional Zn*" inhibition of
currents (Table 2-2) of the wild-type receptor (10 £ 1 %, n = 51) (Fig. 2-3C). No changes in Zn*" sensitivity

were found for GABA 4 receptors containing Y2L(A106T) and y2L(F343L) variants (Table 2-2).

Decrease of current amplitudes can be produced by impaired biogenesis of receptors leading to decreased or
altered expression of surface receptors or to mutation-induced alteration of surface receptor channel gating.
Increased sensitivity of GABA4 receptors to Zn*" inhibition may be the result of the variant itself or of
alterations in the subunit composition of receptors expressed on the cell surface such as formation of surface

af} receptors.

Mutant y2 subunits were stable in transfected HEK293T cells, but with different total levels

The GABRG?2 EE-associated variants all decreased GABA, receptor currents due to impaired biogenesis or
channel gating. To determine if these variants affected biogenesis of y2 subunits, we expressed wild-type and
mutant y2L subunits with a1 and B2 subunits in HEK293T cells. Whole-cell lysates were analyzed by

Western blot and immunoblotted using polyclonal y2 subunit antibodies (Fig. 2-4).

Wild-type y2L and mutant y2L(A106T), y2L(P282S), y2L(R323Q), y2L(R323W), and y2L(F343L) subunits
all migrated at the same molecular mass, predicted to be ~45 kD (Fig. 2-4A). The variant y2L(I107T)
introduced a new amino acid threonine two amino acids after asparagine 105, thus creating a new fourth
potential glycosylation motif (NXS/T) in the extracellular domain. Unsurprisingly, in cells cotransfected with
mutant y2L(I107T) subunits, a main band with a shift in molecular mass compared with wild-type y2L was

detected, consistent with the increased glycosylation of the mutant protein (Fig. 2-4A). Interestingly and
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unexpectedly, mutant y2L(P282S) and y2L(I107T) subunits also formed substantial amounts of protein
complexes that migrated at a high molecular mass (~75-150 kD). It is very possible that these high-
molecular-mass protein complexes are oligomers formed by mutant y2 subunits as observed in y2(Q390X)

subunits (13, 32).

We then quantified the y2 subunit band intensity of each lane, normalized to the ATPase band intensity of the
same lane, and compared the normalized y2/ATPase ratio among wild-type and mutant subunits (Fig. 2-4B).
Total levels of mutant y2L(A106T), y2L(R323Q), y2L(R323W), and y2L(F343L) subunits did not differ from
those of wild-type y2L subunits (1.00, n = 4). In contrast, the total amount of mutant y2L(I107T) and
v2L(P282S) subunits were increased to 1.62 + 0.22 (p < 0.05, n = 4) and 1.76 = 0.23 (p < 0.05, n = 4),
respectively, suggesting that mutant y2L(I1107T) and y2L(P282S) subunits were more stable than wild-type

subunits and/or were retained in the endoplasmic reticulum (Fig. 2-4B).

The variants all decreased surface levels of y2 subunits, but to different extents

We asked if mutant y2 subunits could assemble with al and B2 subunits and traffic to cell membranes as
functional receptors. To assess surface trafficking of mutant y2 subunits, we cotransfected HEK293T cells
with al, B2, and wild-type or mutant y2L subunits at a 1:1:1 al:B2:y2 subunit ratio and evaluated surface
levels of wild-type and mutant y2L subunits by surface biotinylation (Fig. 2-4C). Compared to coexpressed
wild-type y2L subunits (1.00, n = 6), surface levels of coexpressed mutant y2L subunits were reduced to 0.74
+0.03 (p <0.05, n = 6) for A106T, 0.76 = 0.06 (p < 0.05, n = 6) for I107T, 0.65 = 0.02 (p <0.05, n = 4) for
P2828S,0.73 £ 0.07 (p < 0.05,n=5) for R323Q, 0.46 = 0.09 (p < 0.05, n = 6) for R323W and 0.53 £ 0.05 (p <
0.05, n = 6) for F343L, respectively. These results demonstrated that A106T, 1107T, P282S, R323Q, R323W
and F343L substitutions all reduced surface levels of y2L subunits, but to different extents (24 — 54%). The
reductions in surface levels of y2 subunits (Fig. 2-4D) were similar to the reductions in whole cell currents

produced by these y2 subunit variants (Fig. 2-3), suggesting that the variants may reduce biogenesis of

75



GABA, receptors. All of these GABRG? variants were de novo and their pathogenicity was confirmed by our

functional characterization. Thus, we will refer to them as mutations instead of variants.

The y2(I107T) mutation introduced a novel glycosylation site

To this point, we observed two principle effects of the y2(I107T) mutation. First, it added a fourth
glycosylation site to y2(I107T) subunits, and second, there was decreased y2(I107T) subunit surface
expression. However, it remained unclear whether there was a causal relationship between these two
phenomena. We therefore mutated the N-glycosylation site Asn-105 to glutamine in wild-type y2 and mutant
v2(I107T) subunits, thereby creating glycosylation-defective subunits. The double mutant construct
y2(N105Q/1107T) disrupted the novel glycosylation sequence, although it retained the I107T mutation. We
then coexpressed ol and B2 subunits with wild-type y2L"™*, wild-type/glycosylation-deficient y2L(N105Q)"™,
mutant y2L(I107T)"* and mutant/glycosylation-deficient y2L(N105Q/I107T)"* subunits, and measured
surface levels of y2L™ subunits in each condition using flow cytometry (Fig. 2-5). With a1p2y2L(N105Q)"™,
alB2y2L(1107T)", and olp2y2L(N105Q/1107T)"™ subunit coexpression, surface HA levels were
significantly reduced to 0.60 = 0.06 (p < 0.001, n = 3), 0.48 + 0.03 (»p <0.001, n =11), and 0.69 £ 0.05 (p <
0.001, n = 4), respectively, compared with the wild-type condition. Immunoblotting for y2 subunit surface
protein yielded similar results (Fig. 2-4E). The molecular mass of the double mutant protein y2(N105Q/1107T)
returned to the size of wild-type level, as would be expected since the added glycosylation site was eliminated.
Importantly, yY2L(N105Q), y2L(I1107T) and y2L(N105Q/I107T) subunits all had lower surface expression level
relative to wild-type y2L subunit. Taken together, these results suggested that the 1107T mutation itself and
not the new glycosylation site at Asn-105 was the mechanism by which the 1107T mutation impaired y2L

subunit surface incorporation and, GABA, receptor function.
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Mutant y2 subunits had different surface and intracellular distribution

We next extended our study to determine and compare the cellular locations of mutant and wild-type y2
subunits in HEK293T cells using confocal microscopy (Fig. 2-6 and Fig. 2-7). Wild-type and mutant y2L"*
subunits were coexpressed in HEK293T cells with al and B2 subunits at a 1:1:1 cDNA ratio. We co-labeled
cells with anti-al subunit (red) and anti-HA (green) antibodies. Without cell permeabilization, wild-type
v2L" subunit signals were present on the surface and were colocalized well with al subunit signals,
consistent with coassembly with a1 and B2 subunits into receptors that were trafficked to the cell surface (Fig
5A, yellow florescence is colocalization). In contrast, Y2L(A106T)"™, y2L(1107T)"*, y2L(P282S)"™*,
yZL(R323Q)HA, y2L(R323W)HA and W/2L(F343L)HA subunits all had reduced surface HA signals (lack or

reduction of yellow florescence in Fig. 2-6 and Fig. 2-7).

With cell permeabilization and coexpression with al and P2 subunits, wild-type y2L™ subunits were well
distributed intracellularly (Fig. 2-6B). Coexpressed y2L(1107T)"* and y2L(P282S)"* subunits had more
prominent intracellular HA signaling than wild-type y2L"* subunits. This was consistent with the higher total
amount of mutant y2L(I107T) and y2L(P282S) subunits in whole-cell lysates. However, the total expression
of y2L(A106T)™, y2L(R323Q)™, y2L(R323W)"™ and y2L(F343L)™ subunits was indistinguishable from

that of wild-type y2L"* subunits (Fig. 2-7B).

We observed that wild-type y2L"* subunits were localized primarily to the plasma membrane. In contrast,
mutant y2L(I1107T)"* and y2L(P282S)" subunits accumulated in cells and had impaired trafficking to the cell
surface when coexpressed with al and 2 subunits. Given the previous results, we hypothesized that [107T
and P282S mutations resulted in the retention of the mutated y2L"* subunits in the ER. This was confirmed
by colabeling permeabilized cells with anti-HA and anti-calnexin antibodies (Fig. 2-6C). Calnexin, a well-

established ER marker, exhibits a typical perinuclear and reticular distribution suggestive of its ER
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distribution. Wild-type y2L"* subunits spread outside the ER, which presumably represented the newly
synthesized subunits that were in transit to the cell surface. In contrast, mutant \(2L(IlO7T)HA and
y2L(P282S)"™ subunits were found to be predominantly localized to the ER as evidenced by their

colocalization with calnexin.

Quantification of the colocalization of mutant 3(2L(IlO7T)HA and yZL(PZSZS)HA subunits with the ER in
HEK293T cells was shown in Fig. 2-6D. Correlation between the signal intensities of y2L"* subunits and the
ER was significantly stronger for both 1107T (R = 0.70 £ 0.02) and P282S (R = 0.63 + 0.02) mutations
relative to the wild-type condition (R = 0.33 = 0.06), as measured by Pearson’s correlation analysis. We also
determined the interaction between y2L subunits and the ER by quantifying the Manders’ colocalization
coefficient (MCC), which measures co-occurrence of two proteins independent of signal proportionality (33,
34). The Manders’ coefficient M1 indicated the fraction of y2L subunits that colocalized with the ER,
whereas the Manders’ coefficient M2 indicated the fraction of ER that colocalized with the y2L subunits. In
both cases, we observed that mutant y2L(I107T)"™ and y2L(P282S)"* subunits had significantly increased
colocalization with the ER (M1 of 0.71 + 0.03 and 0.65 £ 0.02 in [107T and P282S, respectively, M2 of 0.75
+0.02 and 0.72 + 0.01 in [107T and P282S, respectively), in comparison with wild-type y2L subunits (M1 of

0.37 £ 0.02 and M2 of 0.46 + 0.02).

De novo GABA, receptor y2 subunit mutations found in EE patients altered the Kinetic properties
of GABA, receptor currents

Assembly of mutant subunits into surface GABA, receptors may impair channel gating by causing
macroscopic kinetic changes of GABA-evoked currents. To address this possibility, we determined whether
the EE-associated mutations altered the kinetic properties of functional GABA, receptors. Thus, we

measured current desensitization, activation and deactivation rates of wild-type and mutant receptor currents.
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GABA, receptor desensitization during 4 s GABA (1 mM) application was variably affected by y2 subunit
mutations (Fig. 2-8A). Thus, only the y2L(R323Q) mutation significantly increased the extent of current
desensitization (Table 2-2), whereas y2L(A106T) and y2L(R323W) mutations slowed desensitization (Fig. 2-
8B, C). It is noteworthy that all of these mutations occur at the interface between the N-terminal domain and

the pore region of the receptor (Fig. 2-2C and 2-8A, B).

We determined current activation and deactivation by measuring the current time constant (t) at current onset
(Fig. 2-8D) and at current offset (Fig. 2-8E) during and following the 10 ms GABA (1 mM) application.
While most of the y2 subunit mutations accelerated (A106T, F343L) or did not affect (I1107T, P282S, R323W)
receptor activation, the y2L(R323Q) mutation significantly slowed it (Table 2-2) (Fig. 2-8F). The
deactivation of the receptor was also affected but in opposite directions. Most of the y2 subunit mutations
slowed deactivation (A106T, 1107T, P282S, F343L) (Fig. 2-8G). The y2L(F343L) subunit mutation caused
the greatest effect about 5 times the value of the wild-type condition (Table 2-2). Only y2L(R323W) and

v2L(R323Q) subunit mutations accelerated deactivation (Fig. 2-8G).

Taken together, these results demonstrate that the primary effect of the y2 subunit mutations was to reduce
receptor biogenesis but the mutations also have variable, subunit-dependent effects on the kinetic properties
that appeared to be correlated with the structural domain of the receptor where the mutation occurs. As a
result, y2 subunit mutations located near the interface between N-terminal domain and channel pore (A106T,
1107T, P282S, and F343L) mainly accelerated activation and prolonged deactivation, and those in the pore

(R323W and R323Q) accelerated deactivation of the receptor and decreased channel function by ~50 %.
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De novo y2 mutations decreased GABA potency by disrupting structural domains important for
GABA, receptor function

Changes in GABA, receptor potency appeared to be correlated with well-defined structural domains, which
have been described as essential to receptor function (24, 35-40). To determine whether predicted changes in
channel structure caused by the y2 subunit mutations are related to changes in the GABA, receptor potency,
we first generated wild-type and mutant pentameric affy GABA, receptor simulations (Fig. 2-9) using solved
structures of the C. Elegans GluCl channel as template (39). We computed rearrangements of the subunit’s
secondary structure by computing the RMS deviation between the wild-type and mutant structural simulations
(41) (Fig. 2-9A, C and E). When the perturbations of the secondary structure and side chain residues had
RMS deviation values > 0.5 A, they were shown in rainbow colors on the simulation. Our simulations
revealed that more than 1 subunit was affected.  Structural changes were propagated through the entire
structure, perturbing the Cys-loop, f1-f2 loop, Pre-M1 region, and M2-M3 loop at the extracellular junction
between the N-terminal domain and transmembrane domain, which participate in the activation of the
receptor. Subsequently, we measured the effects of the y2 subunit mutations on GABA concentration-
response curves (Fig. 2-9B, D and F). Peak GABA, receptor peak currents were obtained by applying
various concentrations of GABA for 4 s to wild-type alB2y2L and mutant GABA, receptors. For wild-type
alB2y2L GABA, receptors, the ECsy for current stimulation was 8.27 = 1.16 uM, and the maximal current
was 8922 £ 216 pA (n = 5-6). Therefore, we clustered the mutations by their structural location when
assessing the disturbances that the mutation caused on the receptor structure and the measurable functional

changes in GABA 4 receptor potency (see below).

y2(A1067T) and y2(1107T) subunit mutations: These mutations are located in the f1-f2 inner loop in the N-
terminal domain, at the interface between the principal (+) side of the y2 subunit and the complementary (—)
side of the B2 subunit, which delimits the y+/B- interface (Fig. 2-9A). Mainly the structural perturbations

were restricted to the y2 subunit in the Cys-loop, B1—B2 loop and the M2-M3 loop on the mutant y2(A106T)
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subunit model and were propagated to Loop F of the neighboring B2 subunit on the mutant y2(I1107T) subunit
model. It is noteworthy that when y2L(A106T) and y2L(1107T) subunits were co-expressed with wild-type al
and y2L subunits (Fig. 7B), the ECs, was shifted 6- to 2-fold to the right respectively (46.3 = 1.22 uM; 14.3 +
1.19 uM), with a reduction of 80-85 % in the maximal response to GABA (7117 + 296 pA and 7585 £ 233

PA, respectively, n = 5-6).

y2(R323W) and y2(R323Q) subunit mutations: These mutations are located at the extracellular interface of the
transmembrane a-helices M2 of the y2 subunit, in the outermost portion of the pore of the receptor at the
y+/B- subunit interface (Fig. 2-9C). These mutations caused mainly rearrangements at a-helices M2, M3 and
M2-M3 loop of the y2 subunit towards the y+/B- subunit interface of the receptor, and propagated to the a-
helix Pre-M1 of the neighboring B2 subunit at the extracellular junction between the N-terminal and the
transmembrane domains of the receptor. In contrast to wild-type receptors (Fig. 2-9D), the GABA
concentration-response curves of y2L(R323W)and y2L(R323Q) subunits was shifted considerably, with ECs
right-shifted 13- to 3-fold (108 + 1.13 uM; 20.2 + 1.13 pM, respectively) and had substantial reduction of 58-

69 % in the maximal response to GABA (5154 + 165 pA and 6187 + 129 pA, respectively, n = 5-6).

y2(P282S) and y2(F343L) subunit mutations: These mutations are located at the deeper portion of the
transmembrane o-helices M1 and M3 of the y2 subunit, towards the a+/y- and y+/B- subunit interfaces,
respectively (Fig. 2-9E). While on the y2(P282S) subunit simulation, structural perturbations occurred mainly
at the a-helix M1 of the y2 subunit, on the y2(F343L) subunit simulation, structural perturbations occurred in
the a-helices M2 and M3 of the y2 subunit, and in the deeper region of the a-helix M1 of the neighboring 2
subunit. Distinct from the aforementioned y2 subunit mutations that are located at the at the extracellular
junction of the receptor, GABA, receptors expressing y2L(R323W) and y2L(R323Q) subunits had ECses
similar to those of wild-type alB2y2L GABA receptors (5.35 £ 1.33 uM; 7.82 £ 1.23 uM, respectively). In

contrast, receptors with these mutant subunits displayed a similar reduction of 51-78 % in the maximal
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response to GABA (4538 £ 198 pA and 6950 £ 220 pA, respectively, n = 5-6) (Fig. 2-9F). Remarkably, these
findings clearly demonstrated that mutations that disrupt the structure of the coupling interface of GABA,

receptors decreased GABA potency.

5. Discussion

Mutations in GABRG2 have been most frequently associated with GEs among all the GABRs (42). However,
clinical evidence implicating GABRG2 mutations in EEs is still lacking. Here we present both genetic
information and functional analysis that for the first time provides strong evidence that mutations in GABRG?2

may contribute to early onset EE.

GABRG2 mutations are associated with early onset EE

There were a few consistent clinical features of this cohort, including infantile onset seizures (less than 1 year)
and severe intellectual disability without prominent brain MRI findings. None of these patients were
originally diagnosed with a named infantile epilepsy syndrome (Ohtahara syndrome or Infantile Spasms
syndrome (West Syndrome)), but three patients did progress to be diagnosed with the electroclinical pattern
of Lennox-Gastaut syndrome. From this cohort, there was no distinguishing pathognomonic clinical feature
associated with GABRG2 mutations. This level of phenotypic pleiotropy is increasingly recognized across
many epilepsy syndromes, and using the more broad diagnosis of early onset EE is appropriate. While the
clinical features may not point to a specific pattern of disease, the genetic data, all patients carrying de novo
changes with two recurrent variants, provides strong genetic evidence for the importance of GABRG?2 as an

EE gene.

Pathophysiological mechanisms of EE-associated GABRG2 mutations
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Our electrophysiological experiments showed significant reductions in current amplitudes for all of these
mutations, thus demonstrating directly a clear impairment of GABA, receptor function. Disease severity
might be related to the extent of mutation-induced functional channel impairment, but this cannot be
definitively established with this small cohort of patients. In addition, we demonstrated that these mutations
reduced channel function to different extents and by diverse mechanisms including impaired surface

expression, ER retention, and gating defects (overview in Table 2-3).

All of these y2 subunit mutations produced significant, but variable, impairment of y2 subunit surface
expression, which is a common abnormality for GABRG2 missense mutations (27, 43). A106T, R323Q,
R323W and F343L mutations did not affect the total expression levels of y2 subunits. In contrast, mutant
v2(I107T) and y2(P282S) subunits were more stable than wild-type subunits and were retained predominantly
within the ER, which is the location where immature GABA 4 receptor subunits reside once synthesized. The
presence of ER-retained trafficking-deficient y2 subunits has been demonstrated to produce ER stress (44).
The sustained ER stress could lead to neurodegeneration, as evidenced by increased caspase 3 activation in
older Gabrg2"?**"* mice (13). Thus, it is possible that the misfolded mutant y2(I107T) and y2(P282S)
subunit proteins could progressively accumulate and form aggregates inside neurons, which could affect

function and survival of neurons in vivo.

Our finding that surface expression of y2 subunits was reduced by the R323Q substitution was contrary to a
previous study that reported that surface expression of y2(R323Q) subunits was at the wild-type level (45).
This conflict may have been due to the different y2 subunit cDNAs used for transfection. In contrast to the
PHluorin-tagged mouse y2 subunit construct used in their study, we used HA-tagged or untagged human y2

subunits.
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EE-associated GABRG2 mutations altered structural domains that decreased GABA potency

Our results demonstrated a structure-dysfunction correlation with the location of the mutation in the receptor.
The substitutions A106T and 1107T were located next to each other in the $1-B2 inner loop of the N-terminal
extracellular domain that contributes to the y+/B- subunit interface at the junction of the transmembrane
domain that couples the opening of the receptor. The occurrence of these mutations demonstrates the
importance of this domain in transducing GABA-binding-coupling once they caused a significant decrease in
GABA sensitivity. In addition, the occurrence of the R323W and R323Q mutations in the outermost region
of the transmembrane M2 facing the extracellular junction, also substantially decreased the sensitivity for
GABA. Thus, the EE-associated GABRG2 mutations located in the outermost region of the pore-forming
domain of the receptor, which is the outer ring region between the N-terminal extracellular domain and the
pore, directly altered GABA 4 receptor activation (24, 37, 39), and may contribute to the pathophysiological
mechanism of the disease. In contrast, the P282S and F343L mutations, located in the transmembrane M1
and M3 of the y2 subunit respectively, seemed not to contribute directly to the activation of the receptor due
to lack of altered sensitivity to GABA. Nevertheless, they produced a significant decrease in the maximum
response to GABA that might be accounted for by the altered expression and receptor kinetics. Similar
decreases in the maximal response to GABA were found for mutations located in the transmembrane M2 with
decreased surface expression. No mutations in transmembrane domains M1 and M3 of the y2 subunit have
ever been reported in epilepsy patients. Recently, three de novo mutations in the M1 domain of GABRAI
were identified in patients with Ohtahara and West syndromes (46), one of those in a homologous position of

the y2 subunit, supporting the important role of the M1 domain in GABA 4 receptor function (37).

GABRG2 mutations in GEs and phenotype/genotype correlations
The first two GE-associated GABRG2 mutations (K328M and R82Q) were reported in a family with GEFS+
(47) and a family with CAE and FS (48) in 2001. Up to now, a total of nineteen GABRG2 epilepsy mutations

have been identified in patients with simple FS and several different epilepsy syndromes (49). Before this
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present study, it has been generally accepted that missense GABRG2 mutations are associated with mild
phenotypes including CAE and FS (47, 48, 50, 51), while nonsense GABRG2 mutations lead to more severe

phenotypes ranging from GEFS+ to Dravet syndromes (44, 52-54).

The current data demonstrated that missense GABRG2 mutations could also lead to severe epilepsy
phenotypes. Patients in our cohort showed a broad epilepsy phenotypic spectrum including Lennox-Gastaut
syndrome and unclassified EEs. There were loose correlations between mutation type and disease severity.
For example, among these GABRG2 mutations, the 1107T mutation had the most striking effect on GABAA
receptor macroscopic current properties and cellular localization (Table 2-3). With respect to age of onset,
motor development and, epilepsy outcomes, the most severe disease course was also seen in patient 3 with the
[107T mutation. However, since there are only a small number of patients with GABRG2 mutations and only
the cohort in this report with EE, we cannot make a definitive statement about effect of mutation on channel
function and EE severity. What is likely is that the clinical and biophysical effects of GABRG2 mutations can
be modified by the genetic background of the individual as evidenced by the difference in epilepsy
phenotypes of KI mice with different genetic backgrounds (/6) and that variants can be found in both an

inherited and de novo pattern.

Conclusions

Collectively, our study employed a combination of massively parallel sequencing and in vitro functional
assays and established that mutations of the GABRG2 gene are genetic risk factors for EEs. This
complemented the prevailing GABAergic channelopathy paradigm in epilepsy and broadened the phenotype
of EEs associated with GABRG2. Our findings are of clinical significance, as GABA, receptors are known to
be targets for epilepsy treatment (55). Identification of additional GABRG2 mutations will no doubt guide
further studies of the precise role of y2 subunits in epileptogenesis and provide new insights into the targeted

treatment for EEs. Our present results do not cover the full spectrum of possible mutation-induced channel
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dysfunction, and the precise mechanisms by which mutations cause EE in humans remain to be clarified.
Future studies in cultured neurons or in animal models will be required to study the downstream effects of

these mutations in detail and solidify genotype-phenotype relationships in GABRG2-EE.
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Figure 2-1: De novo GABRG?2 variants were identified in eight individuals with EE.

(A) Pedigrees and segregation analysis of the six GABRG2 missense variants identified in eight patients. Arrows
indicate probands. (B) Three representative EEGs are presented. The top EEG demonstrates excessive beta activity and
focal discharges over the vertex head region. The lower two EEG traces show more diffuse background slowing and
irregularly generalized (middle) and generalized (lower) epileptiform discharges. (C) Most of the brain MRIs were
normal (not shown), but three patients had non specific findings and are presented (top MRI - delayed myelination of the
frontal lobes; middle MRI — hypoplasia of the falx; bottom MRI - enlarged ventricles and extraaxial CSF spaces for age).
All MRIs are presented at level of head of caudate.
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Figure 2-2: De novo y2 variants were located between the interface of the N-terminal and transmembrane
domains of the GABA , Receptor.

(A) A cartoon representation of the linearized secondary structure of a y2 subunit was made displaying putative locations
of the substitutions identified in this study. B-strands were represented as black arrows and a-helices as gray rectangles.
(B) Alignment of human y(1-3), a(1-6), and B(1-3) subunits from the GABA4 receptor subunit family were performed.
Sites of de novo variants in the y2 subunit were shown in red. A106 and 1107 residues were not conserved (shown in red
in y2 subunit only). Across all sequences, P282 and R323 residues were identical (highlighted in dark gray), and the
residue F343 was conserved (highlighted in light gray). Secondary structures such as B-strands (Bl and B2) or
transmembrane domains (M1, M2 and M3) were also represented across subunits above the alignments. (C) A 3D
structural model of the GABA, receptor was constructed. GABRG2 de novo variants were mapped onto the y2 subunit
in orange. The dashed box highlights the observation that the variants were closely connected with the structural
domains between the interface of the N-terminal (B1-B2 loop, Cys-loop, loop F) and transmembrane domains (M2-M3
loop, M1, M2, M3). See extended details in Fig.2-9.
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Figure 2-3: Mutant a1B2y2L receptors showed decreased GABA-evoked whole-cell currents and increased zinc
sensitivity.

(A) Representative GABA current traces are shown that were obtained following rapid application of 1 mM GABA for
4s to lifted HEK293T cells voltage clamped at -20 mV. (B, C) Bar graphs showing average peak current and zinc
inhibition from cells co-expressing al1B2 subunits with wild-type (wt) or mutant y2 subunits. Values were expressed as
mean + S.E.M (see Table 2-2). One-way ANOVA with Dunnett’s post-test was used to determine significance
compared to the wt condition. ****p < (0.0001, ***p < 0.001, and "p > 0.05, respectively.
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Figure 2-4: Immunoblotting studies were obtained for mutant y2L subunits.

Wild-type or mutant y2L subunits were cotransfected with a1p2 subunits into HEK293T cells. (A) Total cell lysates
were collected, analyzed by SDS-PAGE and blotted by anti-y2 and anti-ATPase antibodies. In this representative
western blot, NS stands for nonspecific control. (B) Band intensity of y2L subunits was normalized to the ATPase signal
(n =4, mean = S.E.M.). Both the lower and higher-molecular-mass bands were included. (C) Surface protein samples
were collected through biotinylation and probed by anti-y2 and anti-ATPase antibodies. A representative western blot
was presented. (D) Band intensities of y2L subunits were normalized to the ATPase signal (n > 4, mean = S.E.M.). One-
way ANOVA followed by Dunnett’s multiple comparison test were used to determine significance. (¥p < 0.05,
compared with wild-type condition). (E) Surface proteins of HEK293T cells coexpressing alB2y2L, alB2y2L(N105Q),
alB2y2L(1107T) or alP2y2L(N105Q/1107T) subunits were collected and probed with anti-y2 and anti-ATPase
antibodies. A representative western blot was presented.

90



a1pB2y2 L™ flow cytometry

1.5+
Surface HA
1.0-
dedk
:’*j Kok Kk —I_
0.5+
0.0' 1 |
v v v v
N A S Q
A\ ) Q x
\g N N
O v g
6@* & é%

Figure 2-5: y2L"* subunit surface expression was reduced significantly by the I1107T mutation itself rather than
by glycosylation of the N105 residue.

Surface y2L" subunit levels in HEK293T cells coexpressing o.1, p2 and mutated/glycosylation-deficient y2L"* subunits
were evaluated through flow cytometry. The mock-subtracted mean fluorescence intensity of y2L"* subunit signals
under different experimental conditions were normalized to those obtained with cotransfection of wild-type alp2y2L"*
subunits. Differences compared to wild-type condition were analyzed by the one-way ANOVA test followed by
Dunnett’s multiple comparison test. (*** p <0.001).
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Figure 2-6: y2L(IlO7T)HA and y2L(P282$)HA subunits were retained intracellularly.

Wild-type or mutant y2L(1107T)"* and y2L(P282S)"* subunits were coexpressed with o1 and B2 subunits in HEK293T
cells. Surface (A) and total (B) staining patterns were revealed by confocal microscopy. Both permeablized and
unpermeablized cells were stained with antibodies against the ol subunit (red) and the HA tag (green). Also shown was
DAPI nuclear counterstaining (blue), and the merge of these stainings. Scale bars, 10 um. (C) The transfected cells
were permeablized, and y2L"* subunits were labeled with anti-HA antibody (green). The ER was visualized with anti-
calnexin antibody (red). White boxes on the merged images depict the enlarged area shown in the images to the right.
Scale bars, 20 um. (D) Statistical analyses of wild-type or mutant y2L"* subunits and ER colocalization was performed
using Pearson’s correlation coefficient (R) and Manders’ co-occurrence coefficient (M1 and M2). Results shown are the
mean + S.E.M of 15 cells in 3 independent experiments. (*** p < 0.001).
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Figure 2-7: Mutant y2 subunits had different intracellular and surface distributions.

Wild-type or mutant y2L"* subunits were coexpressed with a1 and P2 subunits in HEK293T cells. Surface (A) and total (B)
staining patterns were determined by confocal microscopy. Both permeabilized and unpermeablized cells were stained with
antibodies against the al subunit (red) and the HA tag (green). Also shown was DAPI nuclear counterstaining (blue), and
the merge of these stainings. Scale bars, 10 um

93



A B C

4s
R3230- 7 106T
P28254 v\F343L 'g
R323W-1 wt = =1500
o
11077 < g
§ :"5 1000
2 § 500
. g
s 0 Q »
g A 3
& S EFSS S
D E
| R323Q
wt
F343L
R323Q
wt
ot 5ms 100 ms

m
®

?1.5- B 4504
i 5
1.0 S 300-
5 §300
£ 8
<(0.5- §150.
0.0-
» & & P O N o > & & 2 O N o
{ § &V & 4 & &V &
FE TS FEEFS S

Figure 2-8: Mutant y2 subunits altered the kinetic properties of GABA, receptor currents.

(A) Superimposed representative traces show the desensitization of GABA-evoked currents produced by 4s applications of 1
mM GABA to wild-type (wt) and mutant receptors. Traces were normalized to wt currents for clarity. (B) Bar graphs show
average extent of desensitization measured at the end of the application of GABA, and (C) the weighted desensitization time
constant during 4s applications of GABA were determined. Representative current traces show activation (D) and
deactivation (E) of currents produced by 10 ms GABA (1 mM) applications to wt and mutant receptors containing the
v2(R323Q) and y2(F343L) subunits. Traces were normalized for clarity. Bar graphs show (F) average activation time
constant and (G) weighted deactivation time constant from the cells co-expressing alf2 subunits with mutant or wt y2L
subunits. Values were expressed as mean + S.E.M. (see Supplementary Table 1). One-way ANOVA with Dunnett’s post-

test was used to determine significance. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, and "p > 0.05, respectively,
relative to wt condition.
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Figure 2-9: De novo y2 mutations decreased GABA potency by disrupting structural domains important for GABA
receptor function.

(A), (C), and (E). On the right are represented two neighboring subunits where the mutations are located in relation to the
y+/B- and a+/y- interfaces. Enlarged views of structural domains showing structural rearrangements caused by the y2(A106T)
and y2(I107T) (A), y2(R323W) and y2(R323Q) (C), and y2(P282S) and y2(F343L) (E) mutations were shown in black boxes.
The structural perturbations in the secondary structure and side chain residues that differed among the wild-type (in gray) and
the mutant simulation (RMS deviation > 0.5 A) were indicated in a different color from the wild-type simulation. The
principal (+) and complementary (-) interfaces of each subunit were shown, and structural domains along the interface of the
N-terminal (C loop, f1-B2 loop, Cys-loop, loop F) and transmembrane domains (M2-M3 loop, M1, M2, M3) were indicated.
(B), (D), and (F). GABA concentration-response curves for receptors containing y2(A106T) and y2(I1107T) (B), y2(R323W)
and y2(R323Q) (D), and y2(P282S) and y2(F343L) (F) mutant subunits (dashed lines) and for wild type (wt) receptors (solid
lines) were obtained. Inside the panels, representative peak currents evoked by a 4 s application of GABA (100 uM) were
shown. The color of the traces indicated the experimental condition as represented in the GABA-concentration response
curves. The Peak current traces obtained from receptors containing mutant y2 subunits were normalized with respect to wild-
type receptors for comparison. Values were expressed as mean + S.E.M (n = 5-6 cells for each experimental condition). The
data represented the summary of 37 cells with comparable capacitances (8-12 pF) recorded from three independent
transfections.
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Table 2-1. Clinical features of all individuals with GABRG?2 variants identified in this study.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8
Variant c.316G>A c.316G>A c.320T>C c.844C>T c.968G>A c.968G>A c.967C>T c.1027 T>C
Origin De novo De novo De novo De novo De novo De novo De novo De novo
Ef;zg; p.A106T p.A106T p.I107T p.P282S p.R323Q p.R323Q p.R323W p.F343L
Sex Female Male Female Female Female Female Female Female
Age at
inclusion 7 years 9 years 3 years 10 years 4 years 3 2/12 years 9 years 6 years
Age at .
- Day of Life 1 3 months 1.5 months 1 year 10 months 1 year 11 months 1 year
seizure onset
Seizure type GTCS Tonic Tonic Secondaw FS, GTC.S’ FS, myoclonic GTCS Tonic
at onset generalized myoclonic
Seizure Sporadic
frequency at Daily Unknown Daily Unknown ET cs Daily Weekly Daily
onset
Atonic,
. myoclonias
CPS, secondary . . Myoclonic, .
Fuithhrert Tonic, CPS generalized, Iniar;rtllle toni aAbtyprical absences, g?rl?gal sleep, Absences None
seizure types atonic spasms, tonic sences GTCS, CPS ypic
absences,
GTCS
AED Seizure free for | No clear No clear Shght No clear No clear VPA and Some
2 yearson LEV | response response improvement response response TPM best improvement
fesponses Y with LTG combination on LEV
Seizure free for
Seizure 3 years (1 year Remains Remains Remains Remains Remains Seizure free Seizures
outcome seizure free off | intractable intractable intractable intractable intractable for 3 years Persist
AED)
High  voltage, Generalized Normal Excess diffuse
slowing of | Generalized spikes, background, beta and
EEG at onset Normal Normal background, and multifocal Normal irregular rare intermittent
sharp transients | spikes spike-wave- generalized left temporal
on the right side complexes spike waves slowing.
Normal poor
Background . Generalized backgroqnd ngamzatlon,
. ) Generalized . . frequencies, diffuse xs
o Diffuse xs beta, | slowing, rare . Generalized spikes .
No epileptiform . . spike-wave ) . . rare single | beta, frequent
Other EEG . multifocal sharp transients irregular spike | irregular .
activity seen . nearly . generalized or | sharps
sharps right more than . wave spike-wave- . . .
continuous hemispheric maximal at
left complexes
accentuated the central
spike waves vertex
Severe global Severe  global | Severe global | Severe global | Severe global | Severe global | Severe global | Severe global
Development
delay delay delay delay delay delay delay delay
Language Non verbal Non verbal Non verbal Non verbal Non verbal Non verbal Non verbal Non verbal
Hypotonia,
nystagmus, Hypotonia, . Hypotonia,
. . hyperkinetic nystagmus, Hypotonia, . . .
Neurological Hypotonia, . . Hypotonia, intermittent
movements with | hand roving eye Normal . . Normal
exam nystagmus . mild ataxia hand
some stereotypies, movements osturin
choreoathetotic | choreoathetosis p g
components
o Delayed Falx
MRI Findings L Volume loss Normal Normal Normal Normal Normal .
myelination hypoplasia

GTCS, generalized tonic-clonic seizures; FS, febrile seizures; CPS, complex partial seizures; AED, antiepileptic drug; LEV, levetiracetam;
LTG, lamotrigine; VPA, valproic acid; TPM, topiramate
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Information presented in table is the Variant; Origin of mutation; Protein Change; Sex of patient; Age at
inclusion of study; Age at seizure onset; Seizure type at onset; Seizure frequency at onset; Seizure types that
evolved with age; Responses to AEDs; Seizure outcome at last follow up; predominant EEG patterns at onset;
Other patterns that were found on any EEG; Developmental outcome (best functioning); Language function
(at best); Neurological exam and MRI findings. Abbreviations are presented at bottom.
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Table 2-2. Effects of GABA,4 receptor y2 subunit mutations on a1p2y2L receptor channel function.

alf2y2L A106T 1107T P282S R3230 R323W F343L
Current 6389+ 157 46204 190° 033 % 4076 + 3159 + 3402 £ 4453 +
amplitude, pA (n=45) (n=12) 253 428 195 267 202

p P (n=14) (n=21) (n=132) (n = 30) (n=22)
Desensitization 72+ 1 66+ 1 74+ 1 76 + 1 85+ 2% 69+ 2 66+2
extent, % (n=51) (n=12) (n=14) (n=25) (n=15) (n=22) (n=11)
Desensitization | 1042 + 72¢ 1324+ 1042 £ 15 o1l + 1004+84  1B309F 1344y
7, ms (n=32) 42 (n="7) 17 (n=15) 134 (n=11)
’ (n=12) (n=17) (n=12)
Zinc 10+1 11+1 24+ 1° 20+ 2° 32+2° 26+ 2° 10+ 1
inhibition, % (n=51) (n=12) (n=14) (n=24) (n=15) (n="21) (n=11)
Activation T, 1.11£0.07° 065004 1.10£0.12 0.75+0.02 166137§E 1.09+0.17 066171f
ms (n=36) n=12) n=7) (n=14) (n=18) (n=12) (n=17)
Deactivation T, 87+5 312+ 12°  268+16° 165+ 7° 31 +2° 55+ 67 482 + 33°
ms (n=32) (n=28) (n = 6) (n=12) (n=18) (n=13) (n="7)

Kinetic parameters were obtained from macroscopic currents recorded from lifted cells, which were voltage-
clamped at -20 mV. Current amplitude, desensitization extent and desensitization t refer to peak current and
residual current amplitudes at the end of 1 mM GABA applications for 4 s, and weighted desensitization time
constant, respectively. Activation and deactivation t refer to weighted activation and deactivation time
constant respectively, when applying 1 mM GABA for 10 ms. Values reported are mean + S.E.M. One-way
ANOVA with Dunnett’s multiple comparisons test was used to determine significance. *p < 0.0001, ®p <
0.001, p < 0.01 and “p < 0.05, respectively, relative to alB2y2L.
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Table 2-3. Summary of in vitro characterization of GABRG2 mutations identified in this study

Macroscopic properties

Cellular localization

gfgﬁgﬁs Current p((;)tAeﬁgf Desensitization Desensitizl:tlil:)flncs Activation Deactivation Intracellular Surface
extent T T T
A106T ! l > ) ! ! > !
1107T l l > > > ) 1 1
P282S l -> > > > | 1 )
R323Q ! ! T > T ! > !
R323W ! l > 1 > | > |
F343L ! > > > ! 1 > !
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1. Abstract

Mutations in GABA, receptor subunit genes are frequently associated with epilepsy, and nonsense mutations
in GABRG2 are associated with several epilepsy syndromes including childhood absence epilepsy,
generalized tonic clonic seizures and the epileptic encephalopathy, Dravet syndrome. The molecular basis for
the phenotypic heterogeneity of mutations is unclear. Here we focused on three nonsense mutations in
GABRG2 (GABRG2(R136%*), GABRG2(0Q390%) and GABRG2(W429%*)) associated with epilepsies of different
severities. Structural modeling and structure-based analysis indicated that the surface of the wild-type 2
subunit was naturally hydrophobic, which is suitable to be buried in the cell membrane. Different mutant y2
subunits had different stabilities and different interactions with their wild-type subunit binding partners
because they adopted different conformations and had different surface hydrophobicities and different
tendency to dimerize. We utilized flow cytometry and biochemical approaches in combination with lifted
whole cell patch-clamp recordings. We demonstrated that the truncated subunits had no to minimal surface
expression and unchanged or reduced surface expression of wild-type partnering subunits. The amplitudes of
GABA-evoked currents from the mutant alp2y2(R136%), alp2y2(Q390%*) and alP2y2(W429%*) receptors
were reduced compared to the currents from alp2y2 receptors but with differentially reduced levels. This

thus suggests differential protein structure disturbances are correlated with disease severity.

105



Key words: GABA, receptors, genetic epilepsy, mutation, GABRG2(R136%*), GABRG2(Q390%),

GABRG2(W429%*), protein structure prediction, dimer, hydrophobicity

2. Introduction

Mutations in GABRG?2 are associated with epilepsies of varying severities. However, the basis for the mutant
v2 subunits structure and the correlation between structural disturbances and disease phenotypes has not been
reported. We have demonstrated that nonsense GABRG?2 mutations result in loss-of-function but different
nonsense mutations are associated with epilepsy phenotypes with different severities. Thus, understanding
the structural alterations of mutant y2 subunits may provide novel insights into epilepsy phenotypic
heterogeneity. GABRG2(R136%*) is a mutation associated with febrile seizures (FS) (1), GABRG2(Q390%) is a
mutation associated with the severe epilepsy Dravet syndrome (2), and GABRG2(W429%*) is a mutation
associated with FS and the moderately severe genetic epilepsy with FS plus (GEFS+) (3). We have
demonstrated that protein degradation rate is associated with steady state protein expression of the mutant
GABA, receptor y2 subunit (4). However, the structural basis for the mutant protein’s stability, and the

correlating biochemistry and function of the mutant subunits has not been reported.

Although the GABA, receptor is a major mediator of fast inhibitory neurotransmission in the CNS, and the
assembly and current kinetic properties of GABA4 receptors have been well characterized, the structure of the
receptor is less known. Among GABA, receptor subunits, the first three-dimensional structure of the
GABA, receptor B3 homopentamer was resolved by X-ray diffraction and has revealed many architectural
details of the homopentamer and its role as a pentamer in channel signal transduction (5). However, other
unsolved subunits of GABA receptors could also oligomerize and produce different pentamers with various
functional roles and their structures remain unknown. In addition, missense mutations and nonsense
mutations with truncations of different lengths of these subunits still lack structure-based explanation of their

properties. Protein structure prediction provides a powerful tool to infer tertiary structure from protein amino
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acid sequence (6). With structural modeling and protein docking, there are already several successes in
predicting function-related structural conformational differences between mutant/truncated and wild-type

structures (7-11).

In the present study, we characterized the properties of the three FS and epilepsy associated truncated mutant
v2 subunits based on structural modeling. Based on the predicted GABA 4 receptor subunit structural models
and a series of computational analyses, we quantitatively inferred the protein-protein interaction stabilities
among these subunits in the complexes. Our computations are mainly rooted in one widely accepted
hypothesis on stability of protein complexes: if the predicted binding affinity is higher, then the proposed
protein-protein complex is likely more stable and has a higher probability to exist in vivo (10, 12). In
particular, we have demonstrated that differences in protein stability are due mainly to the differentially
accessible surface area (454) and surface hydrophobicity (/3). ASA is protein surface area accessible to a
solvent from solvent probe radius 1.4 A as calculated by nACCESS. With various protein docking processes,
we have determined that different mutant subunits have different interactions with the remaining wild-type

partnering subunits, like al subunits, and the stabilities of the dimers of different mutant subunits are different.

We have used biochemistry and flow cytometry to further validate the results of protein structural modeling.
We have determined total and surface expression of the three mutant y2 subunits. We have determined the
propensity of the mutant subunits to form high molecular mass protein aggregates. With a de-glycosylation
study, we have demonstrated the differential glycosylation arrest of the wild-type subunits when co-expressed
with the different mutant y2 subunits and ER retention of the wild-type partnering subunits. With whole-cell

patch clamp recordings, we have identified different extents of preservation of wild-type channel function.
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3. Methods

Structural modeling of the wild-type and the mutant GABA, receptor subunits

We mainly used our in-house protein structure prediction tool MUFOLD (6) to construct protein models of
GABA, receptor al, B2, B3, y2, and 6 subunits. We also carefully modeled mutant GABA, receptor y2
subunits including: (1) the y2(R136%*) subunit, with all transmembrane regions deleted and only part of the N-
terminal domain remains; (2) the y2(Q390%) subunit, with the fourth hydrophobic transmembrane a-helix
(YARIFFPTAFCLFNLVYWVSYLYL) deleted and a new a-helix with many charged amino acids
(KDKDKKKKNPAPTIDIRPRSATI) found to assume its location; and (3) the y2(W429*) subunit, with the
fourth hydrophobic transmembrane a-helix truncated. In the MUFOLD protocol, several experimental
protein structures in PDB were identified based on homology as templates (PDB id: 4cof and 2bg9). Then
multidimensional scaling (MDS) was used to reconstruct multiple protein decoys based on these templates,
and these decoys were clustered and evaluated. With several iterations of model generation and evaluation,
one decoy was chosen as the predicted protein model and then refined by Rosetta (/4). For mutant GABA
receptor y2 subunits, the original input subunits were split into different domains, and each domain was

modeled individually and then assembled together.

To further understand the stability of the wild-type and mutant subunits, a dimer structure was constructed
between two subunits in symmetric docking by SymmDock (/5). SymmDock used a priori restriction on its
transformational search space only to symmetric transformations, which makes it gains both in efficiency and
performance on cyclically symmetric homo-multimers. Because GABA, receptor subunits are membrane
proteins, special filtering on dimer models was applied to make sure the intracellular, transmembrane, and
extracellular domains interacting correspondingly between the y2 monomers. General docking was
performed in conjunction with template-based docking (/6) between y2 and a subunits by mapping their

corresponding positions to the GABA 4 receptor B3 homopentamer template (PDB id: 4cof). Heteropentamers
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and hypothetical homopentamers were also constructed by template-based docking. Chimera (/7) and Pymol

(18) were used to display the protein structural models.

Quantitatively inferring stability of dimer and pentamer models
We used several quantitative methods to calculate buried surface area and force field to computationally infer
the binding affinities of the proposed docking protein complexes (Table 3-6). Buried accessible surface area
(4SA4) and buried hydrophobic accessible surface area (hydroASA) dominate binding affinity (/9), and we
treat them as the hydrophobicity score. ASA is calculated as sum of the surface areas of two proteins
monomers minus the surface of protein complex dimer. We used nACCESS " software to get solvent AS4
with solvent probe radius 1.4 A. Between two proteins and the protein complex, buried surface area caused
by carbon and sulfur atoms are defined as the Hydrophobic Buried Surface Area (S,4,), buried surface area
caused by oxygen and nitrogen atoms as the Hydrophilic Buried Surface Area (S,,). An empirical score
(EmpiricalValue) was used to obtain the binding affinity by incorporating buried surface area and the
hydrophobicity in empirical linear combination. EmpiricalValue incorporates buried hydrophobic surface
area, and the weights came from previous work (/3) (Eq. (1). For a given protein complex, EmpiricalValue is
calculated as (1):

EmpiricalValue = 0.0134* S, +0.0043* S, )
To incorporate the solvent characteristics in transmembrane domain and the extracellular/intracellular
domains, we calculated EmpiricalValue from three individual domains:
EmpiricalValue’ = (0.0134%§Xeer, =4 0,0043% 5 Ly 4 (0.0043gtesmembrne L 4
0.0134%gmmsmembrane () (] 34 ginmeclilar () 435 ginmacelular )
We also used Choi’s dG_est, which is another empirical based binding affinity calculation (/8). Its predicted
binding energy dG_est value is obtained by estimating the contribution of the solvation factor in protein
binding by a minimalistic solvation-based model. In addition, force field-based method Rosetta interface

analyzer (20-22) was applied to examine the quality and stability of protein-protein interaction interface. We
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chose the widely accepted binding energy per unit area (dG_separated/dSASAx100) and packstat (value from
poor 0.0 to good 1.0) to illustrate the quality of the interface.  In general, the wvalue of
dG separated/dSASAx100 below -1.5 and value of packstat above 0.65 are considered to be good. These two

structure-based values are both from Rosetta interface analyzer of Rosetta Buddle 3.4.

Expression vectors with GABA , receptor subunits

The cDNAs encoding human al, B2, and y2 subunits in the pcDNA(3.1) vector with the cytomegalovirus
(CMV) promoter were as described previously (23, 24). All the truncation mutations were generated using
the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and confirmed by DNA sequencing
in the Vanderbilt DNA Core. The short form of the y2 subunit was used in this study, and numbering of y2

subunit amino acids was based on the immature peptide that includes the 39 amino acids of the signal peptide.

Cell culture and transfection

HEK 293T cells were replenished with DMEM supplemented with 10% FBS and 1% antibiotics. HEK 293-T
cells for immunoblots were transfected with Fugene (Invitrogen, Carlsbad, CA). Cells were co-transfected
with 1 pg of each subunit or 3 pg of single subunit plasmid for each 60 mm?® dish, and the total lysates were

harvested 48 hr later.

Western blot and protein digestion

Transfected HEK293T cells were collected in modified RIPA buffer (50 mM Tris (pH = 7.4), 150 mM NaCl,
1% NP-40, 0.2% sodium deoxycholate, | mM EDTA) and 1% protease inhibitor cocktail (Sigma). Collected
samples were subjected to gel electrophoresis using 4-12% BisTris NuPAGE precast gels (Invitrogen) and
transferred to PVDF-FL membranes (Millipore). Monoclonal anti-al subunit antibodies (NeuroMab) and
polyclonal anti-y2 subunit antibodies (Alomone or Millipore) were used to detect GABA4 receptor subunits.

Anti-Na+/K+ ATPase antibody (Abcam) was used as a loading control. IRDye® (LI-COR Biosciences)
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conjugated secondary antibody was used at a 1:10,000 dilution in all cases. Membranes were scanned using
the Odyssey Infrared Imaging System (LI-COR Biosciences). The integrated intensity value of bands was

determined using the Odyssey Image Studio software (LI-COR Biosciences).

For protein digestion, cell lysates were incubated with enzyme Endo H or PNGase F in G7 or G5 reaction
buffer, respectively (New England BioLabs). Digestion proceeded for 3 h at 37°C and was stopped with 5%
B-mercaptoethanol (Sigma). Treated samples were then subjected to SDS-page electrophoresis and western

blot.

Measurement of surface GABA, receptor subunit expression using flow cytometry

Measurement of surface expression of GABA, receptor al and HA-tagged y2 subunits using flow cytometry
has been described previously (25). Briefly, transfected HEK 293T cells were removed from the dishes by
trypsinization and then resuspended in FACS buffer (phosphate buffered saline, PBS supplemented with 2%
FBS and 0.05% sodium azide). Following washes with FACS buffer and permeabilization with
Cytofix/cytoperm (BD Biosciences) for 15 min, cells were incubated with mouse monoclonal anti-HA
antibody (1:200) or anti-al subunit antibody for 2 hours and then incubated with fluorophore Alexa-647
conjugated goat anti-mouse 2 antibody (1:2000) for 1 hour at 4° C. Cells were then washed with FACS

buffer and fixed with 2% paraformaldehyde. The acquired data were analyzed using FlowJo 7.1 (Treestar).

Electrophysiology

HEK 293T cells were co-transfected with 2 pg of each subunit plasmid and 1 pg of the pHook-1 cDNA
(Invitrogen, Carlsbad, CA) using a modified calcium phosphate precipitation method and selected 24 hours
after transfection by magnetic hapten coated beads (26). For each recording, the external bathing solution
consisted of (in mM) NaCl 142, KCI 8, MgCl, 6, CaCl, 1, HEPES 10, glucose 10, pH 7.4 and 325-330 mOsm.

The pipette solution consisted of (in mM) KCI 153, MgCl, 1 MgATP 2, HEPES 10, EGTA 5, pH 7.3 and
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310-320 mOsm. Recording pipettes were made of thin-walled borosilicate glass (World Precision
Instruments, Pittsburgh, PA) pulled with a P-2000 laser puller (Sutter Instruments, San Rafael, CA) and fire
polished with a microforge (Narishige, East Meadow, NY) to resistances between 1.2-1.8 MQ when filled

with internal solution. Lifted whole cells were voltage clamped at -50 mV (23, 27).

Data analysis

Protein IDVs were quantified by using Odyssey fluorescence imaging system (Li-Cor). Macroscopic currents
were low pass filtered at 2 kHz, digitized at 10 kHz, and analyzed using the pClamp9 software suite (Axon
Instruments, Union City, CA). Statistical significance of immunoblot flow cytometry and electrophysiology
data was determined by ANOVA with Bonferroni posttests, a Student’s unpaired t test or, if appropriate,
single-value t test (GraphPad Prism, La Jolla, CA). All analyses used an alpha level of 0.05 to determine

statistical significance.

4. Results

Wild-type and mutant GABA 4 receptor Y2 subunits had different surface hydrophobicity scores
We determined structural alterations of the three mutant y2 subunits based on protein homology modeling
(Figure 3-1A). The GABRG2(R136*) mutation resulted in a loss of a portion of the N-terminus, all four
transmembrane domains and all extracellular and intracellular loops with the only the short upstream N-
terminal peptide remaining. The GABRG2(0Q390*) mutation resulted in the loss of the downstream 78 amino
acids in the middle of the intracellular TM3-TM4 loop towards the C-terminus while the GABRG2(W429%*)
mutation resulted in loss of the downstream 39 amino acids in the middle of the TM3-TM4 intracellular loop
towards the C-terminus. With MUFOLD, structural homology modeling of wild-type and three mutant y2
subunits was illustrated (Figure 3-1B). It is of note that all the mutant y2 subunits we presented here are

whole proteins including sequences of N-terminus, transmembrane domain to intracellular loop while only
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part of the y2(Q390%*) protein model was reported in our previous study (8). The hydrophobicity of the
protein surface was presented in Figure 3-1C. We measured the whole AS4 and hydroASA of the wild-type
and mutant subunits as hydrophobicity scores. At monomer level, compared with the wild-type y2 subunit
(17701.32 for hydroASA and 26892.48 for whole ASA), the mutant y2(W429*) subunit had similar areas in
hydroASA (163641 for hydroASA; 24877.64 for whole A4S4). The mutant y2(Q390%*) subunit had reduced
values in whole A4SA and hydroASA (13372.87 hydroASA; 20332.57 for whole 4SA) while the mutant
v2(R136*) subunit protein had the most reduced values in whole 4S4 and AydroASA (3580.68 hydroASA;

5823.09 for whole 4S4) and (Figure 3-1D, Table 3-1, Table 3-2).

Different mutant y2 subunits formed homodimers with different stabilities

After obtaining structural models of wild-type y2 and mutant subunits, the homodimers were obtained by
symmetrical docking and template-based docking on the corresponding models individually. Using the same
procedures as previously described by Yu (28) and Tsigelny (29, 30), we demonstrated that the y2 subunit
homodimers could adopt three different possible conformations. The first conformation was a non-
propagating dimer (head-to-tail), which could be obtained by symmetric docking. The second conformation
was a propagating dimer that may propagate to a fibril and this dimer could also be obtained by symmetric
docking but with membrane constraints, i.e. choosing symmetric docking head-to-head results in both
membrane regions located in the membrane. The third conformation was also a propagating dimer that could
propagate to a ring structure. We constructed y2 subunit dimers by adopting the experimentally resolved

homo-pentamer as the template.

We present the y2 subunit homodimers predicted by SymmDock were shown by PyMOL. The two y2 subunit
chains were shown in red and green (Figure 3-2A). Alpha-beta-alpha-beta-gamma pentamer ribbons of the
wild-type and the mutant y2 subunit containing receptors were also presented (Figure 3-2B). We modeled all

three possible conformations of mutant y2 and wild-type y2 dimers, and calculated the energies which were

113



represented by buried surface values for each of these hypothetically propagating dimers to rings or annular
structures (Figure 3-2C). A larger buried surface values could represent a larger binding affinity and a more
stability of the dimers and a higher likelihood of forming ring or annular structures. The wild-type and mutant
v2(W429%*) dimers had similar energy (3647.423 for wt and 3650.25 for W429%*) propagating to rings. The
mutant y2(Q390X) dimer had the highest energy (5015.323) while the mutant y2(R136*) dimer had the lowest
energy propagating to rings (482) among all the four y2 subunit dimers (Figure 3-2C). This suggests that
v2(Q390%*) subunit dimers are more stable and more likely to form ring or annular structures. We also
calculated the energies for propagating fibrils (Figure 3-2D) and nonpropagating dimers (Figure 3-2E) for the
wild-type and mutant y2 subunits. The energy of the y2(W429%*) dimers propagating to fibrils (2697.394) is
similar to the wild-type y2 subunit dimer (2342.576). The energy of the y2(Q390%*) dimers propagating to
fibrils (2475.417) is similar to that of y2 (R136%*) subunit dimers (2513.002) (Figure 3-2D). The energies of
nonpropagating dimers for the wild-type y2 subunit (6021.28) were higher than all the mutant y2 subunits

(2513 for y2 (R136%), 4217.18 for y2 (Q390%*) and 5457.34 for y2(W429*)) (Figure 3-2E).

Different mutant y2 subunits had different levels of total protein, and all mutant y2 subunits were
more likely to form dimers and higher oligomers

We utilized a biochemical approach to determine expression levels of mutant y2 subunits and their propensity
to dimerize. We co-expressed mutant y2 subunits with a1l and B2 subunits and determined the total y2 subunit
protein level. We separately analyzed the y2(R136*) subunit because of its much smaller molecular mass
compared with the other mutant subunits. We demonstrated previously that y2(R136*) subunits migrated in
multiple bands, but with reduced amounts, while wild-type y2 subunits only migrated in one band. In contrast,
mutant y2(Q390%*) and y2(W429%*) subunits migrated with multiple bands at higher oligomers and with one
band at monomer level with increased protein amount (Figure 3-3A). We demonstrated previously that the
bands of higher oligomers in y2(Q390%) and y2(W429*) subunits are dimers and higher oligomers (4, 23) by

pulse chase radio labeling. The dimers as well as the higher oligomers are resistant to detergent as evidenced
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on SDS gels. It is likely that the multiple bands observed in y2(R136%*) subunits are the different
glycosylation forms of the mutant protein dimers as the subunits only migrated in two bands after either Endo
H (H) digestion, which removes the ER glycosylation, or PNGase F (F) digestion, which removes all glycans.
We observed the identical pattern after H and F digestion, indicating the mutant y2(R136*) subunits only had
ER glycosylation (Figure 3-3B). We quantified the total subunit protein amount and demonstrated that the
v2(R136*) subunit had reduced total amount of protein (0.65 = 0.032, n = 4), y2(Q390%*) subunits had
increased total amount of protein (3.175 £ 0.125, n = 4) while the y2(W429%*) subunits (1.025 = 0.086) had a
total amount of protein that was similar to that of wild-type subunit, which was arbitrarily taken as 1 (Figure
3-3C). We also determined the relative amount of dimers/higher oligomers compared to monomers in each
condition. The dimers/higher oligomers or monomers were normalized to loading control and the ratio of
dimers/higher oligomers over monomers was measured. We demonstrated that all three mutant y2 subunits
(1.72 + 0.13 for R136*, 2.68 + 0.29 for Q390%*, 1.575 + 0.085 for W429*, n = 4) were more likely to form
dimers or higher oligomers compared with wild-type y2 subunits (0.385 + 0.06 for wt) (Figure 3-3D). Highest
steady state amount of higher oligomers and total protein of y2(Q390%*) subunits among all y2 subunits
suggested that the y2(Q390%*) subunits were most stable and were not easily disposed of by the cellular
degradation machinery. In summary, compared to wild-type y2 subunits, yY2(R136%*) subunit levels were

reduced, y2(Q390%*) subunits had increased total protein, and total y2(W429*) subunits were unaltered.

Surface hydrophobicity of y2 subunits was the highest among GABA, receptor subunits, and the
v2-y2 dimer was the most stable dimer among all GABA, receptor subunit homodimers

We previously demonstrated that wild-type y2 subunits also have a tendency to dimerize when there is no
partnering subunit (23). We modeled wild-type y2 subunits and compared them with other wild-type subunits
including al, B2 and o subunits (Figure 3-4A). We demonstrated that the hydrophobicity score and the ratio
of hydroASA over the whole ASA of the y2 subunits were the highest among all the GABA receptor subunits

(Figure 3-4B, C and Table 3-3). For all structural models, a, B2, B3, y2, and 6 subunits were treated as
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monomers, and the homodimers were obtained by symmetric docking on these corresponding models
individually. The binding affinities were predicted by these quantitative criteria listed in Table 3-4 Binding
affinities obtained from Hydrophobic Buried Surface Area, EmpiricalValue, Choi’s dG_est and
dG_separated/dSASAx100 could explain the phenomenon that wild-type y2 dimers had the highest binding
affinity among all wild-type GABA, receptor subunit dimers, even larger than al, B3, and & subunit dimers.
Buried Area ASA of the wild-type y2 dimer was a little smaller than the wild-type B2 dimer, which is
inconsistent with the observation, while Packstat failed to explain the protein stability ranking among these
dimers. From these results, we concluded that the wild-type y2 dimer had the largest buried surface area and
the largest hydrophobic buried surface area compared with all other wild-type subunit dimers. The large C-
terminus in the intracellular region of y2 dimers may make it the most stable dimer among all the wild-type

dimers.

There was differential interaction of mutant y2 subunits with wild-type partnering subunits

Instead of directly symmetrical docking in constructing dimers, mutant B-a-B-a-y2(R136%*), B-a-p-a-
v2(Q390%*), B-a-B-a-y2(W429*) and wild-type B-a-B-a-y2 pentameric receptors were constructed by template-
based docking from the solved B3 homopentamer structure (Figure 3-5A). Since the mutant y2 subunit was
the only difference among these pentamers, we only considered the a-y2 and y2-B binding affinity variants
between the wild-type and mutant pentamers in the template-based docking pentamer. The average of these
two binding affinities was assumed to determine the stability of the whole pentamer. The average interface
affinities in wild-type a-y2/y2-B, mutant a-y2(R136*)/B-y2(R136%*), mutant a-y2(Q390%*)/B-y2(Q390X) and
mutant o-y2(W429*)/B-y2(W429*) subunits illustrate the stability of these pentamers (Table 3-4, 3-5). The
binding affinities of all the protein-protein interfaces were detailed in Table 3-5. Binding affinities obtained
from buried surface area and empirical score (Buried Surface Area, Hydrophobic Surface Area,
EmpiricalValue, EmpiricalValue’, and Choi’s dG_est) were all consistent with the observation that the mutant

pentamer B-a-f-a-y2(R136*) was less stable than the wild-type pentamer B-a-f-a-y2, and the wild-type
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pentamer B-a-B-a-y2 was less stable than the mutant pentamer B-a-f-0-y2(Q390%*). Only structure-based

criterion dG_separated/dSASAx100 and Packstat could not explain the stability rankings.

The structural interpretation from the modeling results was similar to hydrophobicity analysis in mutant
subunit dimers. The large truncation in the y2(R136%*) subunit made the binding affinity reduced by the
buried surface area shrinking in both interfaces of neighboring o and p subunits. While the truncation in the
v2(Q390%*) subunit increased buried surface area in adjacent subunits of the pentamer, the different
interactions among the wild-type and mutant y2 subunits may have different impacts on the biogenesis of
wild-type partnering subunits. We have compared the total al subunit expression when it was co-expressed
with the wild-type B2 subunit and different y2 subunits. Compared with the al subunit co-expressed with the
wild-type y2 subunit, the al subunit expression was not changed in the y2(R136%*) subunit condition. In
contrast, the al subunit expression was reduced when co-expressed with y2(Q390%*) and y2(W429*) subunits
(Figure 3-5B). When normalized to the al subunit in the wild-type y2 subunit condition which was arbitrarily
taken as 1, the al subunit was reduced almost by half when co-expressed with the y2(Q390*) subunit (0.53 +
0.04, n = 4) while the al subunit was reduced by ~25% when co-expressed with the y2(W429 *) subunit (0.76

+ 0.08, n = 4) (Figure 3-5C).

There was different surface expression of mutant y2 subunits and their wild-type partnering
subunits

Because y2 subunits have to be co-assembled with a and B subunits to form pentamers before they can traffick
to the cell surface and synapses, we co-expressed y2 subunits with ol and 2 subunits. We determined the
surface expression of the wild-type and mutant y2 subunits and the wild-type al subunit with flow cytometry.
When co-expressed with al and 2 subunits, surface expression of all three mutant y2 subunits were reduced

substantially (2.25 + 0.95 for R136%; 4.63 + 0.69 for Q390%; 13 + 2.04 for W429*, n = 4) relative to wild-type
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v2 subunits (taken as 100) (Figure 3-6A and C). However, the surface expression of the y2(W429*) subunit

was higher than that of the y2(R136*) and y2(Q390%*) subunits.

We then determined surface expression of al subunits. The al subunit surface expression with co-expression
of y2(R136*) subunits (103 = 7, n = 4) was not reduced compared with the wild-type. The al subunit surface
expression was substantially reduced with co-expression of y2(Q390%*) subunits (44 + 4, n = 4) and reduced to

a lesser extent with co-expression of y2(W429 *) subunits (70 = 9, n = 4) (Figure 3-6D).

Wild-type al subunits had different glycosylation and ER retention when co-expressed with
mutant y2 subunits.

Endoplasmic reticulum (ER) retention and ER associated degradation (ERAD) are common pathways for
disposal of misfolded mutant proteins. The ERAD quality control pathway is conserved for all the
glycoproteins including GABA, receptor subunits (3/). We have demonstrated that both wild-type and
mutant GABA 4 receptor subunits are subject to ERAD. We co-expressed al and B2 subunits with wild-type
or mutant y2 subunits in HEK cells, obtained total cell lysates for each transfection condition, and treated
them with Endo H or PNGase F followed by analysis with SD-PAGE. With Endo H digestion, the al subunit
migrated at 48.4 and 46 KDa, and the 48.4 KDa band contained the mature form while the 46 KDa band
contained the immature form (Figure 3-7A), as previously reported (32). Total al subunit levels were not
changed with co-expression of mutant y2(R136*) subunits (1.05 = 0.05 for U, 1.03 = 0.07 for H, 1.07 £ 0.04
for F, n = 4); but were reduced with co-expression of either y2(Q390*) subunits (0.48 + 0.02 for U, 0.51 £
0.05 for H, 0.46 + 0.07 for F, n = 4) or y2(W429*) subunits (0.79 + 0.03 for U, 0.82 + 0.14 for H, 0.78 + 0.05
for F) (Figure 3-7B). The al subunit was more reduced with co-expression of y2(Q390%) subunits than of
v2(W429%*) subunits. We then compared the relative ratio of the mature or the immature form to the total al
subunit protein. The mature form of a1 subunits are trafficked beyond the ER and reach the cell surface while

the immature form resides in the ER. There were no differences in the ratios of mature and immature ol

118



subunit to the total al subunit for the y2(R136%*) subunit (0.76 £ 0.11 for mature wt vs 0.81 = 0.09 for mature
R136%*;0.27 = 0.08 for immature wt vs 0.21 = 0.06 for immature R136*). However, the ratio of the mature to
total ol subunit was reduced with coexpression of y2(Q390%*) (0.25 + 0.05 for mature Q390%*; and y2(W429*)
(0.44 £ 0.08 for mature y2(W429%*) subunits. In contrast, the ratio of the immature band to the total al
subunit was increased with co-expression of the two mutant subunits (0.73 £ 0.15 for the immature y2(Q390%*)
subunit; 0.61 £ 0.14 for the immature y2(W429*) subunit) (n = 4) (Figure 3-7C). The increased presence of
the immature al subunit and glycosylation arrest was likely due to the oligomerization of al and y2 subunits
and stable interactions between these subunits. Consequently, thee immature subunits would be degraded by

ERAD, resulting in decreased surface expression of the al subunits and reduced total current.

Different y2 mutant subunits co-expressed with al and P2 subunits produced receptors with
different channel functions
Co-expression of the different mutant y2 subunits resulted in different levels of surface expression of the wild-

type partnering subunits. To confirm this, we compared the peak current amplitude and zinc sensitivity of
currents recorded from cells co-expressing al and 2 subunits with y2, y2(R136%*), y2(Q390%*) or y2(W429%*)
subunits. The peak currents from cells expressing the alP2y2(R136%) (724.8 £ 88.05, n = 10),
alP2y2(Q390%) (214.4 + 83.15, n = 8) or a1PB2y2(W429%*) (1029 £ 95.48, n = 7) subunits were smaller than
those recorded from cells co-expressing wild-type y2 subunits (3502 £ 493.3, n = 6) (Figure 3-8A).
Compared to currents from cells co-expressing ol and B2 subunits with wild-type y2 subunits, currents
recorded from cells co-expressing mutant y2 subunits had enhanced zinc sensitivity, suggesting surface
expression of alB2 receptors with co-expression of all of the mutant subunits (Figures 3-8A, 8C). Zinc (10
uM) application minimally reduced wild-type receptor currents (8.33+ 1.29, n = 6) but reduced currents from

cells co-expressing mutant y2 subunits by ~80-90% (Figure 3-8C).
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5. Discussion

We propose that differential protein structural disturbances in mutant GABA4 receptor y2 subunits result in
differential mutant y2 subunit protein biogenesis, maturation, surface expression and ultimately total GABA-
evoked current. The mutant y2 subunits resulting from different mutations that produce different structural

disturbances may be phenotype modifiers of their associated genetic epilepsies.

We have demonstrated that different mutant subunits are predicted to adopt different conformations.
Consequently, these structurally altered mutant subunits had different protein surface hydrophobicities. The
v2(R136*) subunits only retained a short N-terminal upstream sequence, which were efficiently degraded
inside cells. Based on the structure modeling and biological data, it is likely that y2(R136*) subunits were not
incorporated into the pentamer as the wild-type receptor. Therefore, the a1B2y2(R136*) receptor current had a
high sensitivity to zinc inhibition which suggests y2 subunit was absent and the current was likely produced
by alp2 receptors. The y2(Q390%*) subunits adopted a new a-helix, became very aggregation-prone, were
stable and inefficiently degraded while the y2(W429%*) subunits had a stability that was similar to wild-type y2
subunits. Based on the buried surface area, mutant y2(Q390%*) subunit dimers had the highest energies while
v2(R136*) subunits had the lowest energies. Consequently, the yY2(R136%*) subunit dimer was the least stable,
the y2(Q390%*) subunit dimer was the most stable, and the y2(W429*) subunit dimer had stability similar to
wild-type y2 subunit dimers. The y2(R136*) subunit could not form heterodimers with binding partners like
the al subunit while both y2(Q390%*) and y2(W429*) subunits could form heterodimers with binding partners.
The mutant y2(Q390%*) subunit is the most stable protein and formed the most higher oligomers compared
with y2(R136*) and y2(Q390%*) subunits. Although both wild-type y2 subunit and mutant y2(Q390 *) subunits
could dimerize, the mutant y2(Q390%*) subunit formed the most higher oligomers compared to wild-type y2
and mutant y2(R136%*) and y2(W429*) subunits. Interestingly, although to a different degree, all mutant y2
subunits were more likely to dimerize than wild-type y2 subunits. It is likely that the hydrophobicity surface

in the wild-type y2 subunits that promote dimerization is somehow masked by co-assembly with other
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partnering subunits such as al and B2 subunits, while the hydrophobicity surface of mutant y2 subunits could
not be masked during subunit folding and assembly. Thus, mutant y2 subunits are available to dimerize or to

form the higher oligomers.

The interaction of y2 subunits and wild-type partnering subunits like al or B2 subunits are different. The
mutant y2 subunits suppressed biogenesis of their partnering wild-type subunits. The docking study indicated
that y2(R136%*) subunits had minimal interaction with wild-type al subunits. As the 4ASA4 located at the
interface of proteins dominates their stability, y2(R136*) subunits with only small remnant of the extracellular
domain had minimal interaction with wild-type al subunits, consistent with the experimental biochemical
observations. We demonstrated that the al subunit surface expression levels were unaltered when al subunits
were co-expressed with B2 and y2(R136%*) subunits. In contrast, al subunit levels were most reduced when
al subunits were co-expressed with y2(Q390%*) subunits and were reduced, but to a lesser extent, when co-
expressed with y2(W429%*) subunits. The increased buried surface area or the high energies to form
propagating dimers in y2(Q390*) subunits may explain the strong dominant negative suppression of the

partnering subunits like a1 subunits.

Reduced surface expression of mutant protein is a common observation among all GABA, receptor subunit
mutations (33). The nonsense mutations in GABA receptor subunits results in loss of function of the subunit.
We demonstrated that all of the mutant y2 subunits had minimal surface expression, although the y2(W429%)
subunit had a small but significant increase of surface expression compared to the y2(R136*) and y2(Q390%)
subunits. However, the significance of this small increase is unknown in vivo with a much crowded cellular
environment and during development. As to the partnering ol subunit, its surface expression was consistent
with the total protein expression for each mutation. The surface expression of al subunits was unaltered
when co-expressed with B2 and y2(R136*) subunits but was reduced when co-expressed with 2 and

v2(Q390%*) subunits or y2(W429%*) subunits. GABA, receptors must traffick to the cell surface to conduct
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chloride ions. Those mutant subunits that are retained intracellularly are nonfunctional and may cause cellular

toxicity like ER stress (4).

Since only receptors trafficked to the cell surface are functional, and different mutant y2 subunits result in
differential surface expression of partnering subunits, we determined the total GABA-evoked current
produced for receptors formed in the presence of each mutant y2 subunit. When mutant y2 subunits were co-
expressed with al and B2 subunits, all of the currents were substantially reduced. However, the mutant
alB2y2(Q390*) receptor channel current was the most reduced while the alp2y2(W429%*) receptor current
was the least reduced. With the zinc sensitivity test, it is likely that all the mutant currents were largely due to
a1B2 receptor currents. This is consistent with the notion that f subunits compensate for y subunits when they
are lacking, and that the y subunit is not essential for receptor assembly (34) but is critical for receptor
clustering at synapses (35). In patients heterozygously harboring these GABRG2 mutations, it is likely the
mutant y2 subunits are not present on the cell surface. Only the wild-type subunits will traffick to the cell

surface and synapses.

In this study, homology modeling provides a promising method to obtain a high accuracy tertiary protein
model, which could reveal substantial structural detail. This homology modelling can help to explain protein
functions and molecular mechanisms. Once the structure was predicted, it could be treated as a monomer for
docking predictions. In our study, the challenge in constructing dimers mostly comes from the membrane
region, which restricts intracellular, transmembrane, and extracellular domains to bind accordingly to its
counter part of the monomer. In this work, we filtered all the unqualified models in dimer construction. We
used the structurally solved B3 homopentamer and hypothetical homopentamer structures to model GABA
receptor subunits by aligning a monomer to corresponding position to the B3 template. Because our docking
prediction of all of the wild-type and mutant GABA, receptor subunits was template-based, the prediction is

more accurate than with general docking.
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In protein-protein interactions, many factors could influence the binding affinity, including hot spots, anchor
residues, allosteric regulators and non-interface affinity modifiers. Hence, we used multiple quantitative
criteria to infer the binding affinities of the protein complexes constructed from docking on structure
prediction components. Compared with the experimental results, buried surface area based and empirical
based methods are consistent with most biochemical and electrophysiological observations, while Rosetta
based predictions succeed only in one observation. The limitation of structure based methods may come from
Rosetta’s sensitive energy function, where small errors in structural conformation may produce large

fluctuations in energy values.

In summary, as shown in Table 3-7, we demonstrated that different GABRG2 mutations may result in mutant
subunits with different protein conformations due to different structural disturbances and different functional
consequences. This could be applied to other mutations associated with many human diseases. In this study,
all the three GABRG?2 mutations (R136%*, Q390*, W429%*) resulted in a loss-of-function of the mutant subunits,
which could not traffick to the cell surface and were retained inside ER with glycosylation arrest. However,
the GABRG2 R136* mutation resulted in a mutant subunit that had the least impact on partnering subunits due
to its unstable binding with the partnering subunits, while the y2(Q390%*) subunits had the most dominant
negative suppression of the wild-type partnering subunits due to the stable binding with partners during
protein-protein interactions. The y2(W429*) subunits had a mild dominant negative suppression on the wild-
type partnering subunits. Therefore, the GABRG2((Q390*) mutation should result in a more severe phenotype

compared with GABRG2(R136*) and GABRG2(0390*) mutations.
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Table 3-1. Summary of the binding affinity of GABRG2 mutant subunits.

Index Binding Affinity of homo-dimer Binding Affinity of pentamer o-f-a--y2 pentamer
Wide-type y2 stable stable
Mutant y2(R136%*) least stable least stable
Mutant y2(Q390%*) most stable most stable
Mutant y2(W429 %) same as wild-type same as wild-type

Table 3-2. Binding affinity quantitative criteria on different mutant y2 subunits form homo-dimers with

different stabilities

Name Buried Hy(]j;l?ﬁnglc Empirical | Empricial | Choi’s | dG separated/d Packstat
Surface Area Value Value’ dG est SASAx100
Surface ASA -

Wide-type y2 2342.576 1675.349 25.319 NA -13.26 104.139 0.464
Mutant y2(R136%) 2513.002 1556.015 24.966 NA -9.09 474.118 0.558
Mutant y2(Q390%) 2475.417 1796.585 26.993 NA -9.13 233.474 0.482
Mutant y2(W429%) 2697.394 1679.967 26.886 NA -9.70 17.501 0.423

Table 3-3. Binding affinity quantitative criteria on wide-type GABAR subunits

. Hydrophobic -
Name Sur]?;crelegrea Bu}r/iiisgl:rface EmpiricalValue | EmpiricalValue’ ggf;sst ?dGS_ASZT)r;Tg (()1 Packstat
GABAAR-a 2247.564 1372.385 22.153 NA -11.12 341.663 0.461
GABAAR-B2 2358.566 1558.47 24.324 NA -12.48 456.072 0.534
GABAAR-B3 2300.280 1487.457 23.428 NA -10.39 278.083 0.645
GABA4R-3 2150.594 1214.823 20.302 NA -10.03 129.653 0.575
GABAAR-y2 2342.576 1675.349 25.319 NA -13.26 104.139 0.464
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Table 3-4. Binding affinity quantitative criteria on interaction of the mutant y2 subunits with the wild-type
partnering subunits

Buried Hydrophobic Choi’s
Name Surface Buried EmpiricalValue | EmpiricalValue’ dG_separated/dSASAx100 Packstat
dG_est
Area Surface ASA —
pentamer
a-B-o-p- 1123.039 654.1 10.781 10.781 -9.37 351.0895 0.508
Y2(R136%)
pentamer
a-B-o-p- 4725.071 3229.327 49.705 31.983 -12.76 326.311 0.516
v2(Q390%*)
pentamer
a-B-o-p- 4120.845 2734.375 42.602 33.753 -12.41 315.1405 0.5805
v2(W429%)
pentamer | 4149 771 2744.97 42.823 46.491 -12.41 310.7 0.5445
a-p-o-B-y2

Table 3-5. Details in interface binding affinities by quantitative criteria on

subunits with the wild-type partnering subunits

interaction of the mutant y2

Name Buried Hydrophobic | EmpiricalValue | EmpiricalValue’ Choi’s dG separated/d | Packstat
Surface Area Buried dG_est SASAx100
Surface ASA

v2(R136*) a 487.011 268.335 4.536 4.5359958 -9.86 0.43 0.272
Y2(R136%*) B3 1759.066 1039.865 17.0268 17.0267553 -8.88 701.749 0.744
v2(Q390*) a 4729.686 3315.521 50.5089 27.1772649 -13.22 477.717 0.503
v2(Q390*) « 2642.559 1586.729 25.802 -10.7 527.193 0.564
v2(Q390*) a 257.206 227.641 1.3753 -8.47 8.585 0.462
v2(Q390*) B3 4720.455 3143.133 48.900 36.7894956 -12.3 174.905 0.529
v2(Q390*) B3 pl 2857.863 1696.21 27.724 -10.49 144.395 0.634
v2(Q390%) B3 p2 1344.309 983.359 9.0652 -9.61 96.252 0.494
Y2(W429*%) « 5063.039 3507.032 53.685 36.4813397 -13.48 484.282 0.494
y2(W429*) o pl 2598.362 1571.929 25.478 -10.7 519.845 0.486
Y2(W429%*) o p2 1735.684 1403.024 10.491 -9.6 463.565 0.418

Y2(W429*) a p3 43.366 35.902 0.513 -8.47 0 NA
y2(W429*) B3 3178.651 1961.717 31.520 31.0254521 -11.34 145.999 0.667
y2(W429*) B3 pl 2812.69 1656.06 27.165 -10.48 135.046 0.611
Y2(W429%*) B3 p2 328.803 263.077 2.0120 -8.93 97.793 0.471

Y2(W429*) B3 p3 271.486 74.878 1.849 -8.47 NA NA
y2 ol 5134.923 3535.588 54.254 36.912574 -13.48 475.399 0.467

v2 al pl 2598.364 1571.923 25477 -10.7 519.845 0.533
y2_al p2 1720.879 1393.051 10.383 -9.6 463.332 0.452

y2 al p3 111.936 62.722 1.052 -8.47 0.466 0.355

y2 B3 3164.619 1954.351 31.392 56.0689895 -11.34 146.001 0.622

y2 B3 pl 2812.692 1656.054 27.165 -10.48 135.046 0.619

v2 B3 p2 313.997 253.103 1.904 -8.93 97.792 0.462

v2 B3 p3 272.842 76.138 1.866 -8.47 Infinity NA

P1, P2, P3 are different domains of the dimer. P1 is extracellular part, P2 is transmembrane part and P3 is intracellular
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Table 3-6. Assessments criteria of protein-protein binding affinity

Absolute
Value/ Correlate
No Name Category Y Short Description Tool with
Relative stabilit
Value Y
(Solvent) Accessible Surface Area
. as the difference between surface
1 Buried Surface Buried Area Absolute area of the complex and the sum of | nACCESS Positive
Area Value
the surface areas of the two
proteins
Hydrophobic .
2 | Buried Surface | Buried Area Absolute ASA Buried Area caused by nACCESS Positive
ASA Value Carbon and Sulfur atoms
Empirical Relative Linear combination of Empirical
3 | EmpiricalValue p v weights on Hydrophobic ASA and nACCESS Positive
Score Value .
Hydrophilic ASA
Different weights on Hydrophobic
4 | EmpiricalValue Empirical Relative ASA and Hydrophilic ASA of nACCESS Positive
Score Value transmembrane and
extracellular/intracellular domains
.. Linear combination of buried
. Empirical Absolute . . . . .
5 Choi’s dG_est surface areas according to amino- | minipredictor | Positive
- Score Value .
acid types
Binding energy per unit area, the Rosetta
6 dG_separated/d Force Field Absolute dG_separated binding energy Interface Neeative
SASAx100 Value divided by the total interface &
Analyzer
surface area
How well packed the interface is
s . . . Rosetta
Analyzer’s . Absolute with 0.0 being as poor as possible .
7 Force Field ; Interface Positive
Packstat Value and 1.0 being perfect shape Analyzer

complementarity

Seven criteria to quantitatively infer the binding affinity and they can be grouped into three categories. The calculated value

can be either absolute or relative and they are positively or negatively correlated with the stability.
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Table 3-7. The structural disturbances and molecular defects of GABRG2 nonsense mutations

R136* Q390* W429*

Dimer hydrophobicity low high moderate
Homodimer yes yes yes
Heterodimer no yes yes
Higher oligomer yes yes yes
Surface expression no no No
Suppression of Binding partners no yes yes/moderate
Glycosylation arrest yes yes yes
Channel function reduced reduced reduced
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Figure 3-1. Differential protein surface hydrophobicities of mutant y2 subunits.

A. The schematic illustration of the wild-type y2 and the mutant y2(R136%), y2(Q390%) and y2(W429%) subunits. B.
Predicted protein structural models of the wild-type y2 and the mutant y2(R136%), y2(Q390*) and y2(W429%*) subunits.
All structural models were predicted by MUFOLD and presented by Pymol. C. Predicted protein surface
hydrophobicity. Orange stands for hydrophobic residues and blue stands for hydrophilic residues. The protein surfaces
were shown by Chimera. D. Histogram showing the whole accessible surface area (whole ASA) and hydrophobicity
surface accessible area (hydroASA).
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Figure 3-2. Differential potential mutant y2 subunit homodimers and oligomers.

A. Top docking models for potential mutant y2 subunit homodimers predicted by SymmDock were shown by PyMOL. In
each panel, the two y2 subunit chains were shown in red and green. B. Alpha-beta-alpha-beta-gamma pentamer ribbons of
the wild-type and the mutant y2 subunit containing receptors. Yellow stands alpha subunit, purple for beta subunit, cyan for
alpha subunit, green for beta subunit while red stands for the wild-type or the mutant y2 subunits. C. The values of buried
surface area of the wild-type or the mutant y2 subunit dimers which could propagate to ring or annular structures. D, E. The
values of buried surface area of dimers which could propagate to fibrils (D) or nonpropagating dimers (E) for the wild-type
or the mutant y2 subunits.
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Figure 3-3. Differential propensity of dimerization/formation of higher oligomers of mutant y2 subunits.

A, B. HEK293T cells were cotransfected with al, B2 and vy2, y2(R136%*), y2(Q390%), and y2(W429*) subunits for 2 days.
Total lysates containing y2 subunits were fractionated by SDS-PAGE and immunoblotted by anti-y2 subunit antibody. A.
The gels for y2(R136*) subunits were run separately because of the small protein mass of the mutant y2(R136*) subunits.
B. Total lysates from HEK293T cells were cotransfected with al, B2 and y2, y2(R136*) were either untreated or treated
with Endo-H (H) or PNGase F (F) and were then fractionated by SDS-PAGE. C. Total mutant subunit band IDVs were
normalized to the wild-type y2 subunits. D. The relative ratio of dimer/high molecular mass complexes normalized to the
monomer IDVs. In C and D, (* < 0.05, * * <0.01, vs; ***<0.001 vs wt, ¥< 0.05, $11< 0.001 vs R136*, §§ <0.01, §§§
<0.001 vs W429*). ANOVA with Bonferroni post hoc test was used.
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Figure 3-4. Structural modeling of GABA, receptor subunits and their hydrophobicities.

A. Natural hydrophobic surface (upper panel) and atom (lower panel) presentation of GABRA1, GABRB2, GABRG?2,
and GABRD (from left to right). Hydrophobicity of the residues was presented by different colors. Orange represents
hydrophobic residues and blue hydrophilic residues. The transmembrane domain was presented in solid, while other
parts were transparent. These figures are presented by Chimera. B. Surface hydrophobicity score of GABA, receptor
subunits. C. The ratio of surface hydrophobicity score (hydroASA/whole ASA) was plotted.
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Figure 3-5. Differential interactions of mutant y2 subunit with partnering subunits.

A. Top docking models of potential complexes between the mutant y2 subunit (shown in green) and its wild-type
partnering ol subunit (shown in red) predicted by template-based docking were shown by PyMOL. B. Total lysates
from HEK293T cells cotransfected with al, p2 and vy2, y2(R136%), y2(Q390%*), and y2(W429 *) subunits for 2 days were
fractionated by SDS-PAGE and immunoblotted by anti-al subunit antibody. The gels were run under the same
experimental conditions and were cropped around 50 KDa. The full-length gel for B was presented in Supplementary
Figure 1. C. Total mutant subunit band IDVs were normalized to the wild-type y2 subunits (* < 0.05 vs wt; ***<0.001 vs
wt) 1< 0.01 vs R136*, § <0.05 vs W429%). One sample t test and unpaired student t test were used.
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Figure 3-6. Differential cell surface expression of the mutant y2 subunits and the partnering a1 subunits

A, B. The flow cytometry histograms depict surface HA levels detected with HA-Alexa 647 (A) or al-Alexa 647 (B)
With coexpression of 12, y2(R136%)"*, y2(Q390%)™ and y2(W429*)"* subunits with o1 and B2 subunits in HEK293T
cells. C. The relative fluorescence intensities of HA signals from cells expressing the mutant y2"* subunits were
normalized to those from wild-type y2"* subunits which were arbitrarily taken as 100. D. Relative fluorescence
intensities of al subunit signals from cells expressing the mutant y2"* subunits normalized to those from wild-type al
subunits which were arbitrarily taken as 100. In C and D, ***p < 0.001 vs. wt; T p<0.05, 1 p<0.01 vs Q390* § p <
0.05, §§P<0.01 vs. W429*, One sample t test and unpaired student t test were used.
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Figure 3-7. The wild-type partnering al subunits had glycosylation arrest when coexpressed with y2(Q390%) and
v2(W429%) subunits but not with y2(R136*) subunits.

A. HEK293T cells were cotransfected with al and B2 subunits and y2 (wt), y2(R136%*), y2(Q390%), or y2(W429%*)
subunits. Total lysates of these HEK293T cells were undigested (U) or digested with Endo H (H) or PNGase F (F)
followed by SDS-PAGE and probed with anti-al subunit antibody. After Endo-H digestion, ol subunits migrated in
48.4 KDa and 46 KDa. The gels were run under the same experimental conditions and were cropped around SOKDa. The
full-length gel for A was presented in Supplementary Figure 1. B. The total al subunit protein in U, H and F condition
for the wild-type and the mutant a1p2y2 receptors was quantified and normalized to the wild-type a1l subunit. In H, the
IDVs of 48.4 KDa and 46 KDa bands were added. C. The ratios of the mature (48.4 KDa) or the immature (46 KDa)
band vs total al subunit in untreated condition (U) were plotted. In B and C, *p < 0.01, **p < 0.01 vs wt; T p<0.05, Tt
p<0.01 vs Q390%*, § p <0.05, §§P<0.01 vs W429* ANOVA with Bonferroni post hoc test was used.
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Figure 3-8. Currents recorded from cells expressing all the mutant y2 subunits in combination with al and B2
subunits had reduced peak current amplitudes and were more sensitive to zinc inhibition.

A. GABA, receptor currents were obtained from HEK293T cells co-expressing ol and B2 subunits with wild-type v2,
mutant y2(R136%*), y2(Q390%) or y2(W429%) (1:1:1 cDNA ratio), subunits with application of I mM GABA for 6 sec
(black trace). B. The amplitudes of GABA,4 receptor currents from (A) were plotted. Values were mean + SEM (n = 8-
15 patches from 4 different transfections) (***p < 0.001 vs. wt, Tip < 0.001vs Q390%*, § p < 0.05 vs W429%). C.
GABA, receptor currents were obtained with 1 mM GABA applied for 6 sec (black trace) and co-application of 1 mM
GABA with 10 uM zinc after pre-application of 10 uM zinc (silver traces). The cells were pre-applied with zinc (10 uM)
for 6 sec before co-application. The percent reduction of peak amplitude of GABA,4 receptor currents after GABA and

zinc co-application were plotted. (***p < 0.001 vs wt; Tp < 0.001vs Q390%*, § p < 0.05 vs W429%*). ANOVA with
Bonferroni post hoc test was used.
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Chapter 4: Neurobehavioral comorbidities in the Gabrb3”"'""

KI mouse model of infantile spasms

1. Abstract

Genetic epilepsies vary in severity from relatively mild childhood absence epilepsy to very severe epileptic
encephalopathies (EEs) such as infantile spasms (IS). EEs are often associated with mutations in genes
mediating synaptic transmission, including GABA, receptor (GABAAR) channel subunit genes (GABRs).
GABRs code for the major inhibitory receptors in the brain, and recently the single nucleotide de novo
mutation N110D in the GABAAR B3 subunit gene (GABRB3) has been shown to be associated with IS. This
mutation disrupted GABAAR current kinetic properties in vitro, which may contribute to the epilepsy
phenotype. Compared with in vitro models, genetically modified mice preserve the complexity of the nervous
system and better recapitulate real pathophysiological conditions. Therefore, to have a complete
understanding of IS epileptogenesis, our laboratory generated a knock in (KI) mouse carrying this human IS

mutation, the heterozygous (het) Gabrb3™''""

KI mice. We have shown that that this animal had epilepsy
with multiple seizure types consistent with IS. Here, we hypothesized that the KI mice would have
neurodevelopmental consequences that extend beyond epileptogenesis, influencing the realm of cognition and

+/N110D

behavior. In this study, I performed a suite of behavioral tests in adult Gabrb3 KI mice to assess

activity, anxiety, social interaction and memory. In these tests, the Gabrb3™''""

KI mice displayed
hyperactivity and increased anxiety, exhibited social deficits, and had impaired spatial learning and memory,
all of which were consistent with cognitive impairment and autistic-like behaviors seen in IS patients. The

Gabrb3™"""° K1 mice described in this study can serve as a valuable model to unravel the underlying neural

mechanisms of and to test drugs designed to ameliorate the neurobehavioral abnormalities of IS.

140



Childhood epilepsies vary in severity from relatively benign childhood absence epilepsy (CAE) to devastating
epileptic encephalopathies (EEs). Infantile Spasms (IS) is one of the classical and catastrophic EEs usually
occurring in children younger than 1 year of age and having a peak incidence around 6 months of age (/). IS
are characterized by intractable epileptic spasms occurring in clusters, often accompanied by a severely
abnormal interictal hypsarrhythmia pattern on EEG (2). In addition to spasms, most IS patients develop other
refractory seizure types in the course of their disease, including partial, myoclonic, tonic and generalized
tonic-clonic (GTC) seizures (3). Children with IS often manifest long-term neurological impairment beyond
epilepsy, including developmental delay, autism spectrum disorders (ASD) and cognitive impairment (4).
Unfortunately, current treatments for IS are inadequate with severe adverse effects and the outcome of IS is
usually poor. Because of the severity of the seizures and the associated intellectual and behavioral disabilities,
IS patients and their families often suffer from substantial economic, social, and emotional burdens (5).
Therefore, understanding the mechanisms underlying IS and developing novel therapies remain critical

scientific and clinical priorities.

IS can present with a wide range (over 200) of symptomatic etiologies including neonatal infections,
structural brain malformations and hypoxic ischemic or metabolic damage (6). Recently, a significant
proportion of IS patient’s etiologies have been shown to be genetic in nature and pathogenic variants typically
arise de novo (7). Due to increased efficiency and reduced cost of next generation sequencing technology,
mutations in a growing list of genes essential for the establishment of proper neural networks during
development have been statistically associated with IS (4, &§). In 2013, the National Institutes of Health
funded Epi4K consortium performed whole exome sequencing of IS trios (proband and unaffected parents)
and found a de novo mutation in the GABA, receptor (GABAAR) B3 subunit gene (GABRB3) (9). The
patient (female) with the GABRB3(N110D) mutation had IS onset at 5 months of age, followed by

development of myoclonic spells. Her EEG had a typical hypsarrhythmia pattern. The identification of this
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genetic cause of an isolated IS patient provides a possible inroad, through understanding the consequence of

GABRB3(N110D) mutation in the brain, to defining the underlying pathophysiology of IS.

GABARs are pentameric chloride ion channels that mediate the majority of fast inhibitory transmission in
the central nervous system. Most receptors in the brain are composed of 2a, 2, and 1y subunit(s) (/0).
Given the critical role of GABARs, it is not surprising that a number of mutations in the GABR genes have
been associated with a broad spectrum of epilepsy syndromes (/7). The B3 subunits are widespread and
abundant in prenatal and neonatal brain. In adults, the B3 subunit is expressed at a lower level, but remains
one of the most essential components of GABAARs in many brain regions involved in seizure generation such
as cerebral cortex, thalamus and hippocampus (/2, 13). GABRB3, therefore, plays a critical role in
neurodevelopment as well as adult brain function. Previously, GABRB3 mutations (P11S, S15F and G32R)
have been associated with CAE (/4, 15), and P11S has been linked with maternal transmission in autism

disorders (16). Moreover, the heterozygous Gabrb3™™ mice exhibit absence-like seizures (17, 18).

Although many genetic animal models of epilepsy have been created, only a few have been used to explore
the mechanisms underlying epilepsy-associated GABR mutations (/9-21). Until recently, there has been only
one genetic knock-in (KI) mouse model of IS, the Aristaless-related homeobox mutation model (ARX spasms
model) (22). The frustrating absence of good genetic mouse models for IS prevented full understanding of
disease pathophysiology and limited the development of novel therapies aimed at reducing epileptic and
cognitive consequences. Recently, our laboratory generated the first KI mouse line bearing a human IS-

+/N110D

associated GABR mutation, the het Gabrb3 KI mouse. We have characterized the cellular deficits

produced by this GABRB3 mutation in vitro in transfected HEK293T cells, demonstrating that this IS

+/N110D KI mice

mutation changed current kinetic properties (23). Our initial characterization of the Gabrb3
showed frequent epileptic extensor spasms occurring in clusters in P14-P15 young IS mice, and frequent

myoclonic seizures and occasional GTCSs with EEG abnormalities in adult 4-6 mo. IS mice.
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In this study, I investigated the performance of these Gabrb3™"''""

KI mice in a battery of behavioral tasks,
showing that they had significantly abnormal neurobehavioral profiles persisting into adulthood. First,
Gabrb3™"""°? KI mice were hyperactive, evidenced by significant increases in the distance traveled and

+/N110D

vertical counts during the open field test. Second, Gabrb3 KI mice displayed anxiety-like behaviors in

both the open field and elevated zero maze tests. Additionally, use of the Barnes maze test revealed impaired

spatial learning and memory in Gabrb3™™''""

KI mice. Lastly, in the three-chamber social interaction test,
Gabrb3™"""° K1 mice were shown to have impaired sociability and social novelty, indicating that they have
social deficits. In contrast, the mice exhibited intact motor coordination in the rotarod test, and normal
depression level in the tail suspension test. These initial behavioral analyses are intended as a preliminary

+/N110D

assessment of Gabrb3 KI mice. Further work is needed to fully characterize these behavioral changes

during development and the underlying biological mechanisms.

2. Materials and methods
1) Mice

Five-six months old Gabrb3 VP

KI mice and their corresponding wild-type littermates were housed in a 12-
h light/dark cycle with standard rodent food and water ad libitum. Mice were extensively handled for at least
one week prior to the beginning of the experiments. The investigator performing each experiment was
blinded to genotype. Both male and female mice were included. Experiments were performed in the

Vanderbilt University Medical Center (VUMC) Murine Neurobehavioral Core Laboratory (MNBCL). All

experimental procedures were approved by Vanderbilt University Division of Animal Care.

2) Open field test
The open field test was performed as previously described (27), using the standard protocol in the MNBCL.

Briefly, each individual mouse was placed for 60 min in an open field activity chamber (Med Associates, 27 x
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27 x 20.3 cm), which was contained within a light- and air-controlled environmental box. Mice were not
previously habituated to the locomotor activity chamber. Location and movement were detected by
interruption of infrared beams by the body of the mouse (16 photocells in each horizontal direction, as well as
16 photocells elevated by 4 cm to measure vertical counts) and were measured by the Med Associates
Activity Monitoring program. Data analyzed include total distance traveled, rearing activity (vertical counts),
and time resting in the center (50% of area) and the peripheral zone, as measures of locomotion activity and
anxiety. The open field arena was cleaned with MB-10® (Quip Laboratories) and wiped with paper towels

between each trial.

3) Elevated zero maze test

The elevated zero maze was a modification of the elevated plus maze used for assessing anxiety-related
behaviors. The elevated circular platform (40 cm off the ground, 50 cm in diameter) was divided into four
equal-sized arenas, with two enclosed arms opposite each other (5 cm wide with 15 cm high walls) and two
open arms (5 cm wide) between the enclosed arenas. Lumens in each of the four arenas were recorded and
maintained constant across all mice. Briefly, each mouse was lowered by its tail into an open arena of the
maze and allowed to explore for 300 s. The whole circular platform was cleaned with MB-10® and wiped
with paper towels between each animal. Mouse activity was monitored via an overhead camera connected to
a computer in a separate room using video acquisition and ANY-maze analysis software (Stoelting, Wood
Dale, IL). Data analyzed include time spent and distance traveled in open versus closed arms, and number of

entries into open arms.

4) Rotarod test
Motor coordination and balance were tested using a commercially available accelerating rotarod (Ugo Basile
model 7650; Stoelting Co., Wood Dale, IL, USA). The rotarod began at four rotations per minute (rpm) and

accelerated to 40 rpm at a smooth rate over the course of a 300-s trial. Mice were placed on the rotating
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cylinder while it was rotating slowly at 4 rpm. The time taken for the mouse to fall off the rotating rod was
recorded with a maximal trial duration of 300 s. Occasionally, mice clung to the rod and the whole animal
rotated along with it without regaining control. This behavior was classified as a ‘rotation’. Thus, the
“latency to fall” was recorded either when the mouse fell from the rod or when the mouse made the first
rotation, whichever occurred first. Three sessions were conducted on consecutive days, with three trials per

session.

5) Tail suspension test

The tail of a mouse was taped to a vertical aluminum bar connected to a strain gauge inside a commercial tail
suspension test chamber (Med Associates). Mice were hung directly vertically to minimize chances of injury
and to decrease the propensity for mice to climb their tail during the test. Mice were allowed to hang for 6
min. Force transducers and automated software (Med Associates) were used to measure immobility. Settings
utilized were a lower threshold of 7, upper threshold of 20, gain of 8, and resolution of 220 ms (24) . The

duration of immobility was scored as time below the lower threshold.

6) Three-chamber social interaction test

The three-chamber social interaction test was based on a previous study (25) and is briefly outlined here. The
apparatus was divided into 3 equal-sized polycarbonate chambers separated by high walls, each with a sliding
door. All mice were socially isolated in the morning prior to the start of the task and were left for several
hours to acclimate to their new housing environment, ensuring that all mice had the same social starting point
regardless of how many cage-mates each animal had. Additionally, mice should be more prone to engaging
in social behaviors after isolation. At the start of the task, the subject mouse was placed in the middle
chamber, and was moved back to this chamber between each stage but was not removed from the apparatus
until the entire protocol were complete. Additional mice and objects were placed in the two side chambers.

The three-chamber social interaction test had three stages: 1) Habituation: the test mouse was allowed to
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freely explore all three chambers for 10 min to acclimate to the apparatus. 2) Sociability: the test mouse was
allowed to freely explore a stranger mouse (novel mouse) and an empty transparent pencil cup (novel object)
for 10 min. 3) Social Novelty: the test mouse was allowed to freely explore a novel mouse and the familiar
mouse (from the sociability trial) for 10 min. Mice, excluding the subject mouse, were contained in inverted
transparent pencil cups in the apparatus. Time the test mouse spent actively investigating each stimulus was

recorded by hand using ANY-maze software.

7) Barnes maze test

The Barnes maze consists of a white circular platform with 12 holes equally spaced around the perimeter. A
black escape tunnel was placed under one hole. Distal cues were placed around the room. The Barnes maze
test was based on the protocol described in the previous studies (26, 27). The procedure includes three
components: pretraining, training, and memory probe, and each is briefly outlined. 1) Pretraining: the mouse
was placed in a black start box for 30 s and was then guided to the target hole where the mouse was able to
descend into the escape box. The target hole was one of 12 on the table, with the other 11 being blocked from
below. From the surface of the maze, the open escape hole looks identical to the closed holes so that the mice
can locate the target box only with the spatial extra cues surrounding the maze. After 30 s, the mouse was
removed from the escape box and placed back in the start box for three additional trials. The pretraining
session only occurred on the first day of Barnes maze testing. The maze was not cleaned between pertaining
trials. 2) Training: similar to pretraining, the mouse was placed in the start box for 30 s, and was then allowed
to freely explore the maze to find the target hole using extra-maze cues. Mice that failed to find the target box
within 5 min were gently guided to its location. For those mice, 300 s were recorded as the escape latency.
Mice were exposed to 4 training trials per day for 5 consecutive days. The maze was cleaned with MB-10®
between each mouse and each trial and was rotated 90° between each trial to prevent the mice from utilizing
intra-maze cues when locating the target hole. The target hole did not move in relation to the room. 3) Probe:

A 300 s probe test was conducted 1 hr after the final training trial on the fifth day using the same parameters
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described during the training session, except that all 12 holes were now blocked. All sessions were recorded

by a camera and analyzed using ANY-maze software.

8) Statistical analysis

All behavioral data were analyzed with GraphPad Prism software. Independent-sample t tests were used in
the analyses of locomotor activity, elevated zero maze, and probe trials of Barnes maze test. A two-way
ANOVA was used for three-chamber test of sociability and social novelty. A repeated-measures ANOVA
were used to analyze training trials of the Barnes maze test. Post hoc and a priori Bonferroni comparisons
were used to evaluate individual mean comparisons where appropriate. All analyses used an a level of 0.05

for statistical significance.

3. Results
1) Gabrb3”"""’" KI mice displayed hyperactivity and increased anxiety

To evaluate IS behavioral comorbidities in Gabrb3 ™"

KI mice, we first assessed their locomotor activity
using open field test (Figure 4-1). Throughout the entire 60 min testing duration, KI mice (11573 + 1271 cm,
n = 19) travelled a significantly greater distance than wild-type littermates (5355 + 522.5 cm, n = 19). In
addition, KI mice (575.4 + 72.05, n = 19) had significantly more vertical counts compared with their

corresponding controls (375.4 + 41.48 n = 19). These findings indicated that Gabrb3 ™" KI mice had

hyperactivity in a novel environment.

Analysis of thigmotaxis revealed that heterozygous KI mice had reduced time spent in the center relative to
wild-type mice (10.26 = 1.76 min versus 24.24 + 1.77 min, n = 19 for heterozygous and wild type mice, p <
0.0001, unpaired t test) and decreased percent of distance travelled in the center (0.31 + 0.03 versus 0.57 £
0.03, n = 19 for heterozygous and wild type mice, p < 0.0001, unpaired t test) during the 60 min test,

suggesting possible increases in anxiety in Gabrb3*"'? KI mice (Figure 4-2A, B).
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We next attempted to confirm an anxiety phenotype in KI mice using elevated zero maze test (Figure 4-2C).
In the elevated zero maze, rodents were placed on an elevated circular maze with two open arms and two arms
enclosed by walls. Rodents normally make fewer entries onto the open arms of the maze, and anxious
animals avoid the open arms even more. In this context, anxiety-related behavior was measured by the degree
to which the mouse avoided the unenclosed areas of the maze. As expected, KI mice spent substantially less
time in the open arm than wild-type mice (80.46 + 7.481 s versus 123.4 + 8.801 s, n = 20 for heterozygous KI
HNLIOD 1

and wild type mice, unpaired t test, p < 0.0005), confirming the anxiety-related behaviors in Gabrb3

mice.

2) Gabrb3”™"""’ KI mice exhibited social behavioral abnormalities
In addition to hyperactivity, impaired social interaction is common among patients with IS. To test for social
yp y, 1mp gp

+/N110D

deficits, wild-type and Gabrb3 KI mice were subjected to a three-chamber social interaction test. After
habituation, mice were allowed to choose between a chamber containing an age-matched mouse (novel mouse)
and a chamber containing an empty container (novel object) (Figure 4-3A). For sociability, a preference for
exploring the novel mouse was shown by control wild-type mice, but such a social motivation and interaction

was not found in Gabrb3 NP

KI mice. Compared with wild-type mice, pairwise comparisons confirmed
that Gabrb3 ™" K1 mice spent a substantially decreased time exploring novel mice (p < 0.0001) (Figure 4-
3B). After the socialization stage, the test mice were exposed to a familiar mouse (from the sociability trial)
versus a novel mouse (Figure 4-3C). For social novelty, wild-type control mice interacted more extensively
with the novel mouse than the familiar one. In contrast, KI mice did not show a significant preference for the

stranger mouse. In addition, mutant mice displayed significantly less interaction with the novel target mouse

compared to controls (Figure 4-3D). Thus, the Gabrb3™*"'°” K1 mice displayed social interaction deficits.
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3) Gabrb3”"'"’ KI mice had deficits in spatial learning and memory

To assess spatial learning and memory, we performed the Barnes maze test in which mice were trained to
rapidly escape a brightly lighted circular field by finding a specific dark hole at its periphery using spatial
cues (Figure 4-4). The Barnes maze was a circular white platform with 12 holes. One of the holes (target
hole) exited into a dark box. Indeed, an overall decrease in the primary latency (latency to first reach the
target hole) was observed during the 5 training days in both groups. However, in the KI mice, the escape
latency was prolonged in the first three days compared to the respective wild-type littermates, but this
disparity between groups was no longer present after the third day (Figure 4-4A). In addition, KI mice
committed a greater number of errors on day 2-4 (Figure 4-4B). This indicated a slower acquisition in spatial
learning for Gabrb3™*"'°”? KI mice. During the probe trial, the KI mice (29.46 £ 2.23 s, n = 17) had reduced
time spent in the target hole area compared with their wild-type littermates (40.06 + 2.45 s, n = 17). In
addition, the KI mice (78.65 = 7.33, n = 17) showed increased number of entries into the non-target holes than
their corresponding controls (51.94 + 2.432, n = 17). This suggested that the Gabrb3™''"’ mice had

impaired spatial memory.

4) Gabrb3”™"""’ KI mice had no motor deficits or depression-like behavior
We next assessed procedural learning and neuromuscular ability using the rotarod test, with 3 trials conducted

on each of 3 consecutive days (Figure 4-5A). No significant difference was found in the rotarod fall latency

+/N110D

between the wild-type and Gabrb3 KI mice when the rod was rotating at an accelerating rate (p = 0.88).

This indicated that the Gabrb3 ™ 1’? KI mice had intact motor coordination.

+/N110D

To examine the emotional aspects of Gabrb3 KI mice, we employed the tail suspension test.

Immobility in the tail suspension test is considered a model of despair in a stressful situation; administration
of an antidepressant drug decreases the immobility in rodents (28). In this test, the mice were hung on a bar

+/N110D

by the tail for 6 min and immobility behavior was scored. The Gabrb3 KI mice did not show increased
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duration of immobility compared with wild-type mice (p = 0.23) (Figure 4-5B), indicating normal level of

behavioral despair.

4. Discussion

1) Gabrb3™™ "’ KI mice model core neurobehavioral comorbidities of IS

Despite their adverse impacts on quality of life, the cognitive deficits and neuropsychiatric comorbidities in IS
have rarely been addressed systematically in an animal model. In this study, we performed a thorough

behavioral assessment of adult Gabrb3 "'

KI mice and revealed several abnormal behavioral phenotypes
including hyperactivity, increased anxiety, social interaction deficits, and impaired spatial learning and
memory, which were consistent with cognitive impairment and autistic-like behaviors (Table 1). These

+/N110D

results suggested that Gabrb3 KI mice phenocopy major neurobehavioral comorbidities of IS.

Developmental outcome is poor in a majority of patients with IS, and ~80% of patients with a diagnosis of IS

FNHOD KT mice showed

had some form of cognitive impairment (29, 30). In the Barnes maze test, Gabrb3
deficits in hippocampus-dependent spatial learning and memory, as manifested by prolonged latency to the
target hole and increased errors in the learning trial, as well as decreased time investigating the target hole and
increased errors in the probe trial. Given the multiple forms of learning and memory, additional behavioral
paradigms that allow investigation of different memory systems measuring short-term episodic memory
(novel object recognition test) and associative memory (contextual fear-conditioning task) will strength

+/N110D

findings of fundamental cognitive abnormalities in the Gabrb3 KI mice.

IS has a very strong and specific association with ASD (37): the prevalence of ASD is 30-46% in IS (32-34).
ASD is a neurodevelopmental disorder characterized by impaired social interaction and communication, as
well as a markedly restricted repertoire of repetitive interests and behaviors (35) . Studying these features in

mice is problematic, but an easy test is available to measure social interaction, which is one of the core
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FNHOD KT mice were observed to

symptoms of ASD (36). In the three-chamber social interaction test, Gabrb3
have a lack of preference for both sociability and social novelty. In addition, Gabrb3 """’ KI mice
demonstrated other autistic-like abnormalities including hyperactivity in the open field test and anxiety-like
behavior in both open field and elevated zero maze tests. It should be noted that the hyperactivity and
anxiety-like behaviors might contribute to the impaired social interaction in KI mice by limiting target
exploration or evoking anxiety-like responses. Further investigations of communication skills such as the
ultrasonic vocalization test, as well as stereotyped and repetitive behaviors such as self-grooming and digging,
will support the ASD features of Gabrb3™"""" KI mice.

+/N110D

2) Mechanisms underlying the neurobehavioral abnormalities in Gabrb3 KI mice

FNHOD KT mice are to be

The exact neural mechanisms underlying the neurocognitive impairment in Gabrb3
deciphered in future studies. It is important to understand the nature and extent of the contribution of the

seizures themselves, versus the developmental and functional effects of the GABRB3(NI1D) mutation,

towards the neurobehavioral phenotypes in this mouse model of IS.

In theory, epileptiform activity itself can disrupt brain development through multiple mechanisms such as
alteration of neurotransmitter systems and neuronal properties. The observation that individuals with EEs
who are successfully treated with surgery can show improvement in cognitive function demonstrates that
seizures play an important role in the neuropsychiatric deficits (37). A critical issue is whether the epilepsy

+/N110D

independently worsens the development of cognitive and behavioral deficits in the Gabrb3 KI mice.

Thus, it is important to examine the impact of the epilepsy itself on neurocognitive features in Gabrb3 ™"
KI mice with respect to other mouse models of IS. Is seizure severity related to neurocognitive severity?
Does the age of seizure onset predict neurodevelopmental outcomes? After all, if epileptic activity does in

fact exacerbate the neurobehavioral phenotypes, then the emergence of seizures at an earlier age—especially

during the period of rapid brain growth could portend worse developmental outcomes.
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It is also conceivable that the GABRB3(N110D) mutation may directly contribute to cognitive and behavioral
abnormalities through mechanisms other than seizures. In other words, from a mechanistic standpoint,
neurobehavioral deficits and spasms may be two separate end-results of the underlying gene defect in the
Gabrb3™"%? mouse model. Both animal and human data suggest that individuals predisposed to epilepsy
manifest increased rates of comorbidities even before seizure onset. Studies of Scn/a knockout mice have
demonstrated cognitive impairment independent of seizures (38). Studies of Arx" EmxI mice
demonstrated that at least some behaviors (altered anxiety, hyperactivity, and social deficits) were unrelated to
the on-going seizures (39). Thus, the underlying genetic defect may be the predominant contribution to the
clinical presentation, overshadowing the possible impact of epilepsy seizure severity on the cognitive and
behavioral phenotypes.  There might be common pathways shared between epileptogenesis and

+/N110D

cognitive/behavioral disturbance in the Gabrb3 mouse model. The impaired GABAergic signaling and

excitatory-inhibitory imbalance in neurodevelopmental functioning serves as one illustrative example.

3) Comparison of Gabrb3"""""” KI mouse model with other rodent models of IS

Until recently, several pharmacological models of epileptic spasms that express varying degrees of the full
phenotypic spectrum have been developed in rats. In addition, a growing list of genetic mouse models with
altered IS risk genes manifest some, but not all, aspects of human IS phenotypes (Table 4-2). Among them,
the Arx““?""*7 mouse model is the only currently available mouse KI developmental model of IS carrying a
human mutation (22). Together, these models suggest roles for neuroinflammation, aberrant interneuron
migration and differentiation, impaired excitatory/inhibitory balance, and neuroendocrine systems in the

etiology of IS.

The Gabrb3™™"""? mouse model in this study is the first genetic mouse model bearing a human IS-associated

GABR mutation and recapitulates major features of the human disease, in particular, abnormal infantile motor
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spasms, ictal EEG abnormalities, chronic seizures persisting into adulthood, and neurobehavioral deficits. A
limitation of the model is that drug-testing studies have not been done yet. The extent to which the prior
spasms and the underlying genetic defect contribute to these neurobehavioral comorbidities will be best
determined when effective antiepileptic therapies are identified in the Gabrb3™"%° model. Additional

molecular analysis of this mouse model may be helpful in unraveling the downstream changes in the cellular

basis of IS.
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Figure 4-1: Gabrb3"""'’” KI mice had a hyperactive phenotype.
Data shown was collected from 60 minutes in the locomotor activity chambers. Panel (A) showed the total
distance traveled (center and surround included) in the locomotor activity chambers. Panel (B) showed

vertical counts, or the number of rearings detected. Unpaired two-tailed Student’s ¢ test, *p < 0.05, ****p <
0.0001, n = 19.
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Figure 4-2: Gabrb3™"’? KI mice displayed elevated anxiety in both the locomotor activity chambers
and the elevated zero maze test.

(A, B) Two components of the 60-minute trial in the locomotor activity chambers were shown. The chamber
was divided into two 50% sections by area: the center, and the surround. Time spent in the center area was
shown on the left, percent of distance traveled within the center area was show on the right. (C) During the
elevated zero maze test (5-minute trial), GABRB3 "'’ KI mice spent significantly less time in the open arms.
Unpaired two-tailed Student’s t test, ***p < 0.005, ****p <(0.0001, n = 19-20.
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Figure 4-3: In the three-chamber social interaction test, Gabrb3™"'""

abnormalities.

Not shown was Stage 1, a 10-minute familiarization stage for the test mouse to acclimate to the set up. (A)
Stage 2 of the test (sociability stage) was a 10-minute trial in which the test mice had two socialization
options: 1) an empty inverted pencil cup in one side chamber (novel object), or 2) an inverted pencil cup
containing a novel age-matched mouse in the other side chamber (novel mouse). (B) Whereas wild-type mice
spent more time actively investigating the novel mouse than the novel object, Gabrb3™"'? KI mice had no
preference for the novel mouse. (C) Stage 3 of the test (social novelty stage) was a 10-minute trial in which
the test mice had two options: 1) familiar socialization, in which the novel mouse from stage 2 remains where
it was, or 2) novel socialization, in which a new novel mouse was placed under the previously empty pencil
cup. (D) Whereas wild-type mice spent more time actively investigating the novel mouse than the familiar
mouse, Gabrb3 ™"’ KI mice had no preference for the novel mouse. Bonferroni post-tests from the two-way
ANOVA. Four comparisons were made in each group. ***p < 0.001, ****p < 0.0001, n = 10.

KI mice displayed social
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Figure 4-4: Barnes maze test demonstrated that Gabrb3™""’ KI mice had slowed spatial learning and
impaired spatial memory.

(A, B) 5 days of learning trials depicted a profound spatial learning deficit in GABRB3™"'’? KI mice. The
time it took each animal (latency) to find the target hole (A), and the number of non-target hole zones entered
(errors) (B) were recorded and quantified for each day in each mouse genotype. Two-way ANOVA for
repeated measures, #p < 0.05 for genotype effect, *p < 0.05, n = 17. (C, D) 5-minute probe trial for spatial
memory performed on day 5 after the learning trials. The target hole was now covered and appeared identical
to the other 11 holes. Time spent in the vicinity of the target hole (C) and the number of non-target hole
zones entered (errors) (D) were displayed. Unpaired two-tailed Student’s t test, *p <0.05,n=17.
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A. Rotarod test B. Tail suspension test
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Figure 4-5: Gabrb3™""’’ KI mice displayed no motor dysfunction and no increased despair behavior.
(A) In the rotarod test, the latency to fall from the rotarod was significantly decreased in both wild-type and
Gabrb3™"°" KI mice while there was no difference between two genotypes. Two-way ANOVA for repeated
measures, n = 10. (B) In a tail suspension test, duration of immobility was indistinguishable between wild-
type and Gabrb3™""’°? KI mice. Unpaired two-tailed Student’s t test, n = 16.
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Table 4-1: Summary of behavioral phenotypes in Gabrb3

+/N110D

KI mice

Behavioral Paradigm Parameter Gabrb3™!"° mice Phenotype Figure
Distance traveled 1 . Fig. 4-1A
Open field Hyperactive
Vertical counts i Fig. 4-1B
Time in center l Fig. 4-2A
Open field % distance traveled in .
center ! Anxious Fig. 4-2B
Elevated zero maze Time in open arms l Fig. 4-2C
Sociability: time with ! Fig. 4-3B
novel mouse . .
Three chamber test Social o Social deficits

ocial novelty: time _—

with novel mouse ! Fig. 4-3D
1 .
Barnes maze Latency to escape Impaired spatial Fig. 4-4A
(Learning trial) Total errors | learning Fig. 4-4B
Barnes maze Time in target hole Impaired spatial Fig. 4-4C
(Probe trial) Total errors memory Fig. 4-4D
Rotarod Latency to fall — Normal motor Fig. 4-5A
function

Tail suspension Immobility time - Not depressed Fig. 4-5B
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Table 4-2: Rodent models of IS

Therapeutic effects on Neurobehavioral
Model Spasms EEG features spasms comorbiditics
S Hyperactivity,
Gabrb3™1"° K1 mice Frequent epllep tlc'extensor Ictal EEG de}geased anxiety,
(This study) Spasms oceuting m electrodecrement N-R. cognitive deficits,
clusters in P14-P15 mice . .
social deficits
Hypsarrhythmia
TTX (rat) Spontaneous spasms after
(40-42) P21 Ictal EEG N-R. N-R.
electrodecrement
Chemically-induced
NMDA (rat) spasms Ictal EEG Both Vigabatrin and Cognitive deficits
(43-45) electrodecrement ACTH were effective
No spontaneous spasms
NMDA/ Chemically-induced Vigabatrin, ACTH, tlhe
betamethasone (rat) spasms Ictal EEG neurc;lstei(mld ganaxolone, Hyperactivity,
(46-50) electrodecrement and the ketone body p- decreased anxiety

No spontaneous spasms

hydroxybutyrate were
effective

CRH (rat)

Limbic seizures without

Focal sharp waves
without

Phenytoin was effective.

(51, 52) spasms hypsarrhythmia or ACTH did not affect Cognitive deficits
. spasms.
ictal electrodecrement
ACTH did not affect
Multiple hit (rat) Ictal EEG spasms. Cognitive deficits,
(53) Spasms between P4 -P13 electrodecrement Vigabatrin transiently autistic-like behaviors
suppressed spasms at P5.
?Foxggll)sl);tﬁrome)/GBL Spasms between 1 week Ictal EEG Both Vigabatrin and NR
( 5:) ouse and 2 months electrodecrement ACTH were effective o
Limbic seizures around
ARX cKO (mouse) P14-17 and epileptic letal EEG N.R. N.R.
(55) . electrodecrement
spasms in adulthood
Decreased anxiety,
ARX KI (mouse) Spasms between P7 —P20 letal EEG N.R. impaired learning and
(22, 56) electrodecrement L
sociability

APC ¢KO (mouse) Spasms between P5 —P14 letal EEG N.R. N.R.
(57) electrodecrement

TTX: tetrodotoxin, CRH: Corticotropin-releasing hormone; NMDA: N-methyl-D-aspartate; ACTH:

adrenocorticotropic hormone; GBL: y-butyrolactone; N.R.: not reported; cKO: conditional knockout; ARX:
aristaless related homeobox gene; APC: adenomatous polyposis coli gene
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Chapter 5: Discussion and future directions

1. Summary of experimental chapters

Genetics plays an important etiological role in human epilepsy. With the revolution of molecular techniques,
a rapid growth in the number of known monogenic determinants underlying GEs has occurred in recent years.
To date, dozens of mutations in GABRs have been identified in different epilepsy syndromes (Table 1-2). In
this dissertation, I present my work on three projects that characterize epilepsy-associated GABR mutations in

vitro and in vivo.

In chapter 11, I described the results of performing next-generation sequencing in parent-offspring trios with
EE, leading to the discovery of 6 different de novo GABRG2 mutations. The functional effects of these
GABRG?2 mutations were studied in vitro in HEK293T cells expressing recombinant wild-type or mutant
alB2y2L GABAAR subunits. Our clinical genetic information and functional investigation established
GABRG?2 as a new genetic risk factor for early onset EE. This broadened the GABRG?2 phenotypic spectrum
and complemented the prevailing GABAergic channelopathy paradigm in epilepsy. Our findings showed the
power of massively parallel sequencing in detecting genetic defects in patients with EE. This approach is
critical to identify additional EE-related GABR mutations. This study also created a paradigm for future
studies of the genotype-phenotype relationships in GABRG2-encephalopathy. In chapter III, we extensively
characterized three nonsense GABRG2 mutations associated with epilepsy syndromes with different severities,
GABRG2(R136X), GABRG2(Q0390X) and GABRG2(W429X). We compared changes among mutant y2
subunits in protein surface hydrophobicity, tendency for dimerization and subunit-subunit interactions. In
addition, we determined the total and surface expression of the mutant subunits and their propensity to
aggregate and characterized the properties of mutant receptor channels. We concluded that despite having
loss-of-function in common, different nonsense GABRG2 mutations resulted in different structural

disturbance and different suppression of wild-type partnering subunits, leading to different epilepsy severities.
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The characterization of the structural basis for the different mutant y2 subunits in this study may provide
novel insights into epilepsy phenotype heterogeneity. To our knowledge, this is the first attempt to correlate
mutant protein structural disturbances, biochemical properties and function of the mutant proteins resulting
from different mutations associated with a spectrum of disease phenotypes in the same gene. The technical
simplicity of a transfected heterologous model cell to determine alterations of GABA,R structure and
function, an efficient first step, cannot accurately reflect the dynamic effects of a GABR mutation on brain
circuitry and disease development and can only suggest rather than explain why, where, or when altered
cellular excitability in a given network can cause seizures. In chapter IV, we studied the [S-associated
GABRB3(N110D) mutation in vivo. We demonstrated that Gabrb3"™" mice have increased anxiety-like

behaviors, hyperactivity, abnormal social behaviors, spatial learning delay, and spatial memory deficits.

In the following sections, I will speculate on future genomic medicine of epilepsy using GABR mutations as

examples.

2. Advances in the discovery of epilepsy genes: emerging complexity of genotype-phenotype
architecture
Early gene discovery in epilepsy was limited to using linkage analysis in large families with relatively mild
dominantly inherited epilepsies. The field of epilepsy genetics is now expanding rapidly. A strategic shift
towards NGS studies including gene panels, WES and WGS, underlie the past decade’s virtual explosion of
genetic findings, with new mutations emerging as being implicated in epilepsy on almost a weekly basis.
Many epilepsies previously considered idiopathic are now known to have a genetic basis. Arguably the most
important discovery, based on the global collaboration of several research groups, was the recognition that de

novo mutations contribute to a substantial proportion of patients with noninherited, severe EEs.
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Gene discovery has reinforced the complex genetic architecture of epilepsy. NGS studies have revealed how
mutations in the same gene can give rise to a spectrum of epilepsy phenotypes and severities (/) and have
highlighted that a specific epilepsy phenotype can be caused by mutations in different genes (2). Thus it is
now increasingly clear that etiological heterogeneity, variable penetrance and a broad phenotypic pleiotropy
are pervasive characteristics of epilepsy genetics. Epilepsy-associated GABR mutations are prime examples
of this insight (Table 1-2). Generally, monogenic cases of GEs are associated primarily with mutations in
GABRAI, GABRB3 and GABRG2. These three traditional GABR hEP genes previously associated with
milder epilepsy syndromes have been shown to cause more severe phenotypes in some patients. GABRAI
mutations originally reported in a family with JME (7) were also described in DS and other severe infantile
onset EEs (8-10). While the first GABRB3 mutations were identified in families with CAE prior to the exome
era (11), their role in EEs became obvious with the publication of the initial Epi4K study (/2). A recent
publication reviewed the phenotypic data of 22 patients with GABRB3 variants and found a wide spectrum
ranging from simple FSs, GEFS+, myoclonic-astatic epilepsy (MAE), west syndrome (WS) and other severe
EEs (13). For GABRG?2 mutations, it has been generally accepted that missense mutations are associated with
relatively mild phenotypes including FS and CAE, while nonsense GABRG2 mutations lead to more severe
phenotypes ranging from GEFS + to DS (/4). In one of my projects, we used a combination of massively
parallel sequencing and in vitro functional assays and first established that missense mutations in GABRG?2
are genetic risk factors for EEs (15). A recent study in our laboratory also revealed that a novel GABRG2
missense mutation P302L contributes to the pathogenesis of DS, further expanding the phenotypic spectrum
of GABRG2 mutations (16). Another important point is that additional GABRs are emerging as hEP genes.
For example, a new entity, GABRBI encephalopathy, presenting with epileptic seizures and developmental
regression in infancy has been described (12, /7). In addition, de novo GABRB2 mutations were discovered
in a patient with intellectual disability and epilepsy (/8) and an in an infant with EME (79). As well as
facilitating the discovery of new epilepsy genes, the ability of NGS to screen for genetic variants in multiple

genes in parallel has revealed the potential for so-called blended phenotypes —patients whose disorder might
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be explained by more than one large-effect genetic variant (3). A patient with 7q11.23 deletion (Williams
syndrome) plus a de novo GABRAI variant presenting with severe drug-resistant epilepsy was reported
recently (4). There are nineteen GABR genes, however, so far only a few of them have been reported to be
implicated in GEs. What other GABR genes will be recognized to have a role in the epilepsies and the
associated phenotypes remains to be seen. Interestingly, mutations in GABRG2 are more frequently
associated with FS than other GABR genes (5). Whether or not the presence of this correlation is due only to

chance or to fundamental differences in the loss of function of specific subunits requires further investigation.

We are now living in an unprecedented era of genome-wide studies in epilepsy gene discovery. As analysis
of epilepsy gene panels and clinical WES become mainstream, genetic findings in epilepsies in the coming
years will continue to advance at a dramatic rate. However, the discovery of genetic variants contributing to
the disorder is not as straightforward as we might have predicted. There are many genetic mysteries that need
to be unraveled in order to gain a broad insight into the complex genotype-phenotype architecture of genetic

epilepsies.

First of all, while the clinical validity of many epilepsy genes is beyond doubt, the factors contributing to the
broad phenotypic spectrum remain to be investigated. Previous studies from our laboratory suggested that the
epilepsy phenotypic heterogeneity associated with GABR mutations may be related to the extent of the
reduction of GABAAR channel function and the differential dominant negative suppression, as well to toxicity
related to the metabolism of mutant subunit proteins (6). In one of my projects, we utilized structural
modeling and structure-based analysis, and demonstrated that differential protein structure disturbances may
serve as the molecular basis for the disease heterogeneity (7). Given that hEP gene mutations are rarely 100%
penetrant and family members with the same mutation sometimes exhibit phenotypes with different severities,
it is likely that the genetic background or modifying genes also play a role in the epileptogenesis of GEs. In

addition, stochastic events in cellular and developmental processes, epigenetics and environmental factors are
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typically implicated in the extensive variability of phenotypic expression. However, the degree to which

phenotypic penetrance is influenced by these factors is yet to be determined.

Secondly, there is an emerging number of major epilepsy genes implicated in both benign and severe
phenotypes, raising the question whether various conditions represent distinct entities or a fluid continuum (§).
For instance, there are only two main categories of patients with KCNQ2 mutations, 1) patients with benign
(familial) neonatal epilepsy, and 2) patients with neonatal EE, also called KCNQ?2 encephalopathy (9). Both
syndromes make up the two ends of a spectrum, providing the impression that the phenotypes associated with
KCNQ2 gene may represent distinct entities at both ends of the spectrum. In contrast, the example of
GABRG?2 highlights the “fluid continuum” point. As discussed above, GABRG2 mutations have been
associated with a spectrum of phenotypes ranging from simple FS to GEFS+ and severe EEs, arguing for a
fluid continuum rather than distinct entities that do not overlap. This gradient is somewhat reflected in the
functional alterations of GABRG2 mutations with different severities, ranging from simple loss of function to
mild or strong dominant negative effect. Although it will be challenging, identifying detailed delineation of
the phenotypic spectrum that is affected by a genetic variant is crucial. With more genetic studies in common
epilepsies, the middle ground between the extremes of mild familial epilepsies and severe EEs will be
increasingly associated with many major epilepsy genes. It will be interesting to see to what extent the

GABRG?2 example also holds true for other genetic etiologies in epilepsies.

Thirdly, how divergent genetic etiologies result in the same clinical and electrographic features still remains
obscure. For example, IS has been associated with a very large number of gene mutations, including but not
limited to ARX, CDKLS5, SCL25A2, DNMI and STXBPI. For ARX-encephalopathy, it has been shown that
interneurons loss and abnormal segregation due to disruption in tangential migration (interneuronopathy)
results in epilepsy (/0). There is growing evidence that dysfunction of various genes can lead to disruption of

common pathways or mechanisms that converge to produce a given phenotype. One of my projects is
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focused on the Gabrb3 """’ model of IS. Additional work remains to understand whether interneuronopathy

is shared in this mouse model or there is something unique about this Gabrb3 gene leading to IS.

Finally, there is increasing recognition of the importance of comorbidities in GEs, especially the
neurodevelopmental disabilities such as motor dysfunction or cognitive impairment (/7). Are these disorders
caused directly by the mutations or secondary to uncontrolled seizures? The pathophysiological connection

between epilepsies and these associated disorders is yet to be elucidated.

3. Challenges in understanding the building blocks of epilepsy genetics: paradigm shift from gene
discovery to data interpretation
As mentioned in the last section, we have seen unprecedented success in defining the genetic etiology of
epilepsy by NGS and hundreds of new genes have been discovered. However, the field of epilepsy genetics is
still in its infancy. The ability to assess pathogenicity of variants, provide functional analysis, and develop
targeted therapies (a topic I will elaborate on later) has not kept pace with rapid progress in sequencing
technology. Although clinical genetic testing may provide a specific molecular diagnosis for some epilepsy
patients, test results often lead to more questions than answers. While genetics has traditionally been a
relatively resource-scarce field, the flood of genomic data generated by NGS studies in the past several years
threatens to create an opposite problem: a bewildering constellation of contributing genes (/2). The genetic
deluge has made it painfully clear that the prior bottleneck of limited data generation has been overcome at
the expense of a new interpretation bottleneck-we are generating more data than we can interpret (8). Thus, it
is far from certain that identifying more mutations will be useful to epilepsy researchers and clinicians in the
near future. Making sense of this ever expanding amount of data, i.e. the interpretation of detected variants
and the prediction of their pathogenicity, is currently a major project in the field of epilepsy genetics and

remains challenging given our current knowledge.
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Currently, the epilepsy genetics community is fairly good at detecting variants that are deleterious in an
evolutionary sense but is not nearly as good at connecting this information with whether variants are
pathogenic. As 22000 single-nucleotide variants are identified on WES, and 5 million variants on WGS of an
individual, whether a nonsynonymous variant is epilepsy-associated and of major effect should always be
questioned, even if it occurs in known epilepsy genes. Although valid biological explanations exist for much
of the genetic heterogeneity and phenotypic pleiotropy, there is a risk that a variant claimed to be pathogenic
is benign and not causative. Now there is a growing sense of caution in asserting that a particular variant is
harmful in the absence of strong supporting evidence (/3). Thus, the current wave of epilepsy gene discovery
has been accompanied by a wave of gene retirement, constantly refining the list of possible hEP genes. For
example, in 2016, the EFHCI gene previously implicated in JME was no longer considered the causative

gene after careful assessment of the available evidence linking this gene to epilepsy (/4, 15).

Achieving confidence in the determination of causality between a variant and epilepsy is a complex task that
requires various types of supportive data. Pathogenic rare variants should be interpreted according to a
combination of population genetic data, computational (in silico) data, de novo or family segregation data and
biologic foundations (/6). Publicly available databases such as the 1,000 Genomes Project

[www.1000genomes.org] and the Exome Variant Server [NHLBI Exome Sequencing Project (ESP), Seattle,

Washington, http://evs.gs.washington.edu/EVS/] enable laboratories to evaluate whether a newly identified

variant in a patient with epilepsy has also been seen in populations of individuals who are not known to have
diseases. New methods to assess a gene’s tolerance of variation have been described in the research setting
(17). In addition, software including such as PolyPhen-2 (18) and SIFT (719) provides very useful platforms to
predict whether or not a given missense variant would adversely affect protein function based heavily upon
sequence conservation. However, it is by no means certain that mutations located in structured domains will
be deleterious or that those located in unstructured domains will be benign. The gold standard would be for

all newly identified variants, even in known genes, to undergo functional assessment in a model system (2).
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Functional characterizations are essential for us to clearly understand the structure-function relationship of
mutant subunits/receptors and to make predictions how mutations/variants disrupt receptor function. In one
of my projects, we studied six de novo GABRG?2 variants identified in EE patients. In silico analysis using
PolyPhen-2 and SIFT predicted that the substitutions P282S, R323Q, R323W and F343L would not be
tolerated and might damage protein structure. In contrast, the variants A106T and 1107T, which were in a
non-conserved residue location were predicted to be tolerated. In contrast, our functional analysis
demonstrated that all of these variants impaired GABAAR biogenesis and/or channel function, providing

strong evidence for their causal role in EE.

Despite remarkable progress in epilepsy gene discovery, a large proportion of affected individuals with
presumed GEs remain without a genetic diagnosis, even when high-resolution gene panels or WES are
applied (20). Improved coverage of candidate genes and copy number variants may decrease the number of
unexplained cases, but only to a small degree. However, the total amount of genetic information in an
individual is much greater than is typically evaluated by most currently available clinical or research tests.
First, postzygotic, somatic mosaic mutations are increasingly recognized as an important cause of epilepsy
that deserve special mention. Detection of somatic mosaic mutations is technically difficult, depending on the
level of mosaicism and which lineages of cells carry the mutation. In some cases, somatic mosaic mutations
may be present only in the brain (or with the part of the brain responsible for seizures), which are not always
detectable in DNA from patient’s blood (27). For example, somatic mosaicism for SCN/4 mutations has
been identified in mildly affected parents of children with Dravet syndrome (22, 23). For this reason, single-
cell and ultra-deep sequencing are needed to detect and measure the somatic mutation rates in different cell
types and lineages (24). In addition, a largely unexplored area is the impact of variants in nonexonic DNA.
Rare non-coding mutations have been identified in some human diseases and are likely to play a role in
epilepsy as well. For example, GABRG2(IVS6+2T—G) is a splice donor site mutation in intron 6 identified

in a GEFS+ family (25). The ability to inexpensively sequence entire genomes will facilitate the transition
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from WES to WGS and readily allow analysis of noncoding variation, something that has only been studied
on a limited basis to date. Finally, assessment of epigenetic factors and systematic analysis of noncoding
regulatory RNAs (including microRNA and long noncoding RNA) may hold the key to further explaining a

significant proportion of cases and may represent promising areas for future research (26).

We are now transitioning into a phase of epilepsy genetics in which the rate-limiting step is no longer gene
discovery. Instead, the future will concentrate more on the biological and clinical interpretations of the torrent

of specific risk variants identified through NGS.

4. Investigating mechanisms of GABR-associated GEs beyond in vitro systems: what can we learn
from genetically engineered mouse models in vivo?

After identifying epilepsy-causing mutations, researchers still need to determine the role of these mutations
that are central to epileptogenesis. Study of associated molecular/cellular mechanisms in vitro reveals how a
mutation affects channel function and cell excitability. However, epilepsy is a circuit-based disorder and
there is still lack of understanding of the impact of these mutations in a complex neuronal milieu during
development. Animal models are essential to study the complex network effects not evident in the study of
cultured cell systems and will help to more accurately describe the relationship between genotype and
phenotype.

PNHID K1 mouse, which is a model of

In one of my projects, I studied the behavioral phenotypes of the Gabrb3
IS. Our laboratory also generated the Gabrb3™”"?’KI mouse, which is a model of LGS and the Gabrb3 """
KI mouse, which is a model of CAE and ASD. The different epilepsy syndromes caused by different

mutations in the same GABRB3 gene are likely due to mutation effects that vary in type and severity. We

have developed a mechanistic understanding of the cellular/molecular deficits produced by these mutations in
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vitro. To bridge the known cellular/molecular dysfunction with clinical phenotypes, we propose several

future studies in vivo.

First of all, a promising avenue of investigation is to identify specific brain regions underlying seizure
generation/spread and analyze the detailed circuitry of neuronal networks hyperexcitability in these models.
These three mutations/mouse models are associated with three different epilepsy syndromes; what are the
circuitry deficits for these clinical syndromes? We have performed video-EEG recordings from these three
mouse models and observed different seizure semiologies and EEG abnormalities, which are consistent with
the patients’ phenotypes. Surface EEG recording could provide some general information, but its spatial
resolution is low. Thus, it cannot show if specific brain regions are involved. Comparing the altered
thalamocortical or limbic system network oscillations in these three types of epilepsy model using multiunit
recordings may be worth trying. In addition, new techniques such as large-scale multielectrode arrays,
calcium imaging of network activity in awake-behaving animals, and functional magnetic resonance imaging
(fMRI) can be applied to KI mice to study circuit dynamics during and between seizures in intact systems.
Shedding light on these issues is important for identifying specific network activities and brain regions that
are particularly implicated in different epilepsy syndromes, which may be potentially used as targets in

screening for the development of antiepileptic approaches.

Second, studying abnormal brain network development/structure in these mouse models should be revealing.
It has long been established that even extremely small changes during neural development can trigger a
cascade of drastic effects that define long-term network stability. In contrast to mature brain, GABA is
excitatory in the developing brain as a result of an initially higher intracellular chloride concentration (27).
There is now growing evidence demonstrating that excitatory GABAergic neurotransmission plays a
fundamental role in many aspects of brain development, such as neuronal migration, synapse formation and

shaping of dendritic trees (28). Thus, it would be expected that these GABRB3 mutations would alter the
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course of neuronal network development, which could contribute to seizure and neurobehavioral
comorbidities. Imaging study including fluorescence microscopy and electron microscopy to compare
morphology and connections of neurons and synapses at different developmental stages may reveal some
general structural abnormalities. It has been demonstrated in animal models that the epileptogenic effects of
the GABRG2(R82(Q) mutation associated with GEFS+ occur mainly during key windows in development (29).
Thus, in our KI mice carrying different GABRB3 mutations, we are also hoping to identify early pre-epileptic
periods in which specific abnormalities of neuronal network are present without generating behavioral
seizures. These age-related periods may suggest specific developmental roles of these GABRB3 mutations,
and might provide a critical time window for therapeutic approaches that prevent seizures and the associated

developmental defects.

Third, is there any abnormality of synaptic plasticity in these mouse models? Synaptic plasticity is the ability
of synapses to strengthen or weaken over time, in response to changes in both amplitude and temporal
dynamics of neuronal activity. The epileptic brain shows hyperexcitability, and patterns of neuronal firing
will change brain plasticity, which could in turn be one cause of the excitation/inhibition imbalances.
Experimental evidence suggests that the start, progress, and consolidation of epileptic stage could overlap
with the mechanisms underlying long-term plasticity, which could be explained by an alteration of the factors
that regulate the synaptic plasticity of excitatory and inhibitory circuits (30). Sensory inputs and intrinsic
brain activity can effect long-term changes in synaptic efficacy and eventually increase or decrease neuronal
connectivity by modulating the number of synapses. These changes in synaptic plasticity can be measured as
long-term potentiation (LTP) or long-term depression (LTD). Electrophysiological recordings can be used to
compare different types of synaptic plasticity. I will perform field excitatory postsynaptic potentials (EPSPs)
recordings in transverse hippocampal slices and determine LTP/LTD at the Schaffer collateral-pyramidal
synapses within the CAl region. Briefly, an extracellular recording electrode is placed among apical

dendrites of CA1 pyramidal cells, and stimulating electrodes are positioned in the Schaffer collaterals. LTP is
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induced by tetanic high-frequency stimulation (HFS) of Schaffer collaterals comprising delivery of trains of
pulses at 100 Hz for 1 sec. LTD is induced by low-frequency stimulation (LFS) of Schaffer collaterals
comprising delivery of 900 pulses at 1 Hz for 15 min. I will decide whether these mouse models display

defective LTP/LTD compared to wild-type controls.

Fourth, how do these GABRB3 mutations induce adaptive cellular plasticity? Individuals with each GABR
mutation manifest two competing processes during epileptogenesis, loss of inhibition due to the mutant GABR
allele and compensatory mechanisms such as adaptive neuronal plasticity in response to loss of inhibition. To
understand the process of GE epileptogenesis, both processes must be understood for each mutation. Whole
transcriptome analysis using RNAseq allows quantitative characterization of mouse brain whole
transcriptomes that demonstrate cellular plasticity associated with GABR mutations. We will primarily focus
our analysis on somatosensory cortex and nRT nucleus of thalamus. Transcriptome alterations of these
mouse models between WT littermates can be compared using RNAseq. We want to know how gene
expression in different types of neurons and non neurons including astrocytes and oligodendrocytes is altered
to cause a series of changes. Expression levels of all transcriptomes in mouse cortex and thalamus will
demonstrate if one mutant GABRB3 allele is sufficient to induce adaptive cellular responses, alter cortical and
thalamic neuronal activity, and produce a generalized epilepsy. Comparison of results among these mouse
models would suggest if the responses were associated with loss of one normal B3 allele or with a specific
mutation effect. Transcripts will be grouped into functional modules based on gene involvement in Gene
Ontology (GO) or KEGG pathway. The Allen brain atlas will be referenced to demonstrate the in situ pattern
of each gene. Functional modules that are significantly over-represented or under-represented in different
brain regions and in different neuron types will demonstrate the molecular and cellular plasticity in adaption
to GABRB3 mutations. The whole transcriptome analysis data will be verified using in situ hybridization and

immunohistochemistry.
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Although genetic mouse models carrying human epilepsy mutations allow epileptologists to probe the effect
of a single molecule on the development of epilepsy, one must be mindful that the phenotype may not be
directly attributable to the mutated gene. Rather, the mutation may cause downstream effects or
compensatory changes that are directly associated with the production of seizures. For example, It has been
shown that several genetic models of generalized epilepsy all caused a similar downstream effect: the

augmentation of tonic GABAergic currents in the thalamus (37).

Every epilepsy mutation discovered has a complex underlying biological mechanism that will take some time
to unravel. It is unreasonable to create KI or transgenic mice for each newly discovered epilepsy mutation.
With luck, the large numbers of discovered epilepsy mutations can be exploited to develop categories of
genetic etiologies. Take the known monogenic GABR mutations as an example: studies from our laboratory
suggest that mutations in the same category usually share similar molecular mechanisms, although the
severities of these effects vary mutation by mutation. Thus, it is useful to generate KI mice for at least one
mutation in each category. Work in our laboratory has permitted classification of these GABR mutations into
6 classes based on their location and effects: those that reduce subunit expression due to: 1) impaired
transcription, 2) impaired translation, 3) truncation and ER retention with or without a dominant negative
effect on other subunits, 4) misfolding and degradation, 5) ER retention of functional receptors, and a final
class of mutations 6) reduces surface receptor function. Those categories are very helpful in focusing our
pathophysiological investigations. In addition, identification of shared mechanisms among different GABR
mutations should accelerate the development of new treatments, a topic I will elaborate on later. Besides
these three GABRB3 KI mouse models mentioned in this section, we have made a class 2
GABRG2(IVS6+2T—G) transgenic mouse, a class 3 Gabrg2"?**"* KI mouse, a class 4 Gabral"**" K1
mouse, and a class 6 Gabrg2™**" KI mouse. The class 5 Gabrg2***? KI mouse model is already available

(32).
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5. Therapeutic strategies: precision medicine in GEs

The ultimate goal of epilepsy genetic research is to aid the development of effective antiepileptic treatments.
Despite the various mechanisms of action of currently available antiepileptic drugs (AEDs), many of them
have undesirable side effects, and about one third of epilepsy patients fail to achieve complete freedom from
seizures (33). Importantly, all conventional AEDs only have purely symptomatic effects: they just suppress

seizures but they do not target the underlying mechanism of epileptogenesis (34).

In this new era of genomic medicine, our understanding of genetics and neurobiology of epilepsies has led to
optimism that antiepileptic treatments could be targeted to a person’s specific genetic diagnosis (precision
medicine) (35). This allows improvement in treatment options for individual patients, both in terms of
effectiveness and minimization of side effects. The success of precision medicine in epilepsy relies on
establishing an accurate genetic diagnosis, analyzing functional consequences of specific variants, evaluating
candidate therapeutic drugs in the laboratory setting, and initiating targeted therapy trials back into clinic (36).
Here we narrowly define precision medicine as a specific therapy targeting a precisely established genetic
etiology, rather than the use of genetic diagnosis to inform a relatively nonspecific treatment approach, such
as prescription of stiripentol and avoidance of sodium channel blockers in epilepsy patients with SCN/4
mutations and the ketogenic diet in glucose transporter 1 (GLUT) deficiency syndrome due to SLC241
mutations (3). Precision medicine is now a major focus of the epilepsy research community. Looking to the
future, the aim of precision medicine is to improve not only seizure control, but also associated

neurodevelopmental comorbidities.

To date, more than a dozen precision therapies are used in a small number of patients with GEs, some with
substantial success. A remarkable example is the administration of memantine, an N-methyl-D-aspartate
(NMDA) receptor antagonist, in a patient with EOEE caused by a de novo GRIN2A missense mutation (37).

GRIN24 encodes a subunit of the NMDA receptor, which is an excitatory ion channel that is activated by
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glutamate. In vitro experiments testing for activity of the receptor were performed prior to use of the drug,
demonstrating that this mutation resulted in increased activation of NMDA receptor, leading to neuronal
excitation and seizures. Similarly, quinidine reverses large potassium currents emanating from gain-of-
function KCNTI mutations, suggesting that it could led to rational intervention in patients with epilepsy of

infancy with migrating focal seizures (38) and severe autosomal dominant nocturnal frontal lobe epilepsy (39).

Recent studies of GABR mutations provide molecular targets for potential new therapeutic strategies for the
treatment of GEs. As mentioned before, epilepsy-associated GABR mutations can cause multiple
consequences including elimination of the mutant mRNA through NMD, misfolding and degradation of the
nascent polypeptides, impaired receptor oligomerization, dominant negative suppression of wild-type
GABAAR expression, formation of insoluble protein aggregates, and altered electrophysiological properties.
Specific potential therapies for each of these molecular consequences have been proposed (Table 5-1). (40)
Potential therapeutic approaches would include increasing GABAAR channel function or decreasing the
disturbance of cellular homeostasis by the presence of mutant GABAAR subunits. Here, I will summarize
several categories of future therapy based on our understanding of GEs caused by monogenic GABR

mutations.

1) Upregulate wild-type GABA ,Rs using gene therapy

Loss of function or haploinsufficiency is a key mechanism of GE-associated GABR mutations. Thus, we can
increase the activity of the wild-type allele to compensate for the loss of one normal allele. This approach is
ideal for mutations like GABRG2(R136X) causing only haploinsufficiency. This strategy also works for other
mutations like GABRG2(0390X) with dominant negative effects, as extra wild-type subunit protein could
compete with mutant subunit protein, thus increasing the function of wild-type subunit protein while reducing
dominant negative effects of mutant subunit protein. A recent study from our laboratory has reported that

(hGABRG2HA)

overexpression of wild-type y2™ subunits using a BAC transgenic mouse, the Tg mouse, could
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increase expression of cortical and thalamic y2 subunits, rescue reduced GABAergic inhibition, raise PTZ
seizure threshold and reduce spontaneous seizures in Gabrg2”?*"* KI mouse model of Dravet
syndrome/GEFS+ (47). This is proof of principle that increasing expression of wild-type subunits could
become a future direction to treat severe GEs caused by GABR and by extension to other ion channel gene

mutations.

In the future, gene delivery strategies upregulating the gene expression of wild-type subunits will have more
promising clinical application for the treatment of GEs (42). As the gold standard for delivery of exogenous
genetic material, lentiviruses or adeno-associated viruses (AAV) can be used. They elicit relatively low
immune and inflammatory responses and have been used in clinical trials (43). Besides, non-viral delivery
strategies such as nanoparticles are gaining interest due to lower safety concerns, an ease in manufacturing
and greater customizability (44) . It would be important to test whether there is a critical time window during
development for therapeutic intervention, as we are hoping to prevent or arrest epileptogenesis before the
disease onset, rather than treat already-manifest seizures. In addition, it would be interesting to investigate

how many copies of wildtype allele are sufficient to attenuate seizures.

However, the translation of gene therapy approaches into the clinic still face many obstacles (42). First,
delivery of large molecules and transcripts across the blood—brain barrier and into cells is challenging. A
second concern is the constitutive nature of the therapy. Once a gene is introduced, the effect is permanent
and might produce undesirable side effects, which cannot simply be switched off. This issue of potential off-
target effects might be mitigated by locally delivered gene therapy that is targeted to a specific epileptogenic

zone or population of neurons.
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2) Promote read-through of nonsense GABR mutations

For mutant GABAAR subunit mRNAs with PTCs that cause epilepsy due to loss of function of one allele,
nonsense suppression therapy aimed at increasing translational read-through and generating a full-length
protein may restore deficient protein function (45). In addition, this approach would reduce expression of

nonfunctional truncated protein that might have cellular toxicity.

Generally, two types of drug are used to promote read-through at PTCs: aminoglycosides and PTC124
(Ataluren) (46). Aminoglycosides are a class of antibiotics that bind to the ribosome decoding center.
Gentamicin, the aminoglycoside most commonly used to suppress translation termination at PTCs, has been
shown to restore physiologically relevant levels of functional protein in vitro, in vivo and in patients with
nonsense mutations (47). Our laboratory has demonstrated that gentamicin could partially restore the
synthesis of full-length functional y2 subunits from subunits containing the GABRG2(0Q40X) mutation (48).
This strategy may also be useful to prevent the production of toxic mutant protein like y2(Q390X) subunits.
However, aminoglycosides are known to have toxic side effects with long-term administration, including
hearing loss and kidney damage (49). If additional promising compounds with reduced toxicity and enhanced
efficiency of PTC suppression are identified in future, it will be very interesting to test them in Gabrg2 /"™
KI mice. PTC124, also known as ataluren, is an oxadiazole compound identified by PTC Therapeutics that
suppresses termination at PTCs in mammalian cells without affecting translation termination at natural stop
codons. Comprehensive preclinical studies showed that advantages of ataluren over the clinically used
aminoglycosides include minimal off-target side effects, no antibacterial activity, and orally bioavailability
(50). Promising safety and efficacy data from phase 1 and phase 2 clinical trials with Duchenne Muscular
Dystrophy (DMD) and cystic fibrosis (CF) patients carrying nonsense mutations led to the initiation phase 3
clinical trials for both diseases (57, 52). The same strategy with PTC124 might be useful for GE patients who

harbor PTC-generating mutations.
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3) Maintain proteostasis of trafficking-deficient GABA,Rs

Problems in any step during the biogenesis of GABARs will affect the normal surface expression level of the
receptors. Many GABR mutations lead to epilepsy by abolishing the folding, assembly, and trafficking of the
mutant receptors. One emerging therapeutic strategy for such deficiencies is to adapt the proteostasis network

to restore the function of trafficking-deficient GABAARSs (53, 54).

Two classes of small molecules are employed: proteostasis regulators (55) and pharmacological chaperones
(56). Proteostasis regulators operate on the proteostasis network components to correct folding and
trafficking deficiencies. For example, SAHA, acting as a proteostasis regulator, enhances the functional cell
surface expression of the A322D al subunit of GABAARs partially by increasing the BiP protein level and the
interaction between the calnexin and the mutant al subunit in the ER (57). Verapamil, an L-type calcium
channel blocker, acting as a proteostasis regulator, enhances the function of the D219N al subunit of
GABAARs by promoting calnexin-assisted folding (58). Recently, a chemical corrector, 4-phenylbutyrate
(4PBA), restored the function of trafficking-defective LGI1®** function and ameliorated the increased

seizure susceptibility of the LGI15%*

mice in vivo, which is a model of autosomal dominant lateral temporal
lobe epilepsy (ADLTE) (59). Pharmacological chaperones directly bind to the receptors in the ER, stabilize a
correct folding conformation, increase the successful rate of folding, and promote protein delivery to the cell
surface (60). A pharmacological chaperone (VX-809 or lumacaftor) that targets specific cystic fibrosis
transmembrane conductance regulator (CFTR) folding defective mutants, has been recently approved for
clinical use in patients affected by CF (67). Different proof-of-principle strategies have been applied to
restore in vitro functioning of trafficking-deficient mutant sodium channels, such as incubation at low
temperature, molecular interactions with different co-expressed proteins, exposure to sodium channel blockers

such as phenytoin (62-64). Agonists and antagonists are candidates of pharmacological chaperones for

GABARs. GABAAR agonists and a competitive antagonist bicuculline enhance the surface expression level
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of GABAARs by acting as pharmacological chaperones (65, 66). Previous studies in our laboratory
demonstrated that lower incubation temperature (30°C) increased stability and trafficking of mutant y2
subunits, but failed to identify significant chaperone effects of either GABA or diazepam (67). With more
thorough drug screening, chemicals with specific chaperone effects on GABAsRs may be identified or
developed in the future. Combining proteostasis regulators and pharmacological chaperones is expected to

achieve better therapeutic effects on GEs.

4) Eliminate production of dominant-negative mutant protein using allele-specific RNA interference

Recent studies suggest that in addition to impairing inhibitory neurotransmission, the pathology of GABR
mutations is likely to be due to the presence of mutant toxic protein. For example, mutant y2(Q390X)
subunits formed substantial protein aggregates, produced dominant-negative suppression of wild-type
subunits, disturbed cellular homeostasis and caused widespread neurodegeneration, which can contribute to
epilepsy (68). In this context, a therapeutic strategy using allele-specific RNA interference (RNAi) of the

mutant transcripts to suppress or eliminate the detrimental effect of mutant protein might be a useful approach

(69).

The development of RNAi-based CNS-related therapeutics such as small interfering RNA (siRNA) or short
hairpin RNA (shRNA) has largely focused on neurodegenerative diseases, such as Alzheimer's disease (70),
Huntington's disease (77), Parkinson's disease (72), and Machado-Joseph disease (73). Similar strategies
might be beneficial for treating GABR mutations with dominant-negative effects, although it is difficult to
quantify how much RNAi-mediated reduction in mutant protein will be required for the treatment of the
pathology of GEs. More importantly, little is known about duration of effect, the optimal delivery route, and

risk of off-target effects.
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5) Correct GABR mutations using genome editing technology

Ideally, the treatment for GEs would be to edit the faulty gene and correct the disease-causing mutations(s)
permanently. Genome editing technologies, especially the CRISPR/Cas (clustered regularly interspaced short
palindromic repeat (CRISPR)-CRISPR-associated protein) systems represent exciting and promising

approaches that have been developed to achieve this goal (74).

CRISPR functions as an innate immune mechanism in bacteria and archaea that protects them against phage
infection (75). The engineered CRISPR system is composed of two distinct parts: a nuclease (e.g. Cas9)
which is able to cut the double DNA strand, and a small guide RNA (sgRNA) which drives the nuclease in a
precise genome location (76). This results in a precise double strand break of the DNA in a defined genome
region and permits gene editing in mammalian cells. Some groups have already successfully used in vivo
genome editing based on the CRISPR platform to correct disease mutations in mouse models of several
genetic diseases, such as hereditary tyrosinemia (77, 78) and DMD (79, 80). However, homology-directed
repair (HDR) is much less active than non-homologous end joining (NHEJ) in post-mitotic neurons (8/). For
this reason, using HDR as an editing tool to treat neurological genetic diseases is challenging. A recent study
demonstrated for the first time that using homology-independent targeted integration (HITI) based on NHEJ,
it is possible to precisely insert a DNA sequence in a genome location in mature neurons in vivo using

CRISPR/Cas9 (82). This opens new possibilities for gene editing in neurons to treat monogenic GEs.

However, in vivo clinical use of genome editing technologies to rescue GEs is in its infancy because many
methodological and social/ethical challenges still remain today. (83, 84). The big challenge is to precisely
correct mutations in highly structured ion channels in neurons. With current methodology, additional amino
nucleotides may be introduced. In this context it is important to make sure that the coding sequence will not
be affected (85). Other limitations include low viral transduction efficiency, the possibility of off-target

recognition by sequences of the sgRNA, safety and ethical concerns and etc. Continued development of viral
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vectors and new CRISPR systems are helping to overcome these limitations (86). We believe that novel
genome-editing technologies based on CRISPR—Cas systems holds potential for personalized therapeutic

applications for GEs.

6. Conclusions

The handful of known GABR mutations are just the tip of the iceberg among epilepsy-related genes-an area
where genetic and phenotypic heterogeneity is an emerging theme. Our understanding of GABR mutations in
vitro and in vivo, while promising, only marked the start of a long road ahead for unraveling complex
developmental relationships bridging a single mutation and human physiology during epileptogenesis. We
anticipate that streamlined approaches to functional studies of GABR mutations, and other epilepsy-associated
mutations in the future, will move the field of GEs closer to translating genetic discoveries to directed

therapies as we enter the era of precision medicine.
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Table 5-1 Mutation specific therapies for GEs associated with GABR mutations

Classification

Class I
Promoter mutations

Class 11
Early exon nonsense
mutations

Class 111
Last exon nonsense
mutations

Class IV
Missense mutations

Class V Missense
mutations

Class VI Missense
mutations

Example

GABRB3(-897 T/C)

GABRG2(040X)

GABRG2 (IVS6+2T->G)

GABRG?2 (R136X)

GABRAI (975delC, S326£3328X)

GABRG2(0390X)
GABRG2(W429X)
GABRG2(S443delC)

GABRAI(K353delins18X)

GABRAI(A322D)

GABRG2 (R82Q)
GABRG2 (P83S)

GABRAI (D219N)
GABRG2 (R177G)

GABRB3(P11S, S15F, G32R)

GABRG2(K328M)
GABRD(E1774)
GABRD(R220H)

Mechanism

Reduced subunit due
to impaired
transcription

Impaired translation
(NMD) of truncated
subunits

ER retention of
truncated subunits,
with or without
dominant negative
effect

Subunit misfolded and
degraded (ERAD)

ER retention with
impaired
oligomerization with
wild-type subunits

Impaired surface
receptor function
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Therapy strategies

Use transcriptional activators to
increase mutant gene transcription.
Up regulate wild type subunits.

Use aminoglycosides or other drugs,
to suppress PTCs by enabling amino
acid read-through, thus permitting
complete translation of the mutant
transcript.

Up regulate wild type subunits.

Use aminoglycosides or other drugs,
to suppress PTCs by enabling amino
acid read-through, thus permitting
complete translation of the mutant
transcript.

Down regulate mutant subunits with
toxic effects — allele-specific RNA
interference

Up regulate wild type subunits.

Administration of proteostasis
regulators or pharmacological
chaperones to maintain proteostasis of
mutant receptors.

Up regulate wild type subunits.

Administration of proteostasis
regulators or pharmacological
chaperones to maintain proteostasis of
mutant receptors.

Up regulate wild type subunits.

Use specific or nonspecific GABAA
receptor positive allosteric modulators
to enhance current (channel
‘potentiators’).

Up regulate wild type subunits.
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