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Abstract 
 

Towards a Better Understanding of Genetic Contributions to Epilepsy 
 

By Kari A. Mattison 
 
 
 

Epilepsy, characterized by recurrent and unprovoked seizures, is a common neurological 
disorder affecting more than 3 million individuals in the United States. Use of next-generation 
sequencing in genetic testing of epilepsy patients has led to the identification of over 200 known 
and evidence-based epilepsy genes, representing diverse biological functions. The goal of this 
dissertation was to gain a better understanding of the genetic contributions to epilepsy. We 
utilized three approaches for the identification of candidate disease variants. The first approach 
was to analyze gene panel data consisting of approximately 4,800 evidence-based disease 
genes from 460 patients with epilepsy. We identified 8 variants in SLC6A1 from this data set 
which was a similar to the diagnostic yield of established epilepsy genes, SCN2A and CDKL5. 
We showed, for the first time, through functional assays that SLC6A1 variants identified in 
epilepsy patients result in decreased GABA re-uptake. In the second approach, we analyzed 
whole exome sequencing data from 218 patients with epilepsy. From this we identified a single 
de novo, heterozygous variant in ATP6V0C (p.A138P). Using GeneMatcher and other publicly 
available datasets, we subsequently identified 25 additional patients with ATP6V0C variants. To 
confirm pathogenicity of the identified variants, we developed functional assays using 
Saccharomyces cerevisiae which demonstrated that the ATP6V0C variants result in loss of 
vacuolar ATPase function. Our work resulted in the largest cohort to-date of patients with 
ATP6V0C variants and provides strong support for ATP6V0C as an epilepsy gene. Lastly, we 
performed whole genome sequencing in two brothers with epilepsy from a consanguineous 
family to identify variants within shared regions of homozygosity. We identified a homozygous 
variant, p.G228R, in CNTNAP2 and subsequently found co-segregation of the same variant in 
an unrelated family with overlapping clinical presentations. Taken together, three epilepsy 
genes were identified, each with a unique disease mechanism and function related to neuronal 
signaling. The knowledge gained from the identification and functional analysis of variants can 
provide insight into treatment options and/or development of precision therapies for patients. 
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Chapter 1 
 
 

Introduction 
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1.1 Overview 

The overall goal of my dissertation research was to gain a better understanding of the 

genetic contributions to epilepsy. I took three different approaches to identify novel genetic 

variants in patients with epilepsy. The first two approaches used data from a collaboration with 

EGL Genetics where we had access to de-identified gene panel and whole exome sequencing 

(WES) data from patients with epilepsy. Four-hundred and sixty patients were screened using a 

gene panel containing approximately 4,800 evidenced-based disease genes. My analysis of this 

data identified eight patients with variants in SLC6A1. It was surprising to identify this many 

patients with predicted pathogenic variants in SLC6A1 as this gene was just emerging as an 

epilepsy gene at that time. We collaborated with Dr. Baruch Kanner, an expert on the function of 

GAT-1, encoded by SLC6A1, to provide the first functional evidence that the identified SLC6A1 

variants impacted transport of γ-aminobutyric acid (GABA) by GAT-1 (Chapter 2). 

In the second approach, I used trio-WES data to identify de novo variants in patients 

with epilepsy. From the analysis of 218 patients, I identified a single heterozygous variant in 

ATP6V0C. My analysis of this variant predicted it was likely pathogenic, but ATP6V0C was not 

yet an established disease gene. To provide further support for the pathogenicity of the 

identified ATP6V0C variant, I looked for additional patients by reviewing the literature, publicly 

available datasets, and connecting with other researchers or clinicians via GeneMatcher. In 

addition, I developed a functional assay in yeast for ATP6V0C variants using approaches 

previously used in forward genetic screens. I was able to collect 25 additional patients with 

overlapping phenotypes and provide functional evidence towards variant pathogenicity 

(Chapter 3). 

The last approach I used to identify novel variants associated with epilepsy involved the 

sequencing and analysis of ten consanguineous families with epilepsy. In each family, we 

performed whole genome sequencing (WGS) on two individuals with epilepsy and identified 

shared, homozygous variants. I then performed targeted sequencing in other family members to 
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look for segregation of these identified variants between affected and unaffected individuals. In 

Family 201, I found that p.Gly228Arg in CNTNAP2 segregated with disease. We subsequently 

identified a second family with this same variant and shared clinical presentation providing 

further evidence for variant pathogenicity (Chapter 4). The results from the remaining nine 

families sequenced is presented in Appendix B. 

 In this introduction I will provide a general overview of the genetics of epilepsy and the 

impact that genetic testing has had on the ability to provide diagnoses. Then, I will focus on the 

criteria used to classify variants identified through genetic testing and, in particular, how 

functional testing can help with the classification of variants of unknown significance. I will also 

outline the benefits a genetic diagnosis can provide to patients, their families, and the clinical 

team. Finally, I will conclude with a description of the specific goals of my research which 

formed the basis for this dissertation. 

 

1.2  Genetics of Epilepsy 

Epilepsy, characterized by recurrent and unprovoked seizures [1], is one of the most 

common neurological disorders affecting more than 3 million individuals in the United States, 

and is estimated to affect more than 50 million individuals globally [2, 3]. Seizure onset occurs at 

the highest rate in young children and the elderly and is often accompanied by a negative 

change to overall quality of life [4, 5]. Individuals with early-onset and/or uncontrolled (refractory) 

seizures often have other comorbidities such as developmental delay, intellectual disability, 

anxiety, and, in severe cases, sudden unexpected death in epilepsy [6, 7]. Identification of the 

genetic basis of an individual’s epilepsy can aid in the treatment and prevention of severe 

comorbidities post-seizure onset. 

To date over 200 known and evidence-based epilepsy genes have been identified. I 

compiled a list of epilepsy genes by first searching publicly available epilepsy and/or seizure 

gene panel lists and by searching “epilepsy” and “seizure” in Online Mendelian Inheritance in 
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Man (OMIM) and the Human Gene Mutation Database (HGMD; v.2021.4). The resulting list was 

refined by excluding genes where epilepsy or seizures was not a primary phenotype reported in 

patients from the literature (i.e., patients with spinal muscular atrophy that also report seizures). 

This resulted in the list of known and evidence-based epilepsy genes shown in Table 1.1. 

Genes within Table 1.1 were placed into the functional category that best fit the known 

canonical function of the gene/protein. Although some genes could be placed into multiple 

categories, for simplicity each gene was only assigned to one category. 
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Table 1.1. Known and Evidence-Based Epilepsy Genes. Inheritance pattern: Autosomal 

Dominant (AD; black), Autosomal Recessive (AR; blue), X-Linked Dominant (XLD; green), X-

Linked Recessive (XLR; pink), AD/AR (purple), XLD/R (orange). Genes are grouped by known 

function, including genes that are known to modulate the function of other genes in that group. 

For example, FGF12 which modulates the function of voltage-gated sodium channels was 

placed in the “Ion Channels” category. 

Ion Channels 

CACNA1A CACNA1B CACNA1E CACNA2D2 CACNB4 CHRNA2 CHRNA4 CHRNB2 

CLCN4 FGF12 FGF13 GABBR2 GABRA1 GABRA2 GABRA5 GABRB1 

GABRB2 GABRB3 GABRE GABRG2 GRIN1 GRIN2A GRIN2B GRIN2D 

HCN1 HCN2 KCNA2 KCNB1 KCNC1 KCNC2 KCND2 KCNH1 

KCNJ10 KCNK4 KCNMA1 KCNQ2 KCNQ3 KCNT1 KCNT2 KCTD7 

SCN1A SCN1B SCN2A SCN3A SCN8A TRPM3   

Enzymes 

ADPRS ADSL ALDH5A1 ALDH7A1 ALG1 ALG13 ALG14 ARFGEF2 

ARHGEF9 ASNS BCKDK CARS2 CASK CDKL5 CERS1 CILK1 

CPA6 CSNK2B CSTB DENND5A DHDDS DNM1 DNM1L DOCK7 

DOLK DYRK1A EPM2A EXT2 FAR1 FARS2 GAD1 GAMT 

GATM GNAO1 GOT2 HECW2 HUWE1 ITPA LGI1 LIAS 

MDH1 MDH2 MTOR NDUFA8 NEDD4L NGLY1 NHLRC1 NPRL2 

NPRL3 NUS1 OTUD7A PAFAH1B1 PAK1 PARS2 PHGDH PIGA 

PIGC PIGH PIGN PIGO PIGS PIGT PIGW PLCB1 

PNKP PNPO POLG PPP3CA PPT1 PTPN23 QARS1 RAPGEF2 

RHOBTB2 SIK1 SPATA5 ST3GAL3 ST3GAL5 SYNGAP1 SYNJ1 TBC1D24 

TIMM50 TMTC3 TPP1 TRIM8 TRIT1 TSC1 TSC2 TSEN15 

UBA5 UBE3A UBR7 VARS1 WARS2 WWOX   

Transporters, Receptors, and Membrane Trafficking 

ATP1A2 ATP1A3 ATP6AP2 ATP6V0A1 ATP6V0C ATP6V1A ATP6V1B2 CLN3 

CLN5 CLN6 CLN8 CLTC CPLX1 DCX DMXL2 DNAJC5 

DYNC1H1 FOLR1 GNAI1 GNB1 GOSR2 GPAA1 GPR37L1 GRIK2 

GRM7 IER3IP1 IQSEC2 KIF2A KIF5C KPNA7 MFSD8 NRXN1 

PACS1 PACS2 SCAMP5 SCARB2 SLC12A5 SLC13A5 SLC1A2 SLC25A12 

SLC25A22 SLC2A1 SLC35A2 SLC45A1 SLC6A1 SLC6A8 SLC7A6OS SLC9A6 

SNAP25 STX1B STXBP1 SYN1 TRAPPC6B    

Nucleotide Binding and Chromatin Remodeling 

ANKRD11 ARX CHD2 CUX2 DEAF1 DMBX1 EEF1A2 EHMT1 

FOXG1 HCFC1 HNRNPU KANSL1 MBD5 MECP2 MEF2C NACC1 

NEUROD2 PURA RORA RORB SETD1A SETD1B SMARCA2 SMC1A 

SNIP1 STRADA TBL1XR1 TCF4 YEATS2 ZEB2   

Other 

ADAM22 APC2 ATN1 BRAT1 CNKSR2 CNTN2 CNTNAP2 COL4A2 

CTNNA2 CYFIP2 DCLK2 DEPDC5 FBXO28 FLNA GAL GPHN 

LAMC3 LMNB2 NBEA NEXMIF NRROS OPHN1 PCDH19 PLPBP 

PRICKLE1 PRRT2 RELN SEMA6B SPTAN1 SZT2 TBCD TMX2 

TUBB2A TUBG1 UFM1 WDR26 WDR37 WDR45 WDR45B WDR62 

YWHAG        

 



6 
 

1.2.1 Heritability 

Seizures were first documented circa 2500 BCE, but it was not until the early 1900s that 

the first evidence for a genetic component to seizures and epilepsy was demonstrated when 

Herman Lundborg traced the presence of progressive myoclonic epilepsy in one family back to 

the 1700s [8, 9]. William Lennox showed further evidence of a genetic basis for epilepsy through 

the study of 143 twin pairs from 1934-1958. He observed an 86% concordance rate in 

monozygotic twins and 60% in dizygotic twins when looking at whether both twins were 

diagnosed with the same epilepsy syndrome [10, 11]. 

Subsequent studies of twin pairs with epilepsy of unknown cause in the late 1990s and 

early 2000s also showed a strong genetic contribution. The estimates from these studies 

suggest that between 70-80% of epilepsy is genetic in nature and heritable [12, 13]. This is 

further supported by studies that showed acquired epilepsy (i.e., epilepsy developed following 

an insult to the brain such as stroke, traumatic brain injury, or infection) only accounts for 

approximately 20% of all epilepsy cases [14, 15].  

  

1.2.2 Modes of Inheritance 

As with other genetic diseases, epilepsy can follow many different inheritance patterns.  

This is primarily determined by the gene, and in some cases the type of variant, that is 

responsible. The three main Mendelian modes of inheritance, autosomal dominant, autosomal 

recessive, and X-linked, are discussed in more detail below; however, it is important to note that 

other factors may play a role in the “assumed” inheritance of epilepsy within a family. 

 

1.2.2.1 Autosomal Dominant 

One of the most common modes of inheritance identified in patients with genetic 

epilepsy is autosomal dominant (AD). With AD epilepsy only one copy of a pathogenic variant is 
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needed to cause disease. This copy can be inherited from an affected biological parent or arise 

de novo during embryonic development. The first AD epilepsy gene, CHRNA4, was identified in 

1995 from a large family with multiple affected individuals [16]. Since this original report, over 

100 epilepsy genes that follow an AD inheritance pattern have been identified (Table 1.1). 

 

1.2.2.2 Autosomal Recessive 

 Autosomal recessive (AR) variants have the highest rate of prevalence in  

consanguineous families. In AR epilepsy, two copies of a pathogenic variant in a single gene 

are needed. This can occur by the affected individual inheriting a variant from each biological 

parent, or by inheriting a variant from one biological parent and having the other variant arise de 

novo during embryonic development. These variants can either be identical (homozygous) or 

different (compound heterozygous or biallelic). One of the first identified AR epilepsy genes was 

PPT1 in which a homozygous p.R122W variant was identified in 40 Finnish patients with 

infantile neuronal ceroid lipofuscinosis [17]. The prevalence of this variant in the Finnish 

population supported the presence of a founder effect which is common in AR disease [17, 18]. 

Similarly to AD epilepsy genes, over 100 epilepsy genes with AR inheritance are known (Table 

1.1). 

 

1.2.2.3 X-Linked 

 The last major mode of inheritance in epilepsy is X-linked where the disease gene is 

located on the X chromosome. Both X-linked dominant (XLD) and X-linked recessive (XLR) 

variants are known to cause epilepsy (Table 1.1). X-linked epilepsies can be difficult to identify 

as being genetic given that the phenotype is likely to skip generations and in simplex families it 

may be more difficult to identify a biological sex-linked inheritance pattern. Additionally, female 
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carriers may exhibit mild phenotypes for XLR epilepsies due to skewed X-inactivation that can 

vary by tissue type and further complicate the diagnostic journey for individuals and families. 

 

1.2.2.4 Other Factors 

In addition to the three main modes of inheritance discussed above, there are several 

factors that can impact inheritance and phenotypic presentation in patients with epilepsy, 

making it harder to determine whether the disorder is genetic in nature and/or if the same 

genetic variant is responsible for the phenotypes observed in all affected members of a family. 

Modifier genes/alleles can affect the expression of other genes and/or the phenotypic 

presentation of a specific trait or disease. For example, in families with genetic epilepsy with 

febrile seizures plus (GEFS+) variable disease severity and presentation can be seen between 

affected family members, suggestive of the presence of modifier genes/alleles [19]. 

Reduced penetrance can also make it more difficult to identify the genetic cause of 

epilepsy. Penetrance is the percentage of individuals with a (likely) pathogenic variant that show 

the expected phenotype, so with reduced penetrance an individual with the likely pathogenic 

variant might be asymptomatic. In families with AD partial epilepsy with auditory features 

resulting from variants in LIG1, penetrance has been shown to be 67% [20]. Therefore, 

approximately one-third of individuals in these families will carry the pathogenic variant, but not 

have epilepsy. 

In addition to modifiers and reduced penetrance, somatic mosaicism (variants that arise 

post-fertilization) can also contribute to inherited epilepsies. With somatic mosaicism, an 

affected individual may appear to have a de novo variant when in fact they have inherited it from 

an unaffected parent. The timing of post-zygotic mutational events, as well as the tissues 

impacted, have a large influence on phenotypic presentation in individuals with somatic 

mosaicism [21].  
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1.3  Diversifying out of the “Channelopathy” era 

 The use of advanced technologies, such as next-generation sequencing (NGS), has not 

only increased the rate of epilepsy gene discovery, but has also increased our knowledge 

regarding the types of genes responsible for epilepsy. The majority of genes identified between 

1995 and 2004 were ion channels, known to be directly involved in the modulation of excitation 

and inhibition in the central nervous system [4, 22]. This initially led to the idea that epilepsy was 

a “channelopathy”; however, NGS has resulted in the identification of epilepsy genes with 

diverse biological functions. Table 1.1 shows the variety of functions associated with epilepsy 

genes and further discussion on these different categories is provided below. 

 

1.3.1 Enzymes 

 Over 90 genes that encode enzymes are known to cause epilepsy (Table 1.1). Over half 

of AR epilepsy genes are enzymes (61/110, 55.5%) and within this category 65% (61/94) of the 

genes follow AR inheritance patterns. This is unsurprising as 50% of normal enzyme activity is 

sufficient in most cases to maintain normal enzymatic function [23]. 

Within the enzyme category a wide range of enzymatic functions are represented. There 

are E3 ubiquitin ligases, such as HECW2 and HUWE1, that play a key role in the ubiquitination 

of proteins to maintain cellular homeostasis. Additionally, pathogenic variants in enzymes 

involved in tRNA synthesis, such as TRIT1, which plays a role in modifying tRNAs that bind 

codons starting with uridine, have been identified in recent years [24].  

Interestingly, there are several genes within glycan modification pathways where 

pathogenic variants lead to congenital disorders of glycosylation (CDG). Over 130 genes are 

known to lead to CDG, including several that cause CDG with epilepsy [25]. In CDG with 

epilepsy, pathogenic variants are seen in enzymes involved in asparagine (N)-glycosylation 
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(e.g., ALG13, ALG14) and synthesis of the glycosylphosphatidylinositol anchor (e.g., PIGA, 

PIGC, PIGH, etc.).    

 

1.3.2 Transporters 

 Unsurprisingly, variants in several genes involved in the transport of neurotransmitters 

have been identified in patients with epilepsy. GAT-1 (encoded by SLC6A1), which recycles 

GABA, one of the major inhibitory neurotransmitters, is one such transporter. Patients with 

SLC6A1 mutations present with myoclonic-atonic epilepsy, intellectual disability, and behavioral 

problems. In Chapter 2, we provide functional evidence to demonstrate that SLC6A1 variants 

from patients with epilepsy result in decreased GABA reuptake. 

Perhaps less obvious causes of epilepsy are transporters that do not directly transport 

neurotransmitters. For example, SLC13A5 is a sodium-dependent citrate transporter that 

mediates citrate entry into cells [26]. Pathogenic variants in this gene lead to developmental and 

epileptic encephalopathy (DEE) characterized by onset of refractory seizures in infancy with 

global developmental delay and intellectual disability [27]. 

 

1.3.3 Chromatin Remodelers and Nucleic Acid Binding Proteins 

 Since the use of NGS has become standard in genetic testing, genes that function as 

chromatin remodelers and transcription factors have also been identified as epilepsy genes. In 

2013, the first report of pathogenic variants in in CHD2, a chromatin remodeler, was published. 

Patients with pathogenic variants in CHD2 have DEE, and despite ubiquitous expression of 

CHD2 throughout the body only the brain appears to be affected in these patients [28]. 
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1.3.4 Other 

 There are also epilepsy genes that do not fit into these previously mentioned categories. 

This includes genes that play a role in the structural organization of the brain (e.g., ARX), genes 

that have active roles in cytoskeletal organization (e.g., FLNA), and genes that help facilitate 

cell-to-cell adhesion [29, 30]. One gene involved in cell-to-cell adhesion is CNTNAP2 which 

facilitates axo-glial contacts and the clustering of voltage-gated potassium channels on 

myelinated axons [31, 32]. In Chapter 4 I describe the identification of a novel homozygous 

missense variant in CNTNAP2 from a consanguineous Pakistani family with epilepsy, 

intellectual disability, and autism spectrum disorder. 

 There are also genes in which pathogenic variants cause epilepsy, but the function of 

the gene is not fully understood. One example of this is NRROS in which pathogenic variants 

lead to onset of seizures within the first 18 months of life, followed by developmental regression 

and cerebral atrophy with brain calcification [33, 34]. Potential functions of NRROS include 

response to Toll-like receptor signaling, regulation of reactive oxygen species production, and 

processing or activation of TGF-β; however, the exact role and/or the main mechanism behind 

epilepsy in patients with pathogenic NRROS variants is still unknown [34]. 

 

1.4  Identifying Pathogenic Variants 

 There are many tools available to clinicians and patients to identify the genetic cause 

behind the patient’s epilepsy. The type and number of tests needed will vary on family history 

and if the phenotypic presentation is consistent with a well-known epilepsy subtype with a 

primary genetic cause. The major tools used in genetic testing for epilepsy are described below. 
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1.4.1. Genetic Linkage and Targeted Sequencing 

Prior to the development of NGS, linkage mapping followed by targeted sequencing 

were used to identify the likely region harboring the causal gene and the subsequent causal 

variant. The first pathogenic epilepsy variant, identified in CHRNA4 (p.S252F), was found in a 

large Australian family with nocturnal frontal lobe epilepsy after previous linkage analysis had 

identified 20q13.2-q13.3 as the likely region harboring the causal gene [16, 35, 36]. 

 

1.4.2 Copy Number Variants and Gene Panels 

Array comparative genomic hybridization (aCGH) was the next method used for the 

identification of epilepsy genes [37]. aCGH detects copy number variation (CNV) across the 

genome or can be designed to target a specific region. Across 43 studies, aCGH showed an 

average diagnostic yield of 7% (95% CI = 7%-11%) [38]. However, with the rise of long-read 

sequencing and programs that can accurately map CNVs, the use of aCGH has been 

decreasing.  

The introduction of gene panels replaced the slow, gene-by-gene approaches to identify 

pathogenic variants in patients with epilepsy. Gene panels allow for the sequencing of the 

coding regions of a large set of predefined target genes. A recent meta-analysis showed that 

the diagnostic yield from gene panels is 19% (95% CI = 16%-24%) and that the diagnostic yield 

was higher in cohorts with DEE compared to patients with focal epilepsy [38]. Additionally, the 

diagnostic yield of a gene panel tends to increase when more genes are included in the 

analysis; however, the inclusion of more genes also results in the identification of a larger 

number of variants of unknown significance (VUSs). This can unintentionally lengthen the 

diagnostic process as each variant must be evaluated to determine its likely contribution to the 

phenotype. 
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1.4.3 Whole Exome and Whole Genome Sequencing 

 WES and WGS provide more unbiased approaches to identifying genetic variants 

compared to targeted sequencing or a gene panel. Like a gene panel, WES covers the coding 

regions of the genome but does so for the entire genome instead of over a selected set of 

genes. WGS is more comprehensive than WES, capturing all non-coding and coding variants in 

the genome. Both WES and WGS allow the identification of variants in genes that might not 

otherwise be screened for epilepsy. The diagnostic yield of WES and WGS is generally higher 

compared to gene panels with 20-40% for WES and an average of 48% (95% CI = 28%-70%) 

for WGS [38-40]. Sequencing trios (proband + biological parents) can increase the diagnostic 

yield in both WES and WGS as shared variants can be ruled out when de novo inheritance and 

full penetrance are assumed. 

It has also been shown that not only can WES lead to an increased diagnostic yield, but 

that if it is performed as the first line of genetic testing, it can reduce the overall diagnostic costs 

by one third [41, 42]. 

 

1.5 Follow-up on VUS’s and GUS’s 

As WES and WGS become more commonly used in genetic testing, more VUSs and 

genes of unknown significance (GUSs) will be identified in patients. This may complicate the 

diagnostic process as these VUSs and GUSs will need to be thoroughly evaluated to determine 

whether they are contributing to the observed phenotypes. A VUS is a variant in a known 

disease gene without enough information on the specific variant or region of the gene/protein to 

definitively determine whether it is pathogenic or benign. A GUS is a gene whose exact function 

and/or localization is not known making it difficult to determine what effect, if any, the identified 

variant may have on gene/protein function. The identification of VUSs and/or GUSs can have 

unintended consequences for patients and their families. It can be confusing and lead to 
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psychological impacts given the uncertainty surrounding the results. In addition, the 

identification of VUSs and GUSs may not be useful in diagnoses or treatment guidance [43]. 

Given the challenges associated with classifying variants identified through genetic 

testing, the American College of Medical Genetics and Genomics (ACMG) and the Association 

for Molecular Pathology (AMP) have developed criteria (described in more detail below) that are 

to be used when analyzing variants for pathogenicity [43].  

 

1.5.1 Classification of Variants 

The ACMG/AMP guidelines outline two main categories of evidence: one for classifying 

pathogenic variants and the other for classifying benign variants. Each of these main categories 

are further divided into several sub-categories (very strong, strong, moderate, and supporting) 

that indicate the strength of evidence towards classification of a variant (Table 1.2). Ultimately it 

is the weighted combination of all the pieces of evidence that are taken together to assign a 

classification of pathogenic, likely pathogenic, VUS, likely benign, or benign (Figure 1.1). 

When classifying variants, all variants start off as a VUS and move towards pathogenic 

or benign as evidence is applied. The burden to call a variant pathogenic is much higher than 

the burden to call a variant benign, and some variants will not have enough evidence to be 

classified as anything other than a VUS (Figure 1.1). Using these classification guidelines, I 

was able to identify likely pathogenic variants in SLC6A1 (Chapter 2) and ATP6V0C (Chapter 

3) from an unselected cohort of patients with epilepsy. 
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Table 1.2. ACMG/AMP Evidence for Variant Classification. Each variant is assigned 

evidence codes for the criteria met. The combination of evidence is used to determine the 

pathogenicity of the variant (see Figure 1.1). For further discussion and caveats to assigning 

evidence to variants for classification, see Richards et al. 2015 [43]. 
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Figure 1.1. Overview of ACMG/AMP Criteria for Variant Classification. Columns represent 

possible combinations of evidence for variant classification as based on ACMG/AMP guidelines 

[43]. Evidence categories are represented by two letters, where the first indicates support for 

pathogenic (P) or benign (B) classification and the second indicates evidence strength. Darker 

colors represent stronger evidence. Variants with any combination of evidence not shown here 

are classified as VUSs. 
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1.5.2 Functional Testing 

The initial classification of variants is usually done without the use of in vitro or in vivo 

functional experiments. This is because much of the evidence used to classify variants can be 

determined through sequencing of the proband’s biological relatives, publicly available 

databases (such as gnomAD or HGMD), and in silico prediction tools (Table 1.2). Thus, if a 

variant is classified as a VUS after the initial round of classification, performing functional testing 

can be a powerful tool to provide definitive variant classification. A previous study showed that 

97% of VUSs could be reclassified through the addition of functional evidence, and interestingly 

only 3% of VUSs reclassified were classified as benign [44]. 

However, there are many caveats that one must consider when using functional testing 

to provide evidence for pathogenicity. In 2019, new recommendations were made for the 

application of functional evidence when classifying variants [45]. These recommendations 

include accounting for the physiological context of the system being used to perform the 

functional tests, that molecular consequences are accurately modeled particularly for splice 

variants or those predicted to result in nonsense mediated decay (NMD), and ensuring that 

appropriate controls, which can demonstrate the extreme outputs for the assay, are used [45]. 

In Chapter 2, functional testing of SLC6A1 missense variants demonstrated a reduction 

in GABA uptake in cells, and a splicing assay showed that a splice site variant leads to exon 

skipping. In Chapter 3, functional testing of multiple ATP6V0C missense variants in yeast 

demonstrated damaging effects which would result in all variants being classified as pathogenic 

if the PS3 criteria was applied. 

 

1.5.3 Problem of Singleton Cases 

The other major challenge with establishing the pathogenicity of VUSs and GUSs is that 

they are often identified in singleton cases in which no other individual in the cohort has been 
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reported with the same variant (and the gene might also be a GUS). Some of the ACMG/AMP 

criteria rely on the classification of previous variants identified in a gene or the proportion of 

cases vs controls that have the variant (Table 1.2). These criteria can be difficult to meet unless 

the variant has been previously published and this further highlights the weight that the total 

number of likely pathogenic or pathogenic variants identified in a single gene provides to move 

variant classification away from a VUS.  

 The use of online variant repositories (e.g., ClinVar) as well as “matchmaking” services 

has greatly helped to reduce the number of singleton variants. One tool that is particularly useful 

for both clinicians and researchers is GeneMatcher [46]. GeneMatcher is an online service 

where researchers and clinicians can provide information about an identified variant and the 

general phenotype of the patient. They are then connected with other individuals who match 

selected criteria, such as gene, variant type, or phenotype, and information can be shared 

between the two parties. I demonstrate the power of these services in Chapter 3. I had initially 

identified one patient with a variant in ATP6V0C; however, I was able to identify an additional 25 

patients with ATP6V0C variants using GeneMatcher and ClinVar. 

 

1.6 Benefits of a Genetic Diagnosis 

A genetic diagnosis provides many benefits to the patient, their family, and the clinical 

team caring for them. Knowing and understanding the genetic basis of a patient’s epilepsy can 

provide the opportunity to look at the natural progression of symptoms within previously 

published patients. From this knowledge, preventative measures can be started in order to stop 

or lessen the onset of some symptoms. Understanding the mechanism behind a patient’s 

seizures also allows the clinical team to prescribe more efficacious drugs (discussed more 

below). Importantly, there can be both positive and negative psychological effects of receiving a 

genetic diagnosis. One positive impact is the ability to join a support group of individuals and 

families with the same genetic diagnosis which is also discussed below. However, clinicians and 
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genetic counselors must also be aware that a genetic diagnosis may lead patients and family 

members to believe that the epilepsy is a direct result of something they did [47].   

 

1.6.1 Therapeutics 

 There are many different classes of anti-epileptic drugs (AEDs), and they can be broadly 

grouped based on their mechanism of action. AEDs such as phenytoin and carbamazepine act 

as sodium channel blockers, others are known to enhance GABAA receptor activity 

(benzodiazepines), and some have multiple mechanisms of action, acting on more than one 

type of ion channel and/or receptor, such as lamotrigine and topiramate [48]. Knowing the 

genetic cause of a patient’s epilepsy can allow the clinical team to make an informed decision 

on the AED(s) to prescribe in order to most effectively control seizures. For example, patients 

with Dravet syndrome typically have SCN1A variants that cause a loss of function in Nav1.1, a 

major voltage-gated sodium channel in the central nervous system [49]. Prescribing a sodium 

channel blocker in these patients would exacerbate the seizure phenotype by further reducing 

the already low Nav1.1 function and should be avoided. 

 In recent years a substantial amount of work has gone into developing and testing 

precision therapies for patients with epilepsy. The research that has yielded the most promising 

results to date is the use of antisense oligonucleotides (ASOs) to modulate mRNA expression. 

ASOs can decrease mRNA levels by binding to RNA creating a RNA-DNA hybrid structure that 

will be degraded by RNase H1 or by blocking the binding of RNA binding proteins required for 

translation [50]. Additionally, ASOs can be used to modulate splicing of mRNA transcripts by 

causing targeted exon skipping or inclusion [50]. 

An ASO (STK-001) that upregulates wild-type SCN1A is currently in clinical trials. STK-

001 increases wild-type SCN1A mRNA levels and therefore wild-type Nav1.1 protein levels by 

preventing the inclusion of a naturally occurring “poison” exon that leads to the degradation of 

mRNA transcripts [51]. In preclinical mouse studies, STK-001 administration decreased seizure 
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frequency and increased survival in pre-and post-weaning Scn1a+/- knock-out mice [51]. Studies 

where ASOs have been used to decrease mRNA levels also show promising preclinical results. 

Pathogenic variants in SCN8A, which encodes NaV1.6, have been shown to have a gain of 

function mechanism [52]. ASO treatment targeting the 3’ untranslated region (UTR) of Scn8a 

resulted in delayed seizure onset and increased survival in mice with a gain of function Scn8a 

allele (Scn8aR1872W/+) [53].  

 

1.6.2 Support Groups 

In addition to a better understanding of appropriate treatment options, a genetic diagnosis 

can also provide a patient and their family a chance to join a support and/or family advocacy 

organization. These organizations are usually nonprofits that advocate for patients, provide 

support for the families, and may even fund research related to their cause. Many gene and 

syndrome specific organizations exist already, such as the International SCN8A Alliance, the 

Dravet Foundation (SCN1A-derived epilepsy), and the Lennox-Gastaut Syndrome Foundation. 

In Chapter 2, I describe my work on SLC6A1 which was an emerging epilepsy gene at the time 

of publication of our work (2018); however, thanks to the formation of SLC6A1Connect, a 

patient advocacy group, our understanding of the disease mechanism and development of 

specific treatments has rapidly progressed in the last four years. 

 

1.7 Summary and Goals of this Dissertation 

In summary, genetic testing in the epilepsies has proved to be a powerful tool both for 

clinicians and patients with epilepsy. However, one must be cognizant of the likelihood that 

many VUS will likely be identified, and further testing will need to be done in order to provide 

more definitive variant classification. Thus, the overall goal of my dissertation was to analyze 

genetic testing data for VUSs that were likely to explain the epilepsy seen in patients and 
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develop functional tests to establish whether identified variants were likely to have a deleterious 

effect on protein function. 

In Chapter 2, I show that SLC6A1 variants identified in patients with epilepsy and 

intellectual disability decrease uptake of GABA. In Chapter 3, I show that ATP6V0C variants in 

patients with severe neurodevelopmental disorders, including epilepsy, result in decreased 

function of the vacuolar ATPase (V-ATPase). This also represents the first report of a large 

cohort of patients with ATP6V0C variants and neurological disease. In Chapter 4, I report the 

findings from WGS and segregation analysis in a consanguineous Pakistani family with two 

brothers affected with epilepsy, intellectual disability, and autism spectrum disorder. Finally, in 

Chapter 5, I provide a discussion of these findings, future directions, and a general discussion 

on the future of genetic testing in the epilepsies.  
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Chapter 2 

 

SLC6A1 Variants Identified In Epilepsy Patients Reduce γ-
Aminobutyric Acid Transport 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with Permission From: 

Mattison KA,* Butler KM,* Inglis GAS, Dayan O, Boussidan H, Bhambhani V, Philbrook B, da 

Silva, C, Alexander, JJ, Kanner BI, and Escayg A (2018) SCL6A1 variants identified in epilepsy 

patients reduce γ-aminobutyric acid transport. Epilepsia 59(9):e145-e41. doi:10.1111/epi.14531 

*Co-first authors. 
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2.1 Summary   
 

In this chapter, I describe the identification and functional testing of eight SLC6A1 

variants identified from the analysis of sequence data from 460 patients with epilepsy screened 

at EGL Genetics using the Epilepsy and Seizure Disorders (ESD) panel. The identification of 

such a large number of likely causative variants in SLC6A1 was unexpected since the 

contribution of SLC6A1 to epilepsy was not clear at that time. The almost 2% diagnostic yield for 

SLC6A1 variants from the ESD panel was similar to what was seen with SCN2A and CDKL5 in 

a previous analysis of 339 patients screened using the ESD panel [54], suggesting that SLC6A1 

was a major epilepsy gene. In addition, the diagnostic yield and the top identified genes from 

the ESD panel was similar to other gene panel analyses with similar patient cohorts [55, 56]. 

 SLC6A1 encodes GAT-1 which is responsible for the reuptake/recycling of GABA at the 

synapse. Through a collaboration with Dr. Baruch Kanner, we were able to show for the first 

time, that SLC6A1 missense variants identified in patients with epilepsy decrease GABA 

reuptake. This assay was performed in HeLa cells which do not endogenously express 

SCL6A1. Therefore, we assumed that any GABA uptake into HeLa cells was due to the activity 

of the SLC6A1 constructs expressed and not from any endogenous transporters. In addition, we 

were able to confirm that an identified splice site variant resulted in exon skipping, leading to 

nonsense mediated decay of the mutant transcript. 

 This work established a likely mechanism underlying seizure generation in patients with 

SLC6A1-derived epilepsy. Since publication of our study, numerous other studies have been 

published on SLC6A1 variants and their involvement in epilepsy and other neurodevelopmental 

disorders. Overall, our study in combination with subsequent reports has led to a better 

understanding of the mechanism behind SLC6A1-derived epilepsy and more efficacious 

treatments for these patients are being developed and tested using this knowledge. 

The published manuscript that resulted from this work is presented below with minor 

modifications. 



24 
 

2.2 Introduction 
 

SLC6A1 encodes the electrogenic sodium and chloride-coupled GABA transporter, 

GAT-1, which is responsible for the re-uptake of the inhibitory neurotransmitter GABA from the 

synapse [57]. Previous reports identified heterozygous SLC6A1 variants in patients with 

myoclonic-atonic epilepsy (MAE; also called myoclonic-astatic epilepsy or Doose syndrome) 

and other generalized epilepsies [58-62]. While it has been hypothesized that SLC6A1 epilepsy 

mutations are likely to be loss-of-function, the functional effect of these reported variants has not 

yet been experimentally determined. 

In the present study, we report eight SLC6A1 variants identified from an unselected 

cohort of 460 epilepsy patients referred for genetic testing. Using splicing and GABA transport 

assays, we demonstrated that these variants reduce or abolish the function of the GAT-1 GABA 

transporter. 

 
2.3 Subjects and Methods 
 
Next-Generation Sequencing and Sanger Confirmation 
 

Next-generation sequencing and Sanger confirmation were performed as previously 

published [54]. Briefly, DNA samples from 460 epilepsy patients underwent targeted 

resequencing of approximately 4,800 genes associated with human disease. Variants were 

called within the coding exons and ±10bp into the introns using NextGENe® (SoftGenetics, State 

College, PA). Variants were filtered for population frequency using the genome Aggregation 

Database (gnomAD). The Institutional Review Board of Emory University approved this study. 

GABA Transport Assay 
 

Each patient variant was generated by site-directed mutagenesis of the rat GAT-1 cDNA 

(which shares 98% amino acid identity with human GAT-1) in the vector pBluescript SK- 

(Stratagene) as described previously [63, 64]. 
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HeLa cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 

10% fetal bovine serum, 200 units/ml penicillin, 200 µg/ml streptomycin, and 2 mM glutamine. 

Infection with recombinant vaccinia/T7 virus vTF7-3 and subsequent transfection with plasmid 

DNA in the expression vector pBluescript SK- were done as previously described [65].  

GABA transport assays were performed as previously published.[66] Briefly, using the 

sub-saturating [3H]-GABA concentration of 22.3 nM, transport of radioactive GABA was 

performed for 10 minutes. The uptake of GABA by each mutant was normalized to that of wild-

type (WT) GAT-1. Statistical evaluation of GAT-1 transporter activity used a one-way analysis of 

variance (ANOVA) with a post-hoc Dunnett’s multiple comparison test, where p<0.05 was 

significant.  

Minigene Splicing Assay 
 

A 1450bp fragment containing the last 276 bases of SLC6A1 intron 7 through the first 

263 bases of intron 10 (NM_003042.3) was PCR amplified from human genomic DNA using 

Phusion HotStart II Polymerase (Invitrogen) (5’-CACCTCCTGTCACCACATGCAATAC-3’, 5’-

CTGCCATCTTTCTAGCTCCATAC-3’). The fragment was cloned into a pENTR/D-TOPO vector 

(Invitrogen) and verified by restriction digestion using AscI and SacII. The SLC6A1 fragment 

was then gateway-cloned into the pDESTsplice minigene splicing vector and verified by 

restriction digestion using HindIII, XhoI, and SacII [67]. The c.850-2A>G variant was 

subsequently introduced into the SLC6A1 fragment by site-directed mutagenesis using the 

QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies). Sanger sequencing 

confirmed the presence of the c.850-2A>G variant as well as the absence of any unwanted 

substitutions. 

Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum. HEK293 cells were transfected 

with 1.25 μg of pDESTsplice vector using Lipofectamine 3000 (Invitrogen). The pDESTsplice 

vector contained one of two inserts: 1) wild-type SLC6A1 (WT), or 2) SLC6A1 c.850-2A>G 



26 
 

(Splice Mutant). Transfections were performed in triplicate. RNA was extracted using the 

PureLink RNA Mini Kit (Invitrogen) 24 hours post-transfection. Before first strand cDNA 

synthesis, RNA was treated with DNase at 37°C for 30 min. First strand cDNA synthesis was 

performed using SuperScript III Reverse Transcriptase with oligo(dT) primers (Invitrogen), and 

subsequent cDNA was amplified using primers to exons 8 and 10 of SLC6A1 (5’-

GATCATCCTGTTCTTCCGTGG-3’, 5’-GAGAAGATGACGAATCCTGCG-3’). 

PCR products were visualized by gel electrophoresis. Bands were extracted using the 

PureLink Quick Gel Extraction Kit (Invitrogen), and Sanger sequenced to verify the splice 

products. 

 

2.4 Results 
 
2.4.1 SLC6A1 Variants Identified in Individuals with Epilepsy 
 

To identify disease-associated SLC6A1 variants, we examined all coding exons of 

SLC6A1 (NM_003042.3) from 460 unselected epilepsy patients referred for gene panel analysis 

at EGL Genetics. We identified eight heterozygous variants: five missense, one nonsense, one 

splice-site, and one in-frame deletion (Figure 2.1, Table 2.1). All substitutions affected highly 

conserved residues (Figure 2.1) and were predicted to be damaging by in silico tools (Table 

2.1). 
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Figure 2.1. Location and Conservation of GAT-1 Variants Identified in Epilepsy Patients. 
Schematic representation of the GAT-1 protein. Numbered cylinders represent the twelve 

transmembrane domains. Stars indicate approximate locations of the eight variants identified in 

the present study. Circles indicate previously published missense (dark blue) and in-frame 

deletion (pink) variants, and truncating variants are indicated by triangles: nonsense (red), 

frameshift (light blue) and splice-site (orange) [58-62, 68-75]. Variant positions are based on the 

previously published LeuT crystal structure [76]. The affected amino acid residues are 

highlighted in yellow in the protein alignments. The following GAT-1 protein sequences were 

used in the alignments: H. sapiens, NP_003033.3; R. norvegicus, NP_0077347.1; M. musculus, 

AAH59080.1; X. laevis, AAI70214.1; D. rerio, NP_001007363.1; D. melanogaster, 

NP_651930.2. 



28 
 

 
  

  Patient 1 Patient 2 Patient 3† Patient 4 
Sex Female Female Male Male 

Varianta c.218G>A 
(p.G94E) c.703T>C 

(p.W235R) c.809T>C 
(p.F270S) c.815_817delTCA 

(p.I272del) 
Inheritance unknown unknown (adopted) de novo de novo 
gnomADb 0 0 0 0 

CADD 29 24.5 24.5 - 
PolyPhen-2c Probably Damaging Probably Damaging Benign - 

SIFTc Deleterious Deleterious Deleterious Deleterious 
Epilepsy Syndrome NA Intractable absence 

epilepsy 
MAE; Intractable 

primary generalized 
epilepsy 

MAE: Intractable 
primary generalized 

epilepsy 
Seizure Types NA Generalized tonic-clonic, 

absence, atypical 
absence, tonic 

Absence, eyelid 
myoclonias, atonic head 

nodding 
Intractable absence, 

history of focal, 
generalized tonic 

and atonic 
Intellectual Disability NA Moderate Moderate Moderate 

Behavioral NA ASD ADHA, ODD/aggressive 
behavior Normal 

Other Features NA 
Hypogammaglobulinemia, 

precocious puberty, 
insomnia, in utero drug 

and HIV exposure 
Hypotonia, insomnia, 

hypoxia at birth 
Bilateral upper 

extremity tremor, 
mild tandem gait 

ataxia  
[3H]-GABA uptaked 0% 27% 2% 13% 

 

  Patient 5‡ Patient 6 Patient 7 Patient 8 
Sex Female Female Male Male 

Varianta c.850-2A>G c.1334A>G 
(p.Y445C) c.1487G>A 

(p.W496Ter) c.1648G>A 
(p.G550R) 

Inheritance de novo unknown unknown unknown 
gnomADb 0 0 0 0 

CADD 23.5 26.6 43 25 
PolyPhen-2c - Probably Damaging - Probably Damaging 

SIFTc - Deleterious - Deleterious 
Epilepsy Syndrome Generalized epilepsy Generalized epilepsy Generalized epilepsy Generalized epilepsy 

Seizure Types Focal and generalized NA Absence Absence, tonic-clonic 
Intellectual Disability NA NA NA NA 

Behavioral NA NA ASD, behavioral 
problems NA 

Other Features Mild speech delay, 
episodes of falling and 

eye deviation NA Macrocephaly, mild 
hypotonia NA 

[3H]-GABA uptaked - 6% 0% 0% 
 
Table 2.1. SLC6A1 Variants Identified from 460 Individuals with Epilepsy 
aBased on reference sequence NM_003042.3. 
bNumber of times observed in the gnomAD database out of approximately 277,200 alleles. 

cPolyPhen-2 and SIFT score missense variants.  
d[3H]-GABA uptake relative to wild-type. 
†Previously published as Patient 10 in Johanessen et al. [60] 
‡Previously published as Patient 32 in Johanessen et al. [60] 
Abbreviations: ADHD = attention deficit hyperactivity disorder, ASD = autism spectrum disorder, 
ID = intellectual disability, MAE = myoclonic-atonic epilepsy, NA = not available, ODD = 
oppositional defiant disorder. 
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Additionally, all identified variants were absent from gnomAD, a population database that 

includes approximately 277,200 alleles from whole-exome and genome sequencing but 

excludes individuals with severe pediatric diseases. Five of the identified variants were novel, 

while three (p.G550R, p.F270S, c.850-2A>G) were previously reported (Table 2.1). The 

p.G550R variant carried by Patient 8 was previously identified in an autism patient by Wang and 

colleagues [74]. Coincidentally, two of the patients in the current study were included in a recent 

publication by Johannesen and colleagues. Specifically, Patient 3 (p.F270S) and Patient 5 

(c.850-2A>G) correspond to Patient 10 and Patient 32, respectively, in the study by Johannesen 

and colleagues [60].  

 

2.4.2 GABA Transport is Reduced by Variants Identified in Epilepsy Patients 
 

Variant location in Figure 2.1 is based on the published crystal structure of LeuT, the 

bacterial homolog of Na+/Cl- -dependent neurotransmitter transporters [76]. Six of the variants 

affect the transmembrane helices (TM) of GAT-1 or their extracellular boundaries, and two 

variants are in the third extracellular loop (EL) 3 connecting TMs 5 and 6 (see Figure 2.1 and 

Discussion). Introduction of the identified SLC6A1 variants into the rat GAT-1 sequence resulted 

in a reduction or complete loss of [3H]-GABA transport activity (Figure 2.2). Small levels of 

residual activity were seen for transporters containing p.F270S, p.Y445C and p.I272del variants 

(2%, 6%, and 13% of wild-type activity, respectively), while p.G94E, p.W496Ter, and p.G550R 

abolished GABA transport activity. p.W235R had the smallest impact; however, it still reduced 

GABA transport to 27% of wild-type activity. 
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Figure 2.2. SLC6A1 Epilepsy Variants Reduce GABA Transport. GAT-1 wild-type (WT) and 

missense variants identified in epilepsy patients were transiently expressed in HeLa cells. 

Sodium-dependent [3H]-GABA transport was measured at room temperature for 10 minutes. 

Results represent mean ± S.D. of three separate transfections performed in quadruplicate. 

Means of variant transport were compared to wild-type (WT) using a one-way ANOVA with a 

post-hoc Dunnett’s multiple comparison test (***p < 0.001).  

2.4.3 c.850-2A>G Affects the Splicing of SLC6A1   

The SLC6A1 c.850-2A>G variant alters the canonical splice acceptor site of intron 8. In 

silico analysis using Human Splicing Finder v3.0 predicted that this variant would eliminate the 

acceptor site. In HEK293 cells, expression of the c.850-2A>G splice site variant caused exon 9 

to be incorrectly spliced out of the RNA transcript (Figure 2.3A-C). Sanger sequencing of PCR 

bands confirmed that the c.850-2A>G variant caused exons 8 and 10 to be spliced together, 

excluding exon 9 (Figure 2.3D). Loss of exon 9 would be predicted to decrease GAT-1 

expression through the introduction of a premature stop codon and subsequent NMD of the 

mutant transcript. 
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Figure 2.3. c.850-2G>A Results in Exon 9 Skipping. A-B) Schematics showing expected 

splicing pattern of vectors transfected into HEK293 cells. The expected mRNA structure is 

indicated below the gene structure. Green arrows indicate the location of primers used to 

amplify cDNA. A) Splicing pattern for wild-type SLC6A1. B) Predicted splicing pattern for the 

SLC6A1 c.850-2A>G splice mutant. The star indicates the location of the c.850-2A>G variant. 

C) Gel image showing splice products. RT indicates the presence (+) or absence (-) of reverse 

transcriptase during cDNA synthesis. RNA indicates the presence (+) or absence (-) of RNA 

during cDNA synthesis. D) Sanger sequencing traces of gel extracted bands showing exon 

boundaries. 
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2.5 Discussion 
 

Variants in SLC6A1 were first identified in patients presenting with MAE, which is 

characterized by a range of seizure types including myoclonic, myoclonic-atonic, atonic, and 

absence seizures. Additionally, patients with MAE also have variable degrees of intellectual 

disability, developmental delay, and in some cases, autism spectrum disorder, and other 

behavioral disorders [58, 60-62, 72]. Recently, Johannesen and colleagues showed that 

variants in SLC6A1 are more broadly associated with generalized epilepsies, with absence 

seizures and intellectual disability being common phenotypes [60]. In the present study, we 

identified eight SLC6A1 variants in individuals with epilepsy and evaluated their functional 

effects. 

Using a radioactive GABA transport assay, the five missense, one in-frame deletion, and 

one nonsense variant identified in this study were found to reduce GABA transport (Figure 2.2). 

Three variants (p.G94E, p.W496Ter, and p.G550R) completely abolished GABA transport. The 

lack of transport activity associated with p.G94E is unsurprising given the role that this glycine 

residue plays in the bending of TM2 during substrate translocation [77]. Similarly, p.G550R 

likely leads to defective transport due to destabilization of the TM12 region by the introduction of 

the positively charged arginine residue. Residual transporter activity ranging from 2% to 27% 

compared to WT was observed for the p.F270S, p.I272del, p.Y445C, and p.W235R variants. 

p.F270S and p.I272del are located in the EL3, which connects TM5 and TM6 that are part of the 

scaffold and core domains, respectively [76]. These domains move relative to each other during 

substrate translocation, and perturbations of the EL3 linker likely affects this movement [77]. 

Finally, both p.Y445C and p.W235R involve the replacement of aromatic residues near TM 

boundaries. Aromatic residues typically stabilize TM domains; therefore, replacement of these 

residues may affect protein stability [78].  
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Using a minigene splicing assay, we also confirmed that the c.850-2A>G variant disrupts 

the canonical splicing of SLC6A1, resulting in the exclusion of exon 9 from the mRNA transcript 

(Figure 2.3A-B). This result is predicted to introduce a premature stop codon, which would 

likely result in nonsense mediated decay and possibly explain the fainter mutant PCR product 

observed in Figure 2.3C. 

As an increasing number of SLC6A1 variants are identified, the ability to quantify the 

impact of variants on GABA transport will provide the opportunity to explore genotype-

phenotype correlations. Based on the clinical information available to us, there were no clear 

differences in clinical presentation between patients with variants causing complete loss of 

GABA transport activity and those with residual activity (Table 2.1). For example, Patient 2 with 

the p.W235R variant, which retained 27% of WT activity, presented with intractable absence 

epilepsy, moderate intellectual disability, and autism spectrum disorder. This presentation was 

similar to Patient 7, carrying the p.W496Ter variant that completely abolished transport activity. 

We hypothesize that reduced GAT-1 function could influence neuronal excitability via 

multiple mechanisms. GAT-1 dysfunction is expected to reduce GABA clearance, leading to 

increased GABA levels, both at the synapse and extrasynaptically [79]. Increased GABA levels 

could lead to the overstimulation of extrasynaptic GABAA and GABAB receptors, which are 

responsible for slow and sustained (tonic) inhibitory responses [80, 81]. Cope and colleagues 

showed that GABAA-mediated tonic inhibition is increased in thalamocortical neurons in GAT-1 

knock-out mice [81]. Increased GABAA-mediated tonic inhibition can lead to neuronal 

hyperpolarization and burst pattern firing in thalamocortical neurons, which can promote the 

generation of spike-wave discharges [82]. Similarly, prolonged activation of GABAB receptors is 

known to stimulate low voltage-activated (T-type) Ca2+ channels, which can cause recurrent 

excitation within the thalamocortical system through successive Na+ spikes [80, 83]. Previous 

studies show that GABAB receptor activation causes absence seizures in mice and rats and that 

pretreatment with a GABAB antagonist can decrease the duration of chemically induced 
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absence seizures [84, 85]. Reduced GAT-1 function could also decrease the amount of 

intracellular GABA available for release to activate GABAA-mediated synaptic (phasic) signaling. 

Decreased GABAA-mediated synaptic signaling is already associated with variants in several 

GABAA receptor subunits in genetic epilepsies [86]. Together, these results suggest that 

reduced GAT-1 function might lead to epilepsy through overactivation of extrasynaptic GABAA 

and GABAB receptors, and reduction in GABAA synaptic signaling. 

 In summary, we identified eight SLC6A1 variants, five of which are novel, in an 

unselected cohort of 460 epilepsy patients, representing a 1.7% diagnostic yield. Functional 

analyses of these variants identified reduced GABA transport as a common underlying disease 

mechanism.  
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Chapter 3 
 

Variants in ATP6V0C Associated with Epilepsy Decrease the 
Function of the Vacuolar ATPase 
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3.1  Summary   

This work started with the identification of a de novo, heterozygous missense variant 

(p.A138P) in ATP6V0C in a patient with epilepsy who had trio-WES performed at EGL Genetics. 

p.A138P is immediately adjacent to p.E139, a necessary residue for the function of ATP6V0C 

and the larger vacuolar H+-ATPase (V-ATPase) complex. This single variant was interesting by 

itself; however, identification of additional patients with variants in ATP6V0C would provide 

further support towards ATP6V0C being a disease gene. I used GeneMatcher, an online 

clinician and researcher “matchmaking” service to identify additional patients with presumed 

pathogenic ATP6V0C variants. Through the combination of GeneMatcher, large sequencing 

studies of patients with epilepsy and/or neurodevelopmental disorders, and a review of 

previously published literature, I was able to identify 25 additional patients with 

neurodevelopmental disorders that had variants in ATP6V0C. 

 Based on previous forward genetic screens in Saccharomyces cerevisiae, I was able to 

develop assays to functionally test a subset of variants located across different regions of 

ATP6V0C in S. cerevisiae. These assays utilized the selective requirement for V-ATPase 

function when yeast is grown in different concentrations of Ca2+. 

Through collaborations we established over the course of this project, we were able to 

add additional functional data using Drosophila (to answer whether loss of ATP6V0C is 

sufficient to cause seizures) and C. elegans (to look at the effect of variants in a more 

neurologically relevant model system), as well as in silico modelling of patient variants using a 

recently generating cryo-EM structure of the V-ATPase in humans. 

 This study is the first report of a large cohort of patients with ATP6V0C variants and the 

first report in which patient variants were tested for impact on V-ATPase function. We were able 

to determine that patient variants reduce the function of the V-ATPase and that missense 

variants likely act through a dominant-negative mechanism in which they are predicted to 

interfere with the rotary mechanism of the V-ATPase required for proton translocation. Further 
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studies are needed to 1) follow this cohort of patients longitudinally to determine the natural 

course of disease and 2) better evaluate the exact mechanism behind the neurodevelopmental 

phenotypes seen in patients. Discussion of these areas is provided in Chapter 5. 
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3.2 Introduction 

The V-ATPase is a highly conserved enzymatic complex that functions in an ATP-

dependent manner to pump protons across membranes and acidify organelles. The V-ATPase 

is comprised of a peripheral V1 domain and an integral V0 domain (Figure 3.1). The V1 domain 

is responsible for the hydrolysis of ATP creating the necessary energy to translocate protons 

through the V0 domain via a rotational mechanism [87]. The V-ATPase plays a crucial role in 

many cellular processes involving membrane trafficking by creating a proton/pH gradient used 

by several different types of transporters [87, 88]. 

The human V-ATPase, comprised of 13 different subunits, is encoded by 23 genes 

(Table A1). This genetic redundancy allows for the formation of tissue-specific V-ATPase 

complexes, including in synaptic vesicles (SVs) where it creates the necessary proton/pH 

gradient to load various neurotransmitters [87, 88]. To date, twelve genes corresponding to 

eight different subunits of the V-ATPase have been associated with human disease (Table A1) 

[89-99]. Early-onset epilepsy has been observed in patients with variants in either ATP6V1A or 

ATP6V0A1, with heterozygous, de novo variants leading to less severe presentations when 

compared to patients with biallelic variants [100-102]. Pathogenic variants in ATP6V1B2 can 

cause epileptic conditions such as Zimmerman-Laband (MIM#616455) and DOORS syndromes, 

or deafness and nail dysplasia without epilepsy (DDOD, MIM#124480) [97, 98, 103, 104]. An 

accessory protein to the V-ATPase, encoded by ATP6AP2, is associated with X-linked 

syndromic intellectual disability that can present with or without epilepsy (MIM#300423) [105, 

106]. 
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Figure 3.1. V-ATPase Structure. The peripheral domain (V1, uppercase letters, in grey) is the 

site of ATP binding and hydrolysis. The integral domain (V0, lowercase letters, in purple, red, 

blue, and yellow) transports protons across membranes. The c-ring (red) is composed of 9 c-

subunits (encoded by ATP6V0C) and 1 cʺ-subunit (encoded by ATP6V0B, not shown) and 

rotates after ATP hydrolysis to bring protons to ATP6V0A (blue). ATP6V0A possess two hemi-

channels and a buried arginine residue (p.R735) which are required along with p.E139 in 

ATP6V0C for proton translocation [87]. 
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ATP6V0C, a three-exon gene (Figure 3.2A) located on human chromosome 16p13.3, 

encodes the 155 amino acid c-subunit of the V0 domain which along with the cʹʹ subunit 

(encoded by ATP6V0B) forms the intramembrane c-ring that facilitates the movement of protons 

across the membrane (Figure 3.1) [107]. The process of proton translocation is reliant on a 

glutamate residue at position 139 (p.E139) in ATP6V0C as well as an arginine residue (p.R735) 

in ATP6V0A [87]. 

We previously described patients with developmental delay, intellectual disability, 

microcephaly, and seizures with 16p13.3 microdeletions encompassing a minimal overlapping 

region that included TBC1D24, ATP6V0C, and PDPK1 [108]. By reviewing the known 

function(s) and expression patterns of genes in the minimal overlapping region, we proposed 

haploinsufficiency of ATP6V0C as the primary contributor to the clinical features of 16p13.3 

microdeletion syndrome [109]. However, we did not provide any functional evidence to support 

our claim. 

Most recently, Ittiwut et al. reported a de novo stop-loss variant in ATP6V0C in an 

individual with epilepsy and intellectual disability [110]. Analysis of RNA derived from the 

patient’s leukocytes revealed that, as expected, the mutant transcript escaped nonsense 

mediated decay (NMD). The authors proposed haploinsufficiency as the likely pathomechanism 

given the observed decrease in mRNA levels; however, a dominant negative effect is also 

possible given the transcript escape from NMD. Hence, thus far it is unknown if ATP6V0C 

missense variants are a cause of human disease, and the mechanistic basis of ATP6V0C-

associated human disease is unclear.  

In this study, we report the identification of heterozygous ATP6V0C missense variants in 

patients with a novel syndrome of developmental delay, epilepsy, and intellectual disability. We 

present multiple lines of computational and functional analyses to demonstrate that these 

variants disrupt V-ATPase activity.  
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Figure 3.2. Location and Conservation of ATP6V0C Variants. A) Exon/intron structure of 

ATP6V0C. Boxes represent exons with black denoting coding regions. B) Protein alignment 

showing conservation of affected residues (yellow). Glutamate residue (p.E139) required for 

proton transport is bolded. The following protein sequences were used in the alignments: H. 

sapiens, NP_001685.1; M. musculus, NP_001348461.1; D. rerio, NP_991117.7; D. 

melanogaster, NP_476801.1; C. elegans, NP_499166.1; S. cerevisiae, NP_010887.3. C) 

Lollipop plot showing the transmembrane structure (green) and location of variants throughout 

ATP6V0C. Patient missense variants are indicated with red. Missense (blue) and synonymous 

(grey) variants observed in gnomAD are shown. Based on UniProt accession P27449. There is 

a significant enrichment of patient variants in TM4 (p = 0.006, Fisher’s Exact test). D) The 

missense tolerance ratio (MTR) for ATP6V0C was calculated using 21 codon window sizes. An 

MTR score of < 1 indicates intolerance to missense variation. Dashed lines on the plot denote 

ATP6V0C-specific MTRs: green = 5th percentile, yellow = 25th percentile, and black = 50th 

percentile. 



42 
 

3.3 Materials and Methods 

Identification of Individuals with ATP6V0C Variants 

Informed consent was obtained through protocols approved by the institutional review 

boards at each site of patient recruitment. Patients with ATP6V0C variants were identified via 

GeneMatcher, and by interrogating the 100,000 Genomes database, the Deciphering 

Developmental Disorders (DDD) study, and ClinVar [46, 111, 112]. We also screened whole-

exome sequencing (WES) data from epilepsy patients referred for genetic testing at EGL 

Genetics. Three patients (Patients 2, 13 and 26) were previously reported in other publications 

[110, 111, 113]. For Patients 2 and 26, clinical information was obtained from the previous 

publications, whereas the referring clinician provided clinical information for Patient 13. Patient 5 

was reported in ClinVar, and clinical information was provided by the depositing organization 

(Table A2). Deidentified clinical information for all other patients was collected using a custom 

form provided to each site. 

Sequencing and Analysis of Sequence Data 

Whole exome or whole genome sequencing was performed on patient DNA extracted 

through standard protocols. All libraries were sequenced on Illumina HiSeq systems. Sequence 

alignment and variant calling were performed at each site and further details are provided in 

Table A2. When possible, ATP6V0C variant segregation was confirmed with Sanger 

sequencing using standard protocols. 

Lollipop and Missense Tolerance Ratio Diagram 

The Lollipop diagram was created as previously described using the UniProt accession 

number, P27449 [114, 115]. Non-synonymous and synonymous population variants were 

downloaded from gnomAD (v.2.1.1) [116]. Resulting diagrams of gnomAD and patient variants 

were merged into a single image for ease of visualization, and the locations of the 

transmembrane domains were superimposed over the resulting image. An MTR plot was 
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generated using MTR-Viewer v2, with a codon window size of 21, on the ENST00000330398 

transcript [117]. 

Drosophila Studies 

The Drosophila ortholog, Dmel\Vha16-3 (CG32090), was knocked-down using pan-

neuronal (elaV-GAL4) expression of a gene-specific RNAi construct (102067), provided by the 

Vienna Drosophila Resource Center. As a control, an RNAi to GFP was used. Seizure activity 

was elicited using electroshock of wall-climbing third instar larvae as described in Marley and 

Baines 2011 [118]. Drugs, solubilized in DMSO, were fed to larvae by mixing (at 2mM) in molten 

fly food which was then allowed to cool and set before being seeded with first instar larvae. 

In silico Variant Modeling 

Patient and gnomAD variants were displayed in the context of a structure for the V0 

domain of human V-ATPase (PDB: 6wlw) [107, 119]. PyMOL and Swiss PDB Viewer were used 

for visualization of protein structure [120]. 

Saccharomyces cerevisiae Strains and Plasmids 

E. coli and yeast manipulations were performed following standard molecular biology 

protocols [121]. The vma3::kanMX yeast strain (vma3Δ, Cat No. YSC6273-201929081) was 

obtained from GE Dharmacon and is isogenic with BY4741 (MATa his3Δ leu2Δ met15Δ ura3Δ). 

Plasmids are listed in Table A3. A plasmid (pKM16) containing the promoter and wild type open 

reading frame for VMA3 (the yeast ortholog of ATP6V0C) was generated by amplifying a 924bp 

fragment from S. cerevisiae gDNA and cloning it into pRS316 using BamHI and SacI (Forward 

cloning primer: 5' taagcaggatccagcaatgaaataggccgtctac,  Reverse cloning primer: 5' 

taagcagagctccttgaaatgaggtagtttgg) [122]. pKM16 was used as the backbone to generate all 

variants via conventional cloning techniques or the QuikChange XL Site-Directed Mutagenesis 

Kit (Agilent Technologies). Sanger sequencing was performed to confirm the presence of each 

variant as well as the absence of unwanted substitutions.   
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Plasmids were transformed into the vma3Δ strain and selected on plates containing 

synthetic minimal media plus dextrose supplemented to select for a URA3 plasmid (SD-ura). 

Selected transformants were maintained on SD-ura throughout the course of experiments. 

Serial Dilution Spotting Assay 

Liquid cultures of transformants were grown at 30°C overnight in SD-ura adjusted to a 

pH of 5.5. 1 OD600 per ml of cells was collect and suspended in dH20. Serial 10-fold dilutions 

were spotted onto SD-ura plates. Plates were imaged after incubation at 30°C for 48 hours.  

LysoSensor Uptake and Confocal Imaging 

Cells were collected at 0.6-1.0 OD600 and incubated with LysoSensor Green DND-189 

(Invitrogen, Cat# L7535) as previously described [123]. Cells were resuspended in 1X PBS (pH 

7.6) to an OD600 of 0.6, deposited on 1.5% agarose pads, and visualized immediately. Images 

were taken at room temperature using a confocal laser scanning microscope (A1R HD25, 

Nikon) with an Apo TIRF 60x 1.49 NA oil immersion lens, WD 0.12mm (Nikon). Images were 

acquired using NIS-Elements (AR 5.21.02, Nikon) and processed using FIJI. All cells visible in 

the DIC channel were selected, the selection was copied to the FITC channel, and the mean 

grey area was calculated for each cell. Measurements were corrected for background signal by 

subtracting the mean grey area of a background only selection from each image. Two biological 

replicates totaling 71-132 cells for each variant were analyzed. 

Generation of Growth Curves 

Liquid cultures of transformants were grown at 30°C overnight in SD-ura adjusted to a 

pH of 5.5. Overnight cultures were diluted 1:20 in dH20 and further diluted 1:10 in YPD, pH 5.5, 

with 5mM, 100mM or 200mM CaCl2. OD600 measurements were taken every 15 minutes for 30 

hours at 30°C with shaking using an ELx808 plate reader (BioTek). Three independent 

transformants were assayed in triplicate for each variant. The R package, GrowthCurver, was 

used to calculate the empirical area under the curve (eAUC) from the OD600 measurements for 

each replicate [124]. 
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Caenorhabditis elegans Studies 

All C. elegans strains were cultured and handled as per standard methods. All 

experiments were carried out at 20°C. Mutations were knocked in via CRISPR/Cas9, and 

homozygous worms were studied. Strains used in this project are described in Table A4.  

Paralysis assays 

In three separate experiments, 30-40 L4 worms (in triplicate) were picked to standard 

NGM plates either with 51mM NaCl (physiological conditions), or with 200mM or 300mM NaCl, 

and scored daily for paralysis starting the day after they were picked. A total of 270-360 worms 

were tested per condition. Worms were counted as paralyzed if they failed to move their body 

upon prodding with a platinum wire and were considered dead if they failed to move their head 

and showed no pharyngeal pumping when prodded. Dead or lost animals were censored from 

statistical analyses. Worms were transferred every 2 days to avoid progeny. 

Lifespan assays 

Lifespan experiments were conducted similarly to paralysis assays. Two separate 

experiments were performed using 35-40 worms in triplicate, leading to a total 315-360 worms 

tested per condition. Worms were counted every second day from day 1 of adulthood until 

death. Lost animals were censored from statistical analyses, paralyzed worms were not 

censored and were kept until death. 

Liquid culture motility assays 

Synchronized day 1 adult worms were transferred into 200uL of M9 buffer with or without 

350mM NaCl in each well of a 96 well plate, to a density of 30 worms per well. Motility was 

automatically analyzed for 4 hours using a WMicrotracker-One plate reader (PhylumTech). 

WormLab analysis 

Synchronized day 1 adult worms were video recorded for 30-33 seconds using a Leica 

Stereomicroscope S9i. Automated movement and worm size analyses were conducted using 

WormLab software (MBF Biosciences) which tracks individual worms from the recorded videos. 
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Activity index is defined by the brush stroke (area "painted" by the animal's body in a single 

complete stroke) normalized by the time taken to perform two strokes. Wave initiation rate is 

defined as the number of body waves initiated from either the head or the tail per minute. 

Swimming speed was measured over a two-stroke interval [125]. For body size analysis, worms 

were recorded on bacteria free NGM plates. For swimming parameters, worms were placed in 

M9 with 500mM NaCl and recorded 30 minutes later. At least 50 worms were recorded in two 

independent experiments. 

Aldicarb sensitivity assays  

Worms were grown on standard NGM plates until day 1 of adulthood and then 

transferred to NGM plates containing 1mM aldicarb. Paralysis was assayed every 30 minutes 

for 2 hours. Worms were counted as paralyzed if they failed to move upon prodding with a 

platinum wire. 

Statistical Analyses 

Drosophila recovery time was analyzed using one-way ANOVA with Dunnett’s post-hoc 

test for multiple comparisons. Recovery time after drug treatment was normalized to the vehicle 

only control. A Fisher’s Exact test was used to demonstrate the presence of a variant hot-spot in 

the fourth transmembrane domain of ATP6V0C. For LysoSensor, fluorescence values for each 

cell measured were normalized to the mean fluorescence of the wild type rescue. For the 

growth rate assay, eAUC values were normalized to the mean eAUC of the wild type rescue 

within each plate. A one-sample t-test was used to compare the mean fluorescence and eAUC 

for each variant to a hypothetical mean of 100 (representing the wild type rescue). Significance 

levels were corrected for multiple comparisons using a Bonferroni correction (LysoSensor and 

5mM, α = 0.0003125; 100mM, α = 0.00714; 200mM, α = 0.00833). A two sample t-test (two-

tailed) was used to compared p.G103S to p.F137L at 200mM. Paralysis curves and lifespan 

assays were compared using the log-rank (Mantel–Cox) test. The liquid culture motility assays 

(WormTracker) results were analyzed using two-way ANOVA to compare each variant to the 
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wild type N2 strain. WormLab results were analyzed using a one-way ANOVA with a Dunnett’s 

post-hoc test for multiple comparisons to compare each variant to the wild type N2 strain. The 

WormLab data is presented as box and whisker plots indicating minimal and maximal data 

points. Normalization and statistical analyses were carried out using Prism 9.0 (GraphPad 

Software Inc.). All data is presented as mean ± SEM and α = 0.05 was used unless otherwise 

noted. 

 

3.4 Results 

3.4.1 Identification of ATP6V0C Variants in Patients 

We identified 26 patients with heterozygous ATP6V0C variants through the use of 

GeneMatcher, 100,000 Genomes database, the DDD study, ClinVar, published literature, and 

EGL Genetics. Of the 26 patients, 21 had missense substitutions (18 variants were unique), 4 

had frameshifting variants, and 1 had a stop-loss variant (Table 3.1). The variants p.A138P, 

p.A149T, and p.L150F were recurrent, each being seen in two unrelated individuals. Different 

substitutions at p.A95 and p.L150 were also observed. Patients 4, 15 and 19 were each found 

to be mosaic for their identified ATP6V0C variant. 

Multiple lines of evidence support the pathogenicity of the identified patient variants. 

Firstly, all patient variants were absent from gnomAD (v.2.1.1). Secondly, in 23 patients where 

biologic parent DNA was available, the variants were shown to have occurred de novo. Thirdly, 

all missense substitutions affected highly conserved residues (Figure 3.2B), with 17 out of the 

18 unique missense variants having CADD scores that placed them in the top 1% of predicted 

deleterious variants. Lastly, ATP6V0C has a predicted intolerance to missense and loss of 

function variation with only 21 population missense variants observed in gnomAD compared to 

the expectation of 108 (observed/expected = 0.19) and zero loss of function variants observed 

compared to the expectation of 4.5 (Figure 3.2C-D). In addition, all ATP6V0C gnomAD variants 
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are observed at low frequencies (three times or less) [126]. Taken together, when the 

ACMG/AMP variant classification guidelines are applied, all ATP6V0C variants identified in the 

patients are predicted to be likely pathogenic or pathogenic (Table A2) [43]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1 (next page) Clinical Presentation of Patients with ATP6V0C Variants 
aBased on reference sequence NM_001694.4. 
bScores obtained using CADD GRCh37-v1.6. 
cIntellectual Disability can usually be first assessed at 5 years of age 
dPatients 1, 12, and 23 have severe neurodevelopmental diseases but detailed clinical 
information was unavailable. 
ePreviously published as Patient T1911 in Carvill et al. [113] 
fClinVar Variant: VCV000870676 
gPreviously published as DDD4K.04123 in DDD study [111] 
hPreviously published in Ittiwut et al. [110] 
Abbreviations: Ab = absence, At = atonic, ASD = autism spectrum disorder, FDS = focal 
dyscognitive seizures, FOA = Focal onset aware (Partial), FIA = Focal impaired aware, Myo = 
Myoclonic, NA = not available, T = Tonic, TCS = Tonic-clonic seizures 
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3.4.2 ATP6V0C Variants Cause a Human Syndrome of Developmental Delay, 

Epilepsy, and Intellectual Disability 

The primary clinical presentation of the identified patients was developmental delay with 

early-onset epilepsy and intellectual disability (Table 3.1). The mean age of seizure onset was 

20.72 ± 7.56 months, with 14 of 17 patients for whom this information was available having 

onset prior to 24 months. Based on clinical information from 18 patients, the most common 

seizure types observed were generalized tonic-clonic (11/18), focal (7/18), atonic (6/18), and 

myoclonic (5/18). Intellectual disability, ranging from mild to severe, was seen in 15/15 patients 

who were old enough for a formal diagnosis and for whom this information was available. 

Development delay was seen in 19/21 patients. Nineteen patients had MRIs with thirteen 

showing abnormalities (Table A2). Common findings in MRIs included agenesis/hypoplasia of 

the corpus callosum (Figure A1) or cerebellar vermis (Patients 5, 6, 18, 20 and 25), and 

delayed myelination (Patients 6, 18, 22 and 24). Four patients were reported to have cardiac 

abnormalities: Patient 3 had pulmonary valve stenosis, Patient 6 had a thickened left ventricular 

wall, Patient 7 had a heart murmur, and Patient 13 exhibited several cardiac defects including 

hypertrophic cardiomyopathy, mitral valve prolapse, and mild to moderate mitral valve 

regurgitation. Patients 5 and 24 both showed dental enamel defects, with Patient 24 lacking 

dental enamel. It should be noted that Patient 7 also has a de novo 2.3Mb deletion in 20q11.22-

11.23 which has been associated with developmental delay and dysmorphism, and Patient 13 

has biallelic variants in LZTR1 which has been associated with Noonan-like syndrome 

(MIM#605375) [127]. 

 Collectively, these data show that ATP6V0C variants cause a human syndrome of 

developmental delay, intellectual disability, and epilepsy. Furthermore, as most individuals were 

ascertained on the basis of genotype (i.e., having a variant in ATP6V0C), their phenotypic 
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convergence on reverse phenotyping further supports the pathogenicity of the variants 

described in this study [128]. 

 

3.4.3 ATP6V0C Knockdown in Drosophila Results in Seizure Phenotype 

Based on our hypothesis that haploinsufficiency of ATP6V0C drives the neurological 

phenotype of 16p13.3 microdeletion syndrome and identification of patients with frameshift 

variants, we first tested the consequences of ATP6V0C knockdown in Drosophila [109]. The 

orthologous protein in Drosophila, Dmel\Vha16-3, (CG32090), shows 78% amino acid identity to 

ATP6V0C. CG32090 was knocked-down via pan-neuronal expression of a gene-specific RNAi 

construct (VDRC-102067). Controls of the same pan-neuronal driver line (elaV-GAL4) driving 

expression of GFP RNAi (elaV>GFP RNAi), and the homozygous 102067 RNAi line without the 

elaV-GAL4 driver (102067 RNAi) were used. Following knock-down of CG32090 (elaV>102067 

RNAi), wall climbing third instar larvae showed a significant increase in recovery time (i.e., 

longer seizure duration) following electroshock-induced seizure (p < 0.0001, one-way ANOVA, 

Figure 3.3A). Pre-treatment of larvae in which CG32090 was knocked down (elaV>102067 

RNAi) with a variety of established antiepileptic drugs show that significant reduction of recovery 

time (i.e., reduction in seizure duration) was achieved with levetiracetam and topiramate (p < 

0.001), and to a lesser extent with lamotrigine and valproate (p < 0.01 and < 0.05, respectively, 

Figure 3.3B). Phenytoin, at the same concentration (2mM in fly food) did not significantly alter 

recovery time. These results are consistent with the hypothesis that haploinsufficiency of 

ATP6V0C contributes to seizures. 
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Figure 3.3. Knockdown of the Drosophila Ortholog of ATP6V0C Increases Seizure 
Duration. A) Pan-neuronal (elaV-GAL4) RNAi-mediated knockdown of Dmel\Vha16-3 

(CG32090) using RNAi (elaV>102067 RNAi) is sufficient to increase the recovery time (RT) of 

third instar larvae to electroshock-induced seizure. Controls expressed GFP RNAi via elaV-

GAL4 (elaV>GFP RNAi) or the RNAi (102067) without a driver (102067 RNAi). B) Seizure-

induction due to expression of 102067 RNAi is preferentially rescued by pre-treatment of larvae 

with levetiracetam (LEV) or topiramate (TOP). Lamotrigine (LAM) and valproate (VAL) were also 

effective, but not phenytoin (PHY). RT was normalized to a vehicle (DMSO) only control. Data 

shown as mean ± SEM. p = ****<0.0001; ***<0.001, **<0.01; *<0.05, One-way ANOVA with 

post-hoc comparison (Dunnett’s). 
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3.4.4 ATP6V0C Variants Are Predicted to Interfere with V-ATPase Rotary 

Mechanism  

Higher conservation across ATP6V0C orthologs was seen at sites of patient variants 

compared to gnomAD variants (Figure A2). To understand the basis of pathogenicity of the 

ATP6V0C missense variants, we first turned to in silico modelling. Upon hydrolysis of ATP, the 

c-ring (comprised of nine copies of ATP6V0C and one copy of ATP6V0B) rotates within the 

membrane delivering protons to the ATP6V0A subunit (encoded by ATP6V0A) for transport 

across the membrane (Figure 3.1) [107]. Transmembrane (TM) domains 2 and 4 of ATP6V0C 

are outward facing and interact with ATP6V0A during this rotational mechanism [129, 130]. The 

location of patient variants shows an enrichment within TM domains and the presence of a ‘hot-

spot’ in the fourth TM of ATP6V0C (p = 0.006, Fisher’s Exact test, Figure 3.2C). When viewed 

structurally, some patient and gnomAD variants are located at sites of packing between c-ring 

subunits; however, many more patient variants are located outward-facing from the c-ring so as 

to potentially interfere with interactions between mutant ATP6V0C subunits and the ATP6V0A 

subunit (Figure 3.4A-B). These data suggest a dominant negative effect as the likely underlying 

mechanism for most missense variants in ATP6V0C. 
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Figure 3.4. Molecular Modeling of Patient and gnomAD Variants. A) Structure of part of the 

V0 region of human V-ATPase (PDB: 6wlw) [107]. Sites of patient (purple) and gnomAD (green) 

variants are shown superposed on ribbon backbone for two ATP6V0C subunits (gold), one next 

to the ATP6V0A subunit (cyan) and one on the opposite side of the c-ring. The back part of the 

c-ring is filled with grey, and the front part has been omitted for clarity. B) Isolated view of the 

interaction between ATP6V0C variants and ATP6V0A. The functional amino acid p.E139 is also 

displayed (pink). 
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3.4.5 ATP6V0C Patient Variants are Deleterious in Yeast 

Budding yeast, S. cerevisiae, possesses an ATP6V0C ortholog, VMA3, which shares a 

72% amino acid identity and a conserved four transmembrane protein structure. S. cerevisiae 

has been previously used to study the functional effects of variants in other V-ATPase subunits 

[94, 131-134]. Given that all identified patient missense variants affected residues that are 

conserved between human and yeast, we expressed 12 of the patient variants in VMA3 using a 

centromeric plasmid in a vma3Δ yeast strain (Figure A2, Table A3). Six additional variants 

were identified after completion of these experiments and, therefore, were not modeled in yeast. 

We also examined the functional effects of three population variants in ATP6V0C from 

gnomAD (p.R48W, p.G103S, p.M131I; Table 3.2, Figure A2) on V-ATPase function. p.R48W 

was chosen as it effects the same residue as the p.R48P patient variant. p.G103S and p.M131I 

were chosen as they have the highest CADD scores for variants seen twice and once, 

respectively, in gnomAD. The altered residues are also conserved between human and yeast 

(Figure A2). All ATP6V0C variants in gnomAD (21 total) are rare (Figure A2), being seen no 

more than three times out of approximately 250,000 alleles. In addition, we also generated and 

tested p.E139A, which removes the glutamate residue necessary for V-ATPase function [87]. 

Table 3.2. gnomAD Variants Assessed in Yeast. 
aBased on reference sequence NM_001694.4. 
bNumber of times observed in gnomAD (v.2.1.1) out of approximately 250,000 alleles. 
cCADD, Poly-Phen2 and SIFT scores obtained from CADD GRCh37-v1.6 
Abbreviations: CL = cytoplasmic loop, TM = Transmembrane domain 
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To first establish the ability of the vma3Δ strain to grow when transformed with plasmids 

containing patient or population variants, a serial dilution spot assay was performed on SD-ura 

plates. We confirmed the ability of all transformants to grow under no selective V-ATPase 

pressure, thereby allowing us to examine V-ATPase function in our yeast model (Figure 3.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Transformants can Grow in Permissive Conditions. Liquid cultures of the vma3Δ 

strain transformed with a wild-type plasmid or a plasmid expressing a patient variant were 

serially diluted and spotted onto SD-ura, pH 5.5 and grown at 30°C for 48hrs. 
 

LysoSensor Green DND-189 is an acidotropic dye that accumulates in the membranes 

of vacuoles. Upon protonation, quenching of the fluorescent probe is relieved and fluorescent 

intensity increases in a pH dependent manner. It has been previously demonstrated that V-

ATPase activity in yeast and fluorescent intensity of LysoSensor Green are correlated [123]. We 

looked for rescue of V-ATPase function by transformation of each patient or population variant 
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into the vma3Δ strain. Nine patient variants and p.E139A resulted in little to no fluorescence 

(Figure 3.6). Two patient variants (p.G63A and p.L150F) and two gnomAD variants (p.R48W 

and p.G103S) showed intermediate levels of fluorescence intensity compared to the wild type 

rescue. One gnomAD variant (p.M131I) and one patient variant (p.F137L) show levels of 

fluorescence intensity that were comparable to wild type rescue. Overall, 10 of 12 patient 

variants and 2 of 3 gnomAD variants elicited significant decreases in fluorescence intensity 

when compared to the wild type rescue (p < 0.0001, one sample t-test, Figure 3.6). 

 

 

Figure 3.6. Patient Variants Show Decreased LysoSensor Fluorescence. Quantification of 

average fluorescent intensity for each variant in the LysoSensor assay. Variants are grouped 

based on their location within or proximity to the nearest TM domain. Data was normalized with 

mean of wild type as 100% (denoted by dotted line) and mean of empty vector as 0%. Data 

shown as mean ± SEM (n = 71-132 cells/variant). A one sample t-test to a hypothetical mean of 

100 was conducted with a Bonferroni correction (adjusted α level = 0.0003125). #p < 0.0001. 
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V-ATPase, and therefore ATP6V0C, function is required for yeast to grow at increased 

CaCl2 concentrations [131, 135]. To further examine the impact of patient ATP6V0C variants on 

V-ATPase function, transformants with patient or population variants were used to inoculate 

YPD with 5mM CaCl2 and growth curves were generated for each variant (Figure 3.7A-D). 

Eight patient variants and p.E139A showed negligible growth at 5mM CaCl2. The remaining four 

patient variants and the three gnomAD variants showed varying degrees of growth at 5mM 

CaCl2. Overall, significantly less growth compared to wild type rescue was seen for 11 of 12 

patient and the three gnomAD variants tested (p < 0.0001, one sample t-test, Figure 3.7E). The 

results seen at 5mM CaCl2 mirrored those seen with LysoSensor uptake. 
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Figure 3.7. Patient Variants Result in Decreased Growth at 5mM CaCl2. A-D) Growth curves 

of vma3Δ S. cerevisiae expressing patient or gnomAD variants when grown in YPD, pH 5.5 with 

5mM CaCl2. In all panels, wild type is shown in black and the empty vector in grey. Mean of 9 

replicates per construct is shown with error bars omitted for clarity. Variants are grouped based 

on their location within or proximity to the nearest TM domain. E) eAUC was calculated using 

GrowthCurver [124]. Data was normalized within each plate with wild type as 100% (denoted by 

dotted line) and empty vector as 0% and is shown as mean ± SEM. A one sample t-test to a 

hypothetical mean of 100 was conducted with a Bonferroni correction (adjusted α level = 

0.0003125). ***p = 0.0001, #p < 0.0001. 
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Next, patient variants that grew at 5mM CaCl2 along with the three gnomAD variants 

were tested at 100mM and 200mM CaCl2 to determine whether a higher concentration of 

calcium would provide further separation of variants relative to the wild type rescue. At 100mM 

CaCl2, p.L150F showed almost no growth compared to wild type (p < 0.0001, one sample t-test, 

Figure 3.8A-B) while the three other patient variants (p.G63A, p.V74F, p.F137L) showed 

intermediate growth relative to the wild type rescue. The growth of one gnomAD variant 

(p.M131I) was similar to the wild type rescue, while p.R48W and p.G103S both showed less 

growth relative to the wild type rescue. The three patient variants with intermediate growth at 

100mM CaCl2 and the three gnomAD variants were then tested at 200mM CaCl2 (Figure 3.8C-

D). Significantly less growth was seen with the three patient variants compared to the wild type 

rescue (p < 0.0001), while two gnomAD variants (p.R48W and p.M131I) were comparable to the 

wild type rescue. p.G103S showed less growth relative to the other gnomAD variants (p.R48W 

and p.M131I), but still yielded a significantly larger eAUC (Figure 3.8D) compared to the best 

growing patient variant at 200mM CaCl2, p.F137L (59.22 ± 2.278 vs. 45.63 ± 2.243, p = 0.0006, 

two sample t-test). 
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Figure 3.8. Growth of Selected Patient Variants at 100mM and 200mM CaCl2. Growth 

curves of vma3Δ S. cerevisiae expressing patient variants at A) 100mM CaCl2 or C) 200mM 

CaCl2. In all panels, wild type is shown in black and the empty vector in grey. Mean of 9 

replicates per construct is shown with error bars omitted for clarity. B and D) Empirical area 

under the curve was calculated using GrowthCurver [124]. Data was normalized within each 

plate with wild type as 100% (denoted by dotted line) and empty vector as 0% and is shown as 

Mean ± SEM. A one sample t-test to a hypothetical mean of 100 was conducted with a 

Bonferroni correction (adjusted α level = 0.00714 for 100mM and 0.00833 for 200mM). A two 

sample t-test between F137L and G103S at 200mM was conducted. ***p = 0.0001,  #p < 

0.0001.   
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3.4.6 Assessment of Three Patient Variants in C. elegans  

Next, we assessed the effects of a subset of patient ATP6V0C variants on neurological 

function using C. elegans. Worms express three orthologous genes to ATP6V0C in neurons, 

vha-1, vha-2 and vha-3. VHA-2 and VHA-3 have identical amino acid sequences and share 

66.7% amino acid identify with ATP6V0C, while VHA-1 has slightly less homology to ATP6V0C 

at 63% amino acid identity. The variants that were selected for further analysis were distributed 

throughout the protein, showed tolerance to 5mM CaCl2 in the yeast growth assay, and were 

identified in patients with severe neurocognitive deficits and poly-medicated epilepsy. 

Specifically, we studied p.F137L (corresponding to p.F143L in VHA-2) and p.G63A and p.L150F 

(corresponding to p.G69A and p.L156F, respectively, in VHA-3). A fourth strain carrying the 

p.A95T variant (corresponding to p.A101T in VHA-2) was generated but caused sterility in 

homozygous worms and was not studied further.  

Worms expressing each variant were shorter and smaller than N2 (wild type) controls at 

day 1 of adulthood, indicating a morphological delay even in ideal physiological conditions (p < 

0.05, one-way ANOVA, Figure 3.9A-B). When tested in liquid physiological M9 culture over a 4-

hour period, movement of day 1 young adult worms with each mutation was comparable to N2 

worms (Figure 3.9C). However, when motor function was examined under osmotic stress 

conditions (350mM NaCl), mutants expressing p.G63A and p.F137L exhibited significantly 

reduced movement scores when compared to N2 worms (p < 0.01, two-way ANOVA Figure 

3.9D). Although mutants expressing p.L150F also exhibited less movement than N2 worms, this 

difference was not statistically significant (p = 0.0869). 
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Figure 3.9. Expression of Patient Variants in C. elegans Result in Morphological Delay 
and Exacerbate Motor Dysfunction. A-B) WormLab analysis of body length and size at day 1 

of adulthood. All mutants are shorter and smaller than N2 controls. C-D) Automated analysis of 

worm movement in liquid culture by WormTracker software. C) In physiological M9 solution, all 

mutants show no motor deficits. D) In presence of 350mM NaCl concentration the p.G63A (p < 

0.0001) and p.F137L (p < 0.0062) mutants show reduced movement scores in liquid culture 

over 270 minutes. Reduced movement was also observed with the p.L150F variant, but this 

difference was not statistically significant (p = 0.0869). *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001 compared to N2 controls. 

 

 

 

 



64 

We next compared paralysis and lifespan of each mutant strain with N2 worms when 

maintained on NGM plates under physiological conditions or exposure to osmotic stress 

(200mM and 300mM NaCl). All mutants showed greater levels of paralysis when compared to 

N2 worms over a 14-day period, and these differences were strongly exacerbated in the 

presence of osmotic stress (p < 0.0001, log-rank (Mantel–Cox) test, Figure 3.10A-C). Lifespans 

of the mutant strains were also reduced when compared to N2 worms when maintained under 

physiological conditions and osmotic stress (p < 0.0001, log-rank (Mantel–Cox) test, Figure 

3.10D-F). 

 

 

Figure 3.10. Expression of Patient Variants in C. elegans Results in Paralysis and 
Decreased Lifespan. A) All mutant strains showed increased paralysis over 14 days compared 

to N2 controls (n = 313-317 / strain, p < 0.0001). B-C) In presence of osmotic stress (200 or 

300mM NaCl) the paralysis phenotype is exacerbated, leading to almost 100% paralysis after 8 

days for the p.G63A strain (n = 246 – 260 / strain, p < 0.0001). D) All mutant strains exhibited 

reduced lifespan compared to N2 controls (n = 219 – 233 / strain, p < 0.0001). E-F) All mutant 

strains have reduced lifespans in presence of osmotic stress compared to N2 controls. (200mM 

NaCl: n = 182 – 228 / strain. 300mM, p < 0.0001) (300mM NaCl: n = 200 – 244 / strain, p < 

0.0001). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to N2 controls. 
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To compare fine motor phenotypes, we exposed the mutant strains and N2 worms to 

liquid M9 with 500mM NaCl for 30 minutes and analyzed movement using WormLab. Activity 

index and wave initiation were significantly increased in the mutant strains when compared to 

N2 worms (p < 0.05), but swimming speeds were not significantly altered, suggesting increased 

but uncoordinated movements (p > 0.05, one-way ANOVA, Figure 3.11A-C).  

To test if the mutant strains have an impairment in nervous system signaling, we added 

an acetylcholinesterase inhibitor, aldicarb, to NGM plates and scored the number of paralyzed 

worms over a 2-hour period. Aldicarb causes an accumulation of acetylcholine in neuromuscular 

junctions resulting in muscle hypercontraction and acute paralysis and can be used to evaluate 

if there is dysfunction of either GABA or acetylcholine signalling [136, 137]. To confirm proper 

aldicarb effect, we included the unc-47(e307) and unc-64(e246) mutants. Unc-47(e307) is 

hypersensitive to aldicarb due to the lack of a vesicular GABA transporter gene (orthologous to 

SLC32A1 in humans) required for GABA transmission [138]. Unc-64(e246) (orthologous to 

STX1A in humans) mutants have reduced cholinergic neurotransmission, making them resistant 

to aldicarb-induced paralysis [139, 140]. Worms expressing each patient variant showed greater 

paralysis in presence of aldicarb, compared to N2 worms (p < 0.0001, log-rank (Mantel–Cox) 

test, Figure 3.11D). 
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Figure 3.11. Patient variants cause increased uncoordinated movement and neuronal 
signaling dysfunction in C. elegans. A-C) Analysis of fine motor movement of worms after 30 

minutes in 500mM NaCl liquid culture. Mutants show increased activity index and wave initiation 

(A&B), but swimming speed was not significantly altered (C). D) Synaptic transmission was 

evaluated by exposing day 1 adult worms to aldicarb. Worms were scored over a 2-hour period 

for paralysis. All mutants were hypersensitive to aldicarb treatment compared to N2 worms (n = 

236 – 296 / strain, p < 0.0001). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to 

N2 controls. 
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3.5 Discussion 

In this study, we report the identification of heterozygous ATP6V0C variants in 26 

patients with neurodevelopmental phenotypes. In general, this cohort of patients presented with 

development delay, early-onset epilepsy (mean age of onset: 20.72 ± 7.56 months), and varying 

severities of intellectual disability. Five patients with MRIs show hypoplasia or agenesis of the 

corpus callosum. Congenital cardiac abnormalities were also observed in four patients. 

ATP6V0C is an evolutionary constrained gene as reflected by the high degree of amino 

acid homology between the human and yeast orthologs (72%), human and worm orthologs (63-

67%), and human and Drosophila orthologs (78%), and the low number of missense variants 

seen in gnomAD (n=21 compared to an expected 108.5) [116]. Of the 18 unique patient 

missense variants, 16 are located in TM domains, with nine in TM4 which encompasses the 

p.E139 residue that is required for proton transport by the V-ATPase [87]. Consistent with 

evolutionary constraints on TM4, only one variant in gnomAD is located in this region of the 

protein (Figure 3.2C). 

Interestingly, three patients (Patients 4, 15 and 19) were found to be mosaic for their 

identified ATP6V0C variant. Based on the available clinical information, the seizure phenotype 

of these patients may be less severe than for those with a germline variant (Table 3.1). Patient 

4 has seizure-like episodes that started at 14 months, but are not supported electrographically, 

Patient 15 had seizure onset at 12 years of age, and Patient 19 has not reported any seizure or 

seizure-like episodes. It is well established that the timing of the post-zygotic mutation event, 

and the affected tissues, can have a large influence on phenotypic presentation and severity in 

patients with somatic mosaicism, underlying differences in clinical presentation between 

patients with germline and mosaic variants [21]. 

Nine copies of ATP6V0C and one copy of ATP6V0B assemble to form the 

intramembrane c-ring of the V-ATPase which uses a rotary mechanism to translocate protons 

across the membrane (Figure 3.1) [107]. Normally, frameshifting variants are predicted to 
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cause NMD of the mutant mRNA, which would result in reduced protein levels. However, two of 

the four frameshift variants (c.340_355del16 and c.352_362delins) are located in last exon of 

ATP6V0C and are expected to escape NMD. The two frameshift variants in exon 2 may also 

escape NMD given the proximity of c.134_135delCT to the start codon and c.214delG being 

within 50bp of the last exon-exon junction (Figure 3.2A) [141]. Additionally, modeling showed 

that the majority of missense variants are likely to act as a ‘stone in the gear’ between 

ATP6V0C and ATP6V0A inhibiting the rotatory mechanism, consistent with a dominant negative 

mechanism (Figure 3.4A-B). Therefore, we believe missense variants and those predicted to 

escape NMD are likely to act via a dominant negative mechanism, but nonsense variants and 

microdeletions containing ATP6V0C act via haploinsufficiency as demonstrated by our 

Drosophila data (Figure 3.3). 

Twelve disease-associated missense variants were examined in yeast. When the uptake 

of LysoSensor was measured, we saw that nine variants were associated with little to no 

fluorescence, indicating significant reduction or loss of V-ATPase activity. Higher levels of 

fluorescence were seen when the p.G63A, p.F137L, and p.L150F patient variants were 

expressed (Figure 3.6). Growth curves generated by yeast expressing the 12 patient variants 

mirrored observations from the LysoSensor assay, with most variants resulting in little or no 

growth, and intermediate levels of growth observed with the p.G63A, p.V74F, p.F137L, and 

p.L150F variants (Figure 3.7E). To further examine the effect of these intermediate variants on 

developmental and neurological function, we modeled p.G63A, p.F137L, and p.L150F in worms. 

Expression of all three variants resulted in morphological delay as indicated by reduced body 

size and length at day 1 of adulthood (Figure 3.9A-B). Mutant worms also exhibited greater 

levels of paralysis and decreased lifespan when compared to N2 worms, and these phenotypes 

were exacerbated under osmotic stress (Figure 3.10D-F). Mutants also exhibited increased 

activity and wave initiation rates, but speed was unaltered, suggestive of hyperactive and 

uncoordinated movement (Figure 3.11A-C). The p.A95T variant which showed almost no V-
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ATPase function when tested in yeast (Figure 3.6, 3.7), resulted in homozygous sterility in 

worms, suggestive of a greater impact on V-ATPase function. 

Additionally, we functionally examined, in yeast, three variants from gnomAD (p.R48W, 

p.G103S, p.M131I) that had high CADD scores and were predicted to be damaging by SIFT or 

Poly-Phen2 which contrasts the assumption that population variants would be benign (Table 

3.2). Expression of p.R48W and p.M131I resulted in growth that was more similar to the wild 

type rescue compared to patient variants at 5mM CaCl2 and did not significantly differ from wild 

type rescue as higher concentrations of CaCl2 were tested (Figure 3.7, 3.8). p.G103S, which 

had the highest CADD score of the gnomAD variants tested, resulted in significantly decreased 

growth compared to the wild type rescue across all CaCl2 concentrations tested (Figure 3.7, 

3.8). Nevertheless, p.G103S still yielded a significantly larger eAUC when compared to the best 

growing patient variant (p.F137L), suggesting the possibility of a level of decrease in V-ATPase 

activity that can be tolerated. However, we cannot exclude the possibility that a mild 

neurological deficit could be associated with the p.G103S variant. Further testing of population 

variants could establish the minimum level of V-ATPase activity required to maintain normal 

function. 

The cellular mechanisms that underlie the clinical features in patients with pathogenic 

variants in ATP6V0C are not yet known. However, given the importance of acidification driven 

by the V-ATPase in many cellular processes, it is likely that several pathways are impacted. 

Firstly, the acidification of SVs within the central nervous system by the V-ATPase allows 

transporters, such as VGLUTs and VGAT, to load their respective cargo into SVs [142, 143]. 

Our modeling data predicted that the majority of patient variants would interfere with the 

interaction between ATP6V0C and ATP6V0A (Figure 3.4). Interestingly, patients with 

pathogenic ATP6V0A1 variants (encoding ATP6V0A) present with developmental delay, 

epilepsy, intellectual disability and cerebellar atrophy, similar to patients with pathogenic 

ATP6V0C variants [101]. Recent work has shown that primary cortical neurons from 
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Atp6v0a1A512P/A512P mice, modeling a variant identified in a patient, have decreased SV 

neurotransmitter content and form fewer synapses [101]. Given the functional interaction 

between ATP6V0C and ATP6V0A1, we speculate that synaptic defects likely contribute to 

disease pathology in patients with pathogenic ATP6V0C variants. These defects may also be 

independent of the ATPase activity of the V1 domain as the V0 domain is involved in 

neurotransmitter release independent of its acidification of SVs [144-146].   

The V-ATPase also plays an important role within the trans-Golgi network (TGN) and 

inhibition of V-ATPase driven acidification can lead to improper trafficking and sorting of various 

membrane bound proteins, including neuropeptides and neuropeptide receptors [147-149]. 

Additionally, pathogenic variants in SLC9A7 in patients with developmental delay, intellectual 

disability, and muscle weakness have been shown to cause alkalization of the TGN [150]. 

Therefore V-ATPase dysfunction may also lead to altered synaptic signaling via disruption of 

trafficking and sorting of receptors to the synapse. Consistent with this prediction of altered 

synaptic signaling, worms expressing the p.G63A, p.F137L, and p.L150F variants displayed 

greater sensitivity to aldicarb and higher rates of paralysis when compared to N2 worms (Figure 

3.11D).   

 Lastly, perturbations of lysosomal and autophagy pathways may also contribute to the 

epilepsy and neurodevelopmental phenotypes seen in these patients. The V-ATPase plays an 

essential role in acidifying endosomes, lysosomes, and autophagosomes which ultimately 

creates the environment needed for proper trafficking and maturation of endocytic organelles 

and acid hydrolase function within the autophagy pathway [88, 151]. Previous work by 

Nakamura et al. demonstrated that the V-ATPase is required for protein degradation from 

autophagic bodies in yeast vacuoles [152] and Fassio et al. showed impairments in autophagic 

flux caused by pathogenic variants in ATP6V1A [100]. In recent years, the contribution of 

impaired autophagy to neurodegenerative and neurodevelopmental disorders, including 

epilepsy, has risen in importance [100, 153, 154]. We hypothesize that the epilepsy and other 
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neurodevelopmental phenotypes seen in patients with pathogenic V-ATPase variants may be 

due to a combinatorial effect of impaired synaptic signaling, trafficking and sorting of various 

membrane bound proteins, and defects along the endomembrane system including the 

lysosomal/autophagy degradation pathway. Further research on ATP6V0C variants will be 

required to better understand underlying disease mechanisms. 

The prevalence of neurodevelopmental disorders, including epilepsy, resulting from 

variants in ATP6V0C is likely underestimated as this gene, to the best of our knowledge, is not 

currently included on commercially available epilepsy or intellectual disability gene panels. Of 

the 23 genes that encode for a subunit of the V-ATPase, twelve, including ATP6V0C, are 

associated with disease. Ten additional members of the complex are expressed in the central 

nervous system but are currently not associated with disease (Table A1) [155]. Screening of 

these genes for potential pathogenic variants in patients with disorders such as epilepsy and 

intellectual disability should be undertaken. Additionally, longitudinal studies in patients with 

ATP6V0C mutations, and the identification of additional patients, will play an important role in 

resolving the full spectrum of co-morbidities associated with altered ATP6V0C and V-ATPase 

function.     

 In summary, we report 26 patients with heterozygous ATP6V0C variants who presented 

with developmental delay, early-onset epilepsy, and intellectual disability. In silico modeling 

suggests that the majority of patient missense variants disrupt the interaction between the 

ATP6V0C and ATP6V0A subunits, and functional testing revealed that these variants decrease 

V-ATPase activity in yeast, and impair motor function, growth and lifespan in worms. Further 

work is needed to fully elucidate the mechanism(s) by which altered ATP6V0C function lead to 

the range of observed clinical phenotypes, and whether other V-ATPase subunits not currently 

known to cause disease harbor pathogenic variants in patients with neurodevelopmental 

disorders without a current genetic diagnosis. 
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Chapter 4 

 

Novel Missense CNTNAP2 Variant Identified in Two 
Consanguineous Pakistani Families with Epilepsy and 

Intellectual Disability 
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4.1  Summary   
 

This work stemmed from the analysis of 10 consanguineous families with epilepsy of 

suspected genetic origin. The families are of Afridi tribal heritage in Pakistan where there is a 

high prevalence of consanguineous marriages. Due to this we hypothesized that the causative 

variants would be recessive and shared between the affected individuals in each family. 

Analysis of the family described in this chapter revealed a homozygous p.G228R variant in 

CNTNAP2 in the two affected brothers. 

 During the course of this study, we became aware of a second, unrelated family of 

Pakistani origin that had two sisters with epilepsy and intellectual disability that were 

homozygous for the same p.G228R variant in CNTNAP2. Segregation analysis of the 

CNTNAP2 variant showed that it segregated with disease in the second family, and that none of 

the other variants identified in the first family were present in the second family. 

CNTNAP2 has previously been associated with AR focal epilepsy and intellectual 

disability in other consanguineous families. Interestingly, in the previous cases reported, at least 

one allele resulted in loss of function (premature truncation, splice-site, frameshift, or indels). 

Our report is the first known case where a homozygous CNTNAP2 missense variant is reported 

to be likely pathogenic. Further functional studies of the variant identified in this family as well as 

homozygous missense variants in CNTNAP2 in general will prove useful towards gaining a 

better mechanistic understanding of how these variants affect protein function. 
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4.2 Introduction 

Epilepsy is a neurological disorder characterized by the presence of recurrent and 

unprovoked seizures, and it is estimated that 70-80% of epilepsy cases have a genetic 

contribution [4]. Discovery of novel genetic variants contributing to epilepsy have largely used 

experimental designs that favor the discovery of dominant acting alleles [4, 156]. As a 

consequence, while targeted gene panels have yielded a diagnostic rate of approximately 18% 

in epilepsy patients, only 4-8% of these cases were due to variants in genes known to cause AR 

forms of epilepsy [54, 55, 157]. WES provides a higher diagnostic rate of 20-30% in families 

with suspected AR epilepsy, illustrating the utility of WES over gene panels when AR 

inheritance is suspected [39, 158, 159]. Several genes with broad biological functions have now 

been associated with AR epilepsy [18]. AR forms of epilepsy can be severe with early-onset, 

such as epilepsy caused by variants in ALDH7A1, or have onset in adolescence or later as with 

variants in CSTB [18]. 

 We identified two brothers affected with epilepsy, autism and intellectual disability of 

unknown etiology from a consanguineous family (Family 1) belonging to the Afridi tribe within 

the Federally Administered Tribal Area of the province Khyber Pakhtunkhwa, Pakistan. 

Consanguineous marriages in this region are common, resulting in a high prevalence of 

genetically recessive disorders. Through WGS we identified 32 genomic regions that were 

identical by descent between the two brothers. Variant annotation and filtering reduced the 

candidate regions to six harboring 21 homozygous genetic variants of which four were located 

within exons of different genes. Segregation of the exonic variants among additional unaffected 

family members revealed homozygous inheritance of variants in PDZD7, RBM20, and 

CNTNAP2 in only the affected siblings. A second consanguineous family (Family 2) of Pakistani 

origin was subsequently identified in which two siblings were also affected with refractory focal 

epilepsy and intellectual disability. The two affected members of Family 2 were found to be 

homozygous for the same CNTNAP2 variant identified in Family 1. 
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4.3 Subjects and Methods 

Family 1 

Family 1 is from Pakistan and is of Afridi tribal heritage. Six members from this family 

participated in this study. Clinical information and blood samples were obtained from all 

participants after they or a parent/guardian had provided written informed consent. This study 

was approved by the Ethical Committee at the Institute of Biotechnology and Genetic 

Engineering, the University of Agriculture, Peshawar, Pakistan. 

Genomic DNA was extracted from whole blood for all participants with the Omega SQ II 

Blood DNA kit following manufacturer’s protocol (D0714, Omega Bio Tek). Paired-end 

sequencing libraries were generated for individuals V-2 and V-4 using a KAPA HyperPrep kit 

(Roche, KK8504) following manufacturer protocols. WGS was performed using an Illumina 

NovaSeq6000 instrument according to manufacturer protocols. Reads were mapped to hg38 

using PEMapper and variants (single-nucleotide, SNVs, and indels) called using PECaller [160]. 

Average sequencing depth for both samples was greater than 34X. Runs of homozygosity were 

identified using the “homozyg group-verbose” function in PLINK 

(pngu.mgh.harvard.edu/Purcell/plink/) [161]. 

Variants were annotated using Bystro (bystro.io) [162]. Filtering of shared homozygous 

variants between the affected siblings using the following command: “CADD > 15, MAF < 0.001, 

exonic, splice” (Figure 4.1) resulted in the identification of exonic variants in PDZD7, ALG6, 

RBM20, and CNTNAP2. 
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Figure 4.1. Overview of Variant Filtering in Family 1. RoH Variants: Variants that fall within 

the 103.8 MB of shared homozygous regions between the two affected individuals. MAF ≤ 

0.001: Number of variants with a minor allele frequency ≤ 0.001 based on data from gnomAD. 

CADD ≥ 15: Number of variants with a CADD score ≥ 15. Exonic or Splice Site: Number of 

variants located within exons or splice acceptor or donor sites. n = indicates remaining number 

of variants after each step. 
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Family 2 

Family 2 is also of Pakistani origin. Six members of this family participated in this study. 

Clinical information and blood samples from the affected siblings and salvia samples from four 

other family members  were obtained after they or a parent/guardian had provided written 

informed consent.  

Genomic DNA was extracted from whole blood (III-4 and III-5) or from saliva (II-10, II-11, 

III-2, III-6), Individuals III-4 and III-5 were screened using the National Health Services Genetic 

Epilepsy Syndromes gene panel (Test ID 59.1) which comprises 402 known and evidence-

based epilepsy genes. 

Segregation Analysis 

Segregation of variants in PDZD7, ALG6, RBM20, and CNTNAP2 was confirmed by 

sequencing in both families. The following primers were used for PCR and sequencing: 

PDZD7_F-ATGTGTGCCCTTCTCTAACTG and PDZD7_R-GTCCAGGCGAGGGTAAGTT, 

ALG6_F-TAAGTTGTCTGAGATTCCAGG and ALG6_R-GACAAACAGGCTCCAATC, 

RBM20_F-AAAGGGAACCGTCTTCTG and RBM20_R-GCATCGCCTCTTTATGTTAAG, 

CNTNAP2_F-AACAGAGGACTGTCAATTTC and CNTNAP2_R-CAGTCAGAACACACCTAAGT. 

Lollipop Variant Plot 

The lollipop variant plot was generated using freely available source code from 

https://github.com/pbnjay/lollipops [114]. Population variants in gnomAD for CNTNAP2 were 

taken from v2.1.1. Human Gene Mutation Database (HGMD) variants for CNTNAP2 were taken 

from HGMD Professional version 2021.3. Resulting lollipop diagrams of HGMD and gnomAD 

variants were merged into a single image. UniProt accession Q9UHC6 was used to draw the 

protein domains which were overlaid on the final image.   

GSA Analysis 

Genomic DNA samples from six members of Family 1 and four members of Family 2 

were run on the Illumina Global Screening Array (GSA) v3.0. GSA variants were processed and 



79 
 

called using Genome Studio. High-quality, high-completeness SNPs called on both the GSA 

and by WGS in Family 1 members were merged into a single dataset (302,802 in total) to allow 

pairwise comparison of all Family 2 and Family 2 members. Identity by descent (IBD) fractions 

were estimated from observed identity by state (IBS) counts.  

Data Availability 

WGS data for individuals V-2 and V-4 in Family 1 was deposited in SRA (Accession #: 

PRJNA695560) and the CNTNAP2 variant was deposited in ClinVar (Accession #: 

SCV001478474). 

 

4.4 Results 
4.4.1 Clinical Presentation and Family History 
4.4.1.1 Family 1 
 

The two affected brothers (V-2 and V-4) are members of a consanguineous family from 

the Afridi tribe in Pakistan (Figure 4.2A). Both individuals exhibited normal height, weight and 

head circumference during the perinatal period. Clinical history of the parents and full siblings of 

V-2 and V-4 revealed no indication of neurological disease.   

Individual V-2 is currently 13 years old. He presented with primary generalized epilepsy 

onset at 3 years of age. Partial seizure control was achieved with AEDs; however, occasional 

breakthrough seizures still occur (Table 4.1). Aggressive behavior was observed until four years 

of age. Electroencephalogram (EEG) analysis performed under sedation at 4 years of age 

identified brief, recurrent, generalized spike and wave discharges.    

 Individual V-4 is currently 10 years old. He presented with focal-onset epilepsy at 2.5 

years of age. AEDs were successful in temporarily decreasing seizure frequency; however, he 

currently has daily seizures of variable frequency (up to 2–3 seizures per day). Seizure onset 

was accompanied by language regression, and he currently speaks few words and is unable to 

communicate in full sentences. This individual also exhibits severe aggressive behaviors. EEG 
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analysis was conducted under sedation at 7 years of age and recurrent left, fronto-temporal 

spikes were observed, consistent with a diagnosis of focal epilepsy. Both affected siblings are 

also diagnosed with intellectual disability and autism spectrum disorder. 

Figure 4.2. CNTNAP2 p.Gly228Arg Variant Segregates with Disease in Family 1. A) 

Pedigree for Family 1 with affected status (filled symbol) shown. Genotype for CNTNAP2 variant 

is shown under individuals who underwent Sanger sequencing. “+” wild-type allele, “m” mutant 

allele. B) Sequence traces from Sanger sequencing of CNTNAP2 in members of Family 2. The 

position of the homozygous c.758G>A variant in the affected siblings is indicated by the arrow. 

Both parents in the family are heterozygous and the unaffected siblings are heterozygous for 

this nucleotide substitution. 
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  Family 1 Family 2 
  V-2 V-4 III-4 III-5 

Current Age 13 years 10 years 7 years 5 years 
Epilepsy 

Syndrome 
Primary 

Generalized 
Epilepsy Focal Onset Epilepsy Focal Onset 

Epilepsy Focal Onset 
Epilepsy 

Age of Seizure 
Onset 3 years 2.5 years 3 years 2.5 years 

Primary Seizure 
Type Generalized 

Tonic-Clonic Focal Onset Aware 
(Partial) Focal 

Left side Tonic 
followed by 

Generalized Tonic-
Clonic 

Current AEDs 
Valproic Acid, 

Diazepam, 
Clonazepam, 
Risperidone 

Carbamazepine, 
Valproic Acid, 
Levetiracetam, 
Clonazepam, 

Methylphenidate 
Carbamazepine 
and Lamotrigine Carbamazepine, 

Valproic Acid 

Seizures 
Controlled? 

Some 
breakthrough 

seizures No No (daily seizures) No 
Intellectual 
Disability Moderate Moderate Yes Yes 

Developmental 
Delay Yes, with speech 

regression Yes, with speech 
regression Yes, poor speech 

and language Yes, poor speech 
abilities 

Autism spectrum 
disorder Yes Yes Poor social abilities Poor social abilities 

EEG 
4 years: frequent 
brief generalized 
high amplitude 

SWDs 

7 years: frequent high 
amplitude spike 
discharges in left 
fronto-temporal 

region 

Confirmed seizures 
of temporal lobe 

origin 

Interictal 
frontotemporal 

epileptiform 
abnormalities and 
post-ictal temporal 
slowing on left side 

Other Behavioral 
Features Aggression, until 

4 years Aggression Aggression Aggression 

Other Features Body movement 
imbalance (mild) Body movement 

imbalance (mild) 
Stereotypic hand 

flapping 
movements, post-
natal microcephaly 

Stereotypic hand 
flapping movements 

 
Table 4.1. Clinical Presentation of Affected Siblings. 
Abbreviations: AEDs = antiepileptic drugs, SWD = spike-wave discharges 
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4.4.1.2 Family 2 
 
 The two affected sisters (III-4 and III-5) are member of a consanguineous family of 

Pakistani origin (Figure 4.3A, Table 4.1). Antenatal, birth and early development during the first 

year were normal. Routine blood tests, and serum, urine and cerebrospinal fluid metabolic 

analyses were normal. No structural brain abnormalities were visible via MRI in either sibling. 

Clinical history of the parents and full siblings of III-4 and III-5 revealed no indication of 

neurological disease.  

 III-4 is currently 7 years old. She presented with focal onset seizures at 3 years of age. 

She experiences hypermotor movement of limbs, and eye deviation to the right during her 

seizures which typically last 1 minute. She currently has daily seizures despite AED treatment. 

EEG analysis confirmed epileptic seizures of temporal lobe origin. 

 III-5 is currently 5 years old. She presented with an explosive onset of seizures at 2.5 

years of age. She experiences pallor, eye deviation to the left, tonic seizures affecting the left 

side followed by generalized tonic-clonic seizures. Her seizures last from 2-5 minutes and 

typically occur in clusters. Partial seizure control was obtained through AED treatment. EEG 

analysis showed interictal frontotemporal epileptiform abnormalities and post ictal temporal 

slowing on the left side, but seizures have not been captured. Both affected sisters exhibited 

significant learning difficulties, poor social abilities, and aggressive behaviors by 4 years of age. 
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Figure 4.3. CNTNAP2 p.Gly228Arg Variant Segregates with Disease in Family 2. A) 
Pedigree for Family 2 with affected status (filled symbol) shown. Genotype for CNTNAP2 variant 

is shown under individuals who underwent Sanger sequencing. “+” wild-type allele, “m” mutant 

allele. B) Sequence traces from Sanger sequencing of CNTNAP2 in members of Family 2. The 

position of the homozygous c.758G>A variant in the affected siblings is indicated by the arrow. 

Both parents in the family are heterozygous and the unaffected siblings are wild type for this 

nucleotide substitution.  
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4.4.2 Genomic Analyses 
4.4.2.1 Family 1 
 

The affected siblings had not previously undergone testing to determine the genetic 

basis for their disease. Given the consanguineous nature of the family, we hypothesized that a 

homozygous variant shared by the two affected siblings was the most likely explanation for their 

clinical features. We performed WGS on genomic DNA isolated from whole-blood samples from 

the two affected brothers.   

Homozygosity analysis revealed that 32 genomic regions, totaling 103.8 MB, were 

shared by the two affected brothers and homozygous variants within these regions were 

identified. Variants, either SNVs or indels with CADD scores ≥ 15 and minor allele frequency 

(MAF) ≤ 0.001 were selected for further analysis (Figure 4.1, Table 4.2). After filtering for 

variants in exons or splice sites, four candidate variants were identified: PDZD7 

(c.1348_1350delGAG, p.Glu450del), ALG6 (c.1033G>C, p.Glu345Gln), RBM20 (c.1587C>G, 

p.Ser529Arg), and CNTNAP2 (c.785G>A, p.Gly228Arg) (Table 4.3).  
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Chr Position Ref Alt Variant 
Type Site 

Type Gene dbSNP ID CADD 
Score gnomAD 

frequency 
1 63419415 G C SNV exonic ALG6 rs142707911 28.2 0 
1 69324851 C T SNV intergenic   rs559114975 19 0 
3 174840870 T A SNV intergenic   rs545360340 15.4 0.000031859 
3 176594852 C T SNV intergenic   rs369457267 21.8 0.000031849 
4 13371261 C A SNV intronic   rs937001005 15.5 0 
7 147108278 G A SNV exonic CNTNAP2 rs371512835 21.4 0 

10 101018271 CTC - DEL exonic PDZD7 rs555444131 23.3 0.000010614 
10 101249392 G A SNV intergenic   rs548280240 22 0 
10 101901487 T G SNV intronic   rs569668688 15.2 0 
10 110797567 C G SNV exonic RBM20 rs539932441 32 0 
10 110851117 T A SNV intergenic   rs372591825 19.3 0 
10 110858145 G A SNV intergenic   rs368141988 16.2 0 
10 110921574 T G SNV intronic   rs187395797 16.3 0 
10 110985777 G A SNV intronic   rs201258692 17.3 0.000548420 
10 111004594 T - DEL intronic   rs730881016 16.1 0.000556479 
10 111010957 C T SNV intronic   rs370486167 16.3 0 
21 24018297 G A SNV intergenic   rs189938410 22.5 0 
21 25549608 T A SNV intergenic   rs551677808 17.9 0 
21 31174041 G A SNV intronic   rs184146552 16 0 
21 32678632 A T SNV intronic   rs75688000 15.7 0.000009427 
21 36067727 T G SNV intergenic   rs914317800 15.1 0 

 

Table 4.2. Shared Variants Identified in Affected Brothers from Family 1. 
Homozygous variants with MAF ≤ 0.001, CADD ≥ 15. Genomic position is based on hg38. 

gnomAD frequency represents homozygous allele frequency. 

Abbreviations: Alt = alternate allele, Chr = chromosome, DEL = Deletion, Ref = reference allele, 

SNV = single nucleotide variant 
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Gene CNTNAP2 ALG6 RBM20 PDZD7 
Chromosome 7 1 10 10 

HGVS DNA NM_014141.6: 
c.682G>A NM_013339.4: 

c.1033G>C NM_001134363.3: 
c.1587C>G NM_001195263.2: 

c.1348_1350delGAG 
HGVS Protein p.Gly228Arg p.Glu345Gln p.Ser529Arg p.Glu450del 
CADD Score 21.4 28.2 32 23.3 

Population 
Frequency 

gnomADa 0 0 0 0.000010614 
GMEVariomeb 0 0 0 0 
GenomeAsia 

100Kc 0 0 0 0 

Family 1 

V:2 Hom Hom Hom Hom 
V:4 Hom Hom Hom Hom 
III:2 Het Het Het Het 
IV:1 Het Het Het Het 
V:1 Het Hom Het Het 
V:5 Het Het Het Het 

Family 2 

III:4 Hom WT WT WT 
III:5 Hom WT WT WT 
II:10 Het WT WT WT 
II:11 Het WT WT WT 
III:2 WT WT WT WT 
III:6 WT WT WT WT 

 
Table 4.3. Segregation of Candidate Variants. 
agnomAD homozygous allele frequency is reported 
bGMEVariome is a collection of sequence data from individuals in the Greater Middle East, 

including Pakistan [163]. Homozygous allele frequency is reported. 
cGenomeAsia 100K is a database of Asian individuals, including South Asians [164].  

Homozygous allele frequency is reported 

Abbreviations: Het = heterozygous, Hom = homozygous 
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Sanger sequencing was used to determine the segregation of the four candidate 

variants in the parents (III-2 and IV-1), an unaffected brother (V-5), and an unaffected sister (V-

1). The variants in PDZD7, RMB20, and CNTNAP2 co-segregated with disease status, 

occurring in a homozygous state in the two affected brothers and a heterozygous state in the 

four other family members (Figure 4.2B, Table 4.3). The ALG6 variant was homozygous in 

unaffected sibling (V-1), indicating that it was unlikely to be pathogenic. 

 

4.4.2.2 Family 2 
 

Gene panel testing in the two affected sisters (III-4 and III-5) revealed that both siblings 

were homozygous for the same CNTNAP2 c.682G>A (p.Gly228Arg) variant that was first found 

in the affected brothers in Family 1. Sanger sequencing for this variant in the other available 

family members confirmed co-segregation with disease status, with it only being detected in the 

homozygous state in the affected siblings. As expected, each parent (II-10 and II-11) was 

heterozygous for this variant, and it was absent in the two unaffected siblings  (III-2 and III-6, 

Figure 4.3B). The variants detected in PDZD7, RMB20, and ALG6 in Family 1 were not 

observed in Family 2 (Table 4.3).   

 

4.4.3 Relatedness and Linkage Analysis 

Given the rarity of this variant in other populations, and that it was observed twice in the 

same relatively isolated population, both times as a homozygote only found in affected 

individuals from a consanguineous family, it seems likely that the CNTNAP2 p.Gly228Arg 

variant has been inherited by both Family 1 and 2 from some common ancestor, rather than 

being the result of two different de novo mutational events. Nevertheless, we know Family 1 and 

2 are two independent observations of the association between genotype and phenotype as the 
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affected individuals are different sexes and ages and cannot be the result of the same probands 

being discovered by two different investigators.   

However, given the likelihood that CNTNAP2 p.Gly228Arg is a shared mutation from a 

common ancestor, it is important to understand the extent to which the rest of the genome is 

also shared. IBD analysis via PLINK suggests that no more than 1/32 of the genome is shared 

IBD between any member of Family 1 and Family 2, with insufficient power to rule out less of 

the genome being shared. Thus, while these Families could be as close as 2-3rd cousins, there 

is no evidence that any individual in Family 1 is closely related to any individual in Family 2. As 

a positive control, within families all members had estimated relatedness consistent with known 

relatedness. Thus, since overall genomic sharing is quite low between Family 1 and Family 2, 

we should view the fact two families show the same phenotype-genotype pattern at CNTNAP2 

p.Gly228Arg as fundamentally independent replications. 

Although these families are small and only two in number, we can formally perform a 

linkage analysis. Under the hypothesis that CNTNAP2 p.Gly228Arg is the only recessive, 100% 

penetrant (no recombination distance) variant contributing to disease in these families, the 

likelihood of the observation under this hypothesis in each family is 1.0, and the likelihood of the 

data under chance segregation is  1
4

∗  
1

4
∗  

3

4
∗

3

4
=  

9

256
= 0.03156 for each family. Thus, both 

families provide a LOD score of ~1.45 with a combined LOD of 2.9. This is the maximum 

possible LOD score for a recessive hypothesis with 2 affected and 2 unaffected sibs in each 

family. 

 

4.5 Discussion 
 

We first performed genetic analysis on two brothers from a consanguineous family of 

Afridi tribal heritage who presented with epilepsy, intellectual disability, and autism spectrum 

disorder. Analysis of 32 regions of homozygosity shared by the affected siblings revealed four 
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candidate variants: PDZD7 (p.Glu450del), ALG6 (p.Glu345Gln), RBM20 (p.Ser529Arg), and 

CNTNAP2 (p.Gly228Arg). 

PDZD7 encodes a scaffolding protein expressed in the cilia of inner ear hair cells and 

photoreceptors [165, 166]. Pathogenic PDZD7 variants have been identified in individuals with 

AR non-syndromic hearing loss and it has been suggested that PDZD7 variants may also 

modify the severity of Usher syndrome [166-168]. The lack of overlap between the clinical 

phenotypes associated with PDZD7 variants and the affected siblings suggests that the 

p.Glu450del variant is unlikely to be pathogenic. Furthermore, this variant is seen three times in 

a homozygous state in gnomAD which excludes individuals with severe pediatric-onset 

illnesses.    

ALG6 encodes the enzyme Man9GlcNAc2-P-P-Dol α-1,3-glucosyltransferase. Patients 

with pathogenic ALG6 variants have abnormal accumulation of Man9GlcNAc2-P-P-Dol and 

hypoglycosylation of proteins which contribute to autosomal recessive congenital disorder of 

glycosylation (CDG) Type Ic (or ALG6-CDG) [169, 170]. ALG6-CDG is typically characterized by 

developmental delay, seizures and speech disabilities [171]. However, an unaffected sibling (V-

1) was also homozygous for the ALG6 p.Glu345Gln variant, indicating that it is unlikely to be 

pathogenic.       

 RMB20 encodes the RNA-binding motif protein #20 which is highly expressed in striated 

muscle and functions as a splicing factor [172, 173]. Pathogenic variants in RBM20 have been 

identified in patients with autosomal dominant (AD) dilated cardiomyopathy [174, 175]. The 

identified p.Ser529Arg variant falls within the RNA recognition motif (RRM) which plays an 

important role in splicing regulation, and mutations within the RRM have been previously 

identified in individuals with AD dilated cardiomyopathy [176-179]. The cardiac phenotypes 

associated with RBM20 variants are inconsistent with the neurological features observed in the 

affected siblings. However, since this gene has been shown to regulate splicing of some 

neuronally expressed transcripts, such as CACNA1C in which variants have been reported in 
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some patients with epilepsy, we cannot exclude the possibility that the p.Ser529Arg variant 

might contribute to the clinical features in the affected siblings from Family 1 [173, 180]. 

CNTNAP2 encodes the contactin-associated protein-like 2 which is a transmembrane 

protein that facilitates axo-glial contacts in mature myelinated axons and is expressed 

throughout the brain with highest expression in the cortex, hippocampus, substantia nigra, 

interpeduncle nucleus, pontine nucleus and medial mammillary nucleus [31, 181]. The 

homozygous CNTNAP2 frameshift variant, c.3709delG, identified in a consanguineous Old-

Order Amish family, was the first reported mutation for cortical dysplasia-focal epilepsy 

syndrome [182]. Zweier and colleagues identified the homozygous splice acceptor variant, 

c.1671-1G>T, in a consanguineous family with Pakistani ancestry exhibiting Pitt-Hopkins-like 

syndrome [183]. Additionally, homozygous deletions of various sizes within CNTNAP2 have 

also been identified in patients with epilepsy, intellectual disability and/or autism spectrum 

disorder [184-188]. Segregation analysis in Family 1 demonstrated that the c.785G>A 

(p.Gly228Arg) variant, located in the first laminin-G domain, only occurred in a homozygous 

state in the affected siblings, consistent with a recessive mode of inheritance (Figure 4.2B, 

Figure 4.4 and Table 4.3). Furthermore, this variant was not observed in a homozygous state in 

gnomAD, GMEVariome, or GenomeAsia100K (Table 4.3). Approximately 20% of individuals in 

gnomAD are of Asian descent and may not fully represent the ancestry of the Families in this 

study. GMEVariome contains 2,497 unrelated individuals of Middle Eastern ancestry, and 

GenomeAsia100K currently contains 1,736 unrelated individuals with 113 from Pakistan [163, 

164]. Therefore, these two population databases better reflect the ancestry of the Families in 

this study and provide evidence that the p.Gly228Arg variant in CNTNAP2 is not seen in a 

homozygous state within healthy individuals of Asian/Middle Eastern descent. 
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Figure 4.4. Previously Reported Disease Variants in CNTNAP2. Lollipop plot of previously 

reported homozygous or biallelic nonsense disease variants in HGMD (professional version 

2021.3) and homozygous variants in gnomAD (v2.1.1). Star indicates novel homozygous 

p.Gly228Arg variant identified in this study. Domain and variant locations based on UniProt 

accession Q9UHC6. 
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During the course of this study, we became aware of a second consanguineous family of 

Pakistani origin (Family 2) in which the two affected siblings were found to be also homozygous 

for the c.785G>A (p.Gly228Arg) variant in CNTNAP2. Clinical presentation in the two affected 

sisters in Family 2 showed striking overlap with the affected siblings from Family 1, with all four 

affected individuals exhibiting epilepsy, intellectual disability, and aggressive behaviors (Table 

4.1). Segregation of the CNTNAP2 variant within Family 2 confirmed co-segregation with 

disease status (Figure 2B and 2D). The additional candidate variants observed in Family 1 

were not detected in Family 2, providing additional support for the pathogenicity of the 

CNTNAP2 variant (Table 4.3). Together these families give a LOD score of 2.9 in support of 

p.Gly228Arg being a recessive, fully penetrant disease-causing variant.   

Prior to the current study, all reported disease-associated CNTNAP2 variants were 

homozygous or biallelic deletions, splice site variants, or nonsense variants which would be 

predicted to abolish protein function [182, 183, 186, 187]. Mice lacking Cntnap2 (Cntnap2-/-) 

recapitulate the seizure and core autism-related behavioral phenotypes seen in patients and 

reveal a number of pathophysiological alterations including neuronal migration abnormalities, 

asynchronous neuron firing patterns, and a reduced number of GABAergic interneurons [189]. 

Recent work in in vitro cell culture models has shown that loss of one CNTNAP2 allele is 

sufficient to impact axonal growth and heterozygous missense variants identified in patients with 

autism were associated with deficits in protein trafficking [31]. 

In addition to epilepsy and intellectual disability, there are other striking similarities 

between other clinical features of the affected siblings in the current families and previous 

reports (Table 4.4). For example, Smogavec and colleagues described eight patients with 

homozygous CNTNAP2 variants of which six patients were non-verbal or had very limited 

speech ability [186]. Additionally, two patients exhibited aggressive behaviors and three were 

reported to have notable temper tantrums [186].  
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  This Study Strauss [182] Gregor [188] Smogavec [186] 

Current Age 5-13 years NA NA NA 
Epilepsy 

Syndrome 3/4 Focal Onset 
Epilepsy Focal Epilepsy 5/7 with epilepsy Complex Focal, 

Generalized Epilepsy 
Age of Seizure 

Onset 2.5-3 years 14-20 months 3 months – 3 years 5 months – 3 years 
Primary Seizure 

Type 
2/4 – Focal 

1/4 – Generalized 
1/4 – Secondary 

Generalized 

9/9 - Focal Onset 
Aware 

4-9 – Secondary 
generalized 

Complex ND 

Current AEDs 

Valproic Acid (3/4), 
Carbamazepine (3/4), 

Clonazepam (2/4), 
Diazepam (1/4), 

Risperidone (1/4), 
Levetiracetam (1/4), 

Methylphenidate (1/4), 
Lamotrigine (1/4) 

ND ND 

Lamotrigine (3/8),  
Cabamazepine (2/8),  

Valproate (2/8),  
Levetiracetam (1/8), 
Oxcarbazepine (1/8), 
Phenobarbitone (1/8), 

Zonisamide (1/8) 
Seizures 

Controlled? 3/4 – No, 1/4 – with 
breakthrough seizures ND 2/5 – No 2/8 - No 

Intellectual 
Disability 4/4 9/9 7/7 (Moderate to Severe) 8/8 (Moderate to Severe) 

Developmental 
Delay 

4/4 – with speech 
regression/poor 

speech 
9/9 - with speech 

regression 
7/7 

4/7 – No speech 
1/7 – Simple Sentences 

6/8 – Less than 10 words 
2/8 – Simple sentences 

Autism spectrum 
disorder 

2/4 – Yes 
2/4 – Poor social 

abilities 6/9 ND ND 

EEG 

Frequent brief 
generalized high 

amplitude SWDs (1/4), 
frequent left 

frontotemporal high 
amplitude discharges 

(1/4), interictal 
frontotemporal 

epileptiform 
abnormalities (1/4) 

7/9 – normal 
background, seizures 
arising from temporal 
(occasionally frontal) 
regions with unilateral 
high-amplitude spike-
slow-wave discharges 

or focal slowing 

ND 

Generalized slowing 
(1/8), occasional spikes 

and slowing left temporal 
(1/8), frequent left 

frontotemporal 
epileptiform discharges 

(1/8), slow rhythm, 
sometimes with epileptic 
discharges (2/8), diffuse 

cerebral dysfunction (1/8) 
Other Behavioral 

Features 4/4 – Aggression ND 1/7 – Autoagressive 
behavior 

2/8 – Aggression 
2/8 – Notable temper 

tantrums 
Other Features 

2/4 – Body movement 
imbalance 

2/4 – stereotypic hand 
flapping movements 

ND 1/7 - Hypotonia 2/8 – Hypotonia 
2/8 - Ataxia 

 
Table 4.4. Comparison of Patients Reported in this Study to Previously Reported 
Patients. Abbreviations: NA = not applicable, ND = no data, SWD = spike-wave discharges  
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Taken together, the genetic analysis of the two families and clinical similarities between 

the affected siblings and other patients with CNTNAP2 variants strongly support that the 

identified p.Gly228Arg variant is likely causative. Functional analysis of this variant will be 

required to establish the impact on CNTNAP2 function and the underlying disease mechanism. 

This is the first demonstration of co-segregation of a homozygous CNTNAP2 missense variant 

within an affected pedigree. Further work to functionally evaluate both homozygous and 

heterozygous missense CNTNAP2 variants will aid in the identification of genotype-phenotype 

correlations and may contribute to the development of more efficacious treatments for these 

patients.   
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Chapter 5 
 
 

Discussion 
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5.1 Summary 

 The overarching goal of my dissertation research was to gain a better understanding of 

the genetic contributions to epilepsy. I did this, in part, by using existing sequence data from 

epilepsy patients that had undergone gene panel or WES testing at EGL Genetics. As shown in 

Chapters 2 and 3, along with Kameryn Butler, a former graduate student in the Escayg lab, I 

was able to utilize this source of data in different ways. As detailed in Chapter 2, we identified 

eight patients with SLC6A1 variants out of 460 patients analyzed. This large number of patients 

identified with SLC6A1 variants was surprising as SCN8A and CDKL5, both well-established 

epilepsy genes, had similar diagnostic yields from the same dataset. We showed that the 

identified SLC6A1 variants lead to decreased GABA re-uptake (Figure 5.1A). This was the first-

time patient SLC6A1 variants were tested for an impact on protein function, and our study 

identified a possible disease mechanism. In contrast, as outlined in Chapter 3, a single 

ATP6V0C variant identified from WES data led us to establish new collaborations which  

resulted in the largest cohort of patients with variants in ATP6V0C. Through functional testing, I 

was able to demonstrate that these variants result in decreased V-ATPase function (Figure 

5.1B) and I hypothesized that missense variants likely act via a dominant-negative mechanism.   

In Chapter 4, I used an unbiased screening approach to identify a likely pathogenic 

variant. In that study, we performed WGS and used ROH and segregation analysis to identify 

likely causative variants in two brothers with epilepsy, intellectual disability, and autism 

spectrum disorder from a consanguineous Pakistani family. A homozygous p.G228R variant in 

CNTNAP2 was seen in both brothers and was not present in a homozygous state in other 

unaffected family members. A second family with two similarly affected sisters carrying the 

same CNTNAP2 variant was subsequently identified providing further evidence for the 

pathogenicity of this recessive variant (Figure 5.1C). 

 In this chapter I will expand upon the previously presented topics in my dissertation, 

provide future directions for work relating to ATP6V0C and epilepsy, and discuss ideas for how 
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genetic testing can continue to evolve in order to find answers for those with suspected genetic 

disease(s). 
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Figure 5.1. Overview of the Effect of the Identified Variants on Neuronal Signaling. A) In Chapter 2, SLC6A1 variants were 

shown to decrease GABA uptake by GAT-1. B) In Chapter 3, ATP6V0C variants were shown to decrease the function of the V-

ATPase which is predicted to lead to a loss of neurotransmitter loading into synaptic vesicles. C) In Chapter 4, a homozygous variant 

in CNTNAP2 was identified. Loss of CNTNAP2 has been shown to lead to a loss of voltage-gated potassium channels (VGKCs) on 

myelinated axons [32]. Figure created with BioRender.com. 
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5.2 Considerations in Genetic Testing and Variant Evaluation 

 When deciding which genetic test(s) should be used to screen individuals with 

suspected genetic disorders, there are many components, often antagonistic of each other, that 

must be considered. A clinician and patient must take several factors into consideration: such as 

turnaround time, the likelihood that the individual has a genetic disorder, and, especially in the 

United States, whether the cost of the test will be covered by insurance. Discussion of the major 

considerations that must be accounted for in genetic testing and variant evaluation is provided 

below. 

 

5.2.1 Types of Tests Used 

As discussed in Chapter 1, there are several different types of tests that can be used to 

achieve a genetic diagnosis. Each test has its pros and cons related to the balance between the 

likelihood of finding a causative variant vs. the number of variants that must be 

analyzed/curated before results can be returned to the patient. The phenotypic presentation of 

the individual undergoing testing as well as a history of disease in their family can help provide 

insight as to what test is best to use. If an individual has a very specific phenotype for a well-

established genetic disorder, then performing targeted gene sequencing or using a gene panel 

can avoid the cost and long-turnaround time associated with WES/WGS. Further, if the patient 

has an affected family member with the same, or a similar, phenotype with a known genetic 

diagnosis, targeted sequencing for the specific variant can be performed as the first-tier genetic 

test. On the other hand, if the phenotype does not fit a particular diagnosis, then the more 

unbiased approaches of WES or WGS would increase the chance of finding a causative variant. 

While WES and WGS have a longer turnaround time, if they are the only genetic test needed it 

leads to a shorter overall diagnostic timeline. 
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5.2.2 Burden for Pathogenicity 

 In Chapter 1 I described the ACMG/AMP criteria for variant classification and how it is 

used to classify variants on a spectrum from pathogenic to benign. With these criteria there is a 

much higher burden to classify a variant as pathogenic compared to benign (Figure 1.1). This 

likely reflects a cautious approach to apply a label that can feel as definitive as “pathogenic” or 

“likely pathogenic” to a variant and report it back to an affected individual, but one must also be 

equally as cautious to call a variant (likely) benign and potentially miss an important diagnosis. 

Many of the variant classification criteria can be assigned by obtaining an extensive family 

history of disease, using publicly available datasets to score variants, and identifying whether 

the variant has been previously associated with disease. Functional testing may also be used to 

provide support for variant pathogenicity, and it is the only criteria that involves the direct testing 

of a variant in vitro or in vivo. 

 In Chapters 2 and 3 of this dissertation, I demonstrated the utility of functional analysis 

for the classification of variants found through standard genetic testing. In both chapters, my 

work was the first to report functional effects of variants identified in patients with epilepsy on 

protein function. This work was important in establishing likely disease mechanisms and will 

guide future work on therapeutic interventions. 

 While functional testing is an important piece of information that can be used to classify 

variants, it is primarily used when a VUS in a known gene is identified or if a GUS is identified 

with strong animal model and expression data to support the effort to undertake functional 

testing. This leads to the question of what if there is a VUS in a GUS? 

  

5.2.3 Ignoring the “Unknown” 

 When VUSs are identified, the ACMG/AMP classification guidelines provide a framework 

for evaluation and potential reclassification, but when variants are identified in a GUS there is 
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less guidance on what to do. Some classification criteria, such as PVS1, PM1, BP1, and BP3, 

even rely on the function of the gene being known to apply the evidence to a variant (Table 1.2). 

Variants in GUSs are likely to be classified as VUSs until research into the function of a gene is 

performed. 

 Additionally, the knowledge of what genes are already associated with a disease can 

bias variant analysis. This can come in the form of what genes are included on a gene panel or 

whether variants in known genes for a particular disease are evaluated first when WES or WGS 

is performed. By focusing on the “low-hanging fruit” of known disease genes, one might miss a 

variant in a GUS that is contributing to the phenotype. To avoid biases that come from 

evaluating known disease genes first, the criteria used to evaluate variants can be shifted. 

Instead of looking at whether a variant occurs in a known disease gene, or not, one can focus 

instead on factors that can be evaluated separately from gene function. By using MAF 

thresholds, CADD scores, and starting with exonic or splice site variants, variants that are likely 

to be pathogenic are identified irrespective of the gene they are in. I employed this type of 

unbiased variant analysis in Chapter 4 and Appendix B when evaluating WGS data from eight 

consanguineous families with epilepsy. 

 

5.3 How do we Find the “Missing” Variants? 

One of the most important future directions regarding genetic testing in epilepsy is 

finding the “missing” variants. In epilepsy, even when generally unbiased approaches like WES 

and WGS are used, diagnostic rates are still only 20% - 50% indicating there are still variants 

and other factors at play that have yet to be identified. In the following subsections I outline the 

three main areas I believe should be explored to find missing pathogenic variants. 
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5.3.1 Non-coding Variants 

 The vast majority of the human genome does not code for proteins. Previously it was 

thought that this non-coding portion of the genome was just “junk” and provided little to no 

function; however, our understanding of the functions of the non-coding genome continues to 

improve with advances in sequencing and analysis technologies. The idea that “junk” DNA is 

functional, paired with the increase of WGS in genetic testing provides the opportunity to look at 

the contribution of non-coding variants in patients with epilepsy. In addition, use of datasets, 

such as ChIP-seq and ATAC-seq can provide information about the temporal and spatial 

expression of regions of the genome containing non-coding variants. Lastly, as the function of 

non-coding variants is unlikely to be previously known, use of functional testing as described in 

Chapter 1 will be an important part of the process to verify that identified non-coding variants 

have an effect that would explain the patient’s phenotype. 

 

5.3.1.1 Untranslated Regions 

Untranslated regions (UTRs) occur at both the 5’ and 3’ of genes and are defined as 

regions of mRNA that are not translated into protein. UTRs play an important role in mRNA 

stability, secondary structure, localization, and translation. Using WES and gene panels, certain 

regions of UTRs may be screened as they are considered exonic sequences, but WGS would 

provide full coverage of UTRs. The consequence of a variant in an UTR might not be easy to 

determine, and functional assays to look at translation and/or mRNA stability will be important to 

provide evidence for pathogenicity. Doing these functional assays in biologically relevant 

systems is especially important given the likely interplay between cell or tissue specific factors 

and translation. 
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5.3.1.2 DNA Regulatory Elements 

Screening for pathogenic variants in DNA regulatory elements such as promoters, 

enhancers, silencers, and insulators should also be done when WGS data is available. With the 

increasing availability of publicly available ChIP-seq and ATAC-seq datasets, the location of 

these regulatory elements can be readily predicted, and variants located within these regions 

can be assayed for a functional impact. 

 Promoters are located near the transcription start site (generally within 500bp) and 

recruit transcription factors along with RNA polymerase to initiate transcription. Enhancers help 

with RNA polymerase and transcription staging and can be in close proximity to promoters 

depending on the 3D chromosomal organization providing either temporal or spatial 

transcription specificity. Silencers and insulators function to silence gene transcription. Variants 

that fall within any of these regions could impact transcriptional efficiency and/or lead to mRNA 

expression at the wrong time or place. 

 

5.3.1.3 non-coding RNAs 

The last major type of non-coding variants that should be prioritized for analysis are 

those that fall within non-coding RNAs (ncRNAs). Micro RNAs (miRNAs), which inhibit mRNA 

expression by binding the 3’ UTR of a mRNA, are the most studied ncRNAs to date. Studies 

have shown that miRNAs play an important role in epilepsy, influencing processes such as  

neuroinflammation, apoptosis, glial cell dysfunction, and oxidative stress [190]. In addition to 

miRNAs, long non-coding RNAs (lncRNA) should be looked at. lncRNAs are ncRNAs that are 

greater than 200bp in length and have been shown to be involved in various cellular processes 

including transcription and facilitating protein-protein interactions [191].  
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5.3.1.4 Therapeutic Strategies for Targeting Non-coding Variants 

 The identification of non-coding variants also provides the opportunity for precision 

therapy. ASOs as discussed in Chapter 1 provide the ability to modulate mRNA and 

subsequent protein expression in a way that restores more normal function based on the known 

disease mechanism. ASOs could be used to specifically target mutant transcripts for 

degradation, thereby preventing aberrant expression of transcripts resulting from pathogenic 

UTR variants. The use of deactivated (or nuclease deficient) Cas9 (dCas9) could be used when 

variants are located within DNA regulatory elements. Functional assays would be necessary to 

determine whether the pathogenic variant results in an increase or decrease of transcription 

and/or in transcription that is taking place at the wrong time or place. Once this is known, dCas9 

can be fused with a protein that either activates or represses transcription and dCas9 would be 

able to “deliver” this protein in a sequence specific manner [192]. Strategies utilizing dCas9 

fused to a transcriptional activator (dCas9-VP160) to increase Scn1a activation have been 

successful in reducing hyperthermia-induced seizures in Scn1a+/- mice [193].  

 

5.3.2 Alternative and Poison Exons 

 Alternative splicing is a mechanism by which multiple proteins can be produced from one 

gene and can occur in a tissue- or developmental stage-specific manner. Screening for variants 

in non-canonical or alternative exons may identify new pathogenic variants in known epilepsy 

genes. For example, SCN8A encodes transcripts with either a neonatal or adult version of exon 

5, and variants in the neonatal exon have been identified in patients with epilepsy [194]. This 

highlights the importance of routinely screening alternative and non-canonical exons in genetic 

testing.  

Poison Exons (PEs) are a special class of alternative exons that contain a premature 

stop codon leading to NMD of the transcript. PEs are typically stretches of conserved sequence 
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within an intron and smaller in size than a regularly spliced exon [195]. Identifying and screening 

PEs for pathogenic variants will be an important future direction when individuals undergo WGS. 

The utility of analyzing PEs has already been demonstrated for two epilepsy genes, FLNA and 

SCN1A, in which pathogenic variants result in the inclusion of a PE at a higher frequency than 

normal and lead to haploinsufficiency [196, 197]. 

 PEs also make compelling targets for treatments. In Chapter 1, I described how the use 

of an ASO in Scn1a+/- mice was able to reduce seizure frequency and increase survival by 

preventing the inclusion of a PE in the otherwise wild-type allele thereby increasing wild type 

Scn1a mRNA levels [51]. 

 

5.3.3 Mosaic Variants 

 Mosaic variants are often overlooked because they can be difficult to detect through 

traditional sequencing techniques for a variety of reasons. Mosaic variants arise from a 

mutational event that occurs during development, and the developmental stage at which this 

event occurs can greatly impact the number of cells affected. Variants that arise prior to 

blastulation are likely to affect many tissues throughout the body, but if the mutational event 

occurs after gastrulation it is possible that only one germ layer, or even just one tissue, is 

affected. The timing of the mutational event also has consequences for the ability of sequencing 

to detect mosaic variants. If the gDNA source from a patient escaped the mutational event, the 

variant may only be present at very low levels, if at all. This can make it difficult to decern if the 

variant called is real or a sequencing artifact. Being able to use gDNA isolated from the affected 

tissue leads to the best possible chance of detecting mosaic variants; however, in patients with 

epilepsy this is particularly challenging as brain tissue is not accessible outside of surgical 

procedures. The use of deep and ultra-deep coverage along with trained and validated variant 

calling programs can detect low levels of somatic mosaicism [198]. However, it is currently not 
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cost effective to sequence every individual at the >250x coverage needed to detect low levels of 

mosaicism. 

 To further complicate the detection of mosaic variants and classification of variant 

pathogenicity, there is evidence that some forms of epilepsy are caused by “two-hits” with one 

variant being germline and the other somatic mosaic. The two variants can either be in the 

same gene, within the same pathway, or in pathways that interact with each other. In epilepsy 

with focal cortical dysplasia (FCD), this has been shown to be true. Pathogenic variants in 

DEPDC5 are associated with refractory focal epilepsy, but in some patients FCD is also seen. 

Screening of brain tissue (resected or post-mortem) from these patients revealed a second, 

mosaic variant in DEPDC5 [199]. In a separate study, patients with epilepsy and FCD were 

found to have germline NPRL3 variants and somatic mosaic variants in WNT2 [200]. NPRL3 

and WNT2 are both involved in WNT signaling which has a well-established role in cell 

migration and neural patterning during embryonic development [201]. 

 

5.4 Future Directions for ATP6V0C and Epilepsy 

While my dissertation research encompassed several different genes, the primary focus 

of my work was uncovering the role of ATP6V0C in epilepsy and neurodevelopmental disorders. 

Additionally, ATP6V0C is a new epilepsy gene providing substantial opportunities for further 

research. Below I outline three major areas that I believe should pursued in regard to ATP6V0C-

derived epilepsy and the impacts they would have for patients and potentially other disorders 

caused by similar mechanisms. 

 

5.4.1 Mechanistic Studies 

 In Chapter 3, I proposed that missense ATP6V0C variants, along with those that escape 

NMD, likely act via a dominant-negative mechanism. This hypothesis was based on modeling 



107 
 

data which suggested that the identified patient variants were likely to interfere with the rotary 

mechanism of the c-ring and its interface with ATP6V0A during the process of proton 

translocation. Further support for this proposed mechanism is provided by the knowledge that 

known V-ATPase inhibitors, such as bafilomycin and archazolid, have binding sites within the c-

ring that create steric hinderance effectively blocking the transfer of protons from the c-ring to 

ATP6V0A [202, 203]. While there is strong evidence for a dominant-negative mechanism, 

providing experimental evidence for this mechanism will be an important next step to guide the 

development of precision therapy strategies.   

 Experimental evidence for this mechanism can be provided via growth assays in yeast. 

To date, we have only used haploid yeast where the endogenous copy of VMA3 has been 

deleted. In order to look at a dominant-negative effect, both wild-type and mutant copies of 

VMA3 need to be present. By placing the patient variants under an inducible promoter, such as 

GAL or TET0, and transforming plasmids into a diploid strain in which only one endogenous 

copy of wild-type VMA3 is present, we can look for a difference in growth when the inducible 

promoter is on vs. off. Seeing a decrease in growth/V-ATPase function when a patient variant is 

expressed would support a dominant-negative effect. 

 In addition to determining the mechanism by which patient variants decrease V-ATPase 

function, it is also important to understand how this decrease in V-ATPase function leads to the 

clinical phenotypes observed in patients. In Chapter 3 I proposed two mechanisms for how V-

ATPase dysfunction leads to neurodevelopmental disorders. The first is through a loss of 

synaptic signaling and the second is through dysfunction in autophagy. 

A loss of synaptic signaling is likely given that the V-ATPase creates the necessary 

proton gradient for both VGLUTs and VGAT to load glutamate and GABA, respectively, into SVs 

[142, 143]. It has been previously shown that loss of V-ATPase function leads to an overall 

decrease in neurotransmitter content in SVs and synapse formation [101]. Additionally, V-

ATPase driven acidification within the TGN is important for proper trafficking and sorting of 
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various membrane bound proteins. Inhibition of this acidification may also lead to a loss of 

synaptic signaling through improper trafficking of neurotransmitter and neuropeptide receptors 

[149]. 

Looking at the uptake of both glutamate and GABA in mammalian cell culture, either in 

differentiated neuroblastoma cell lines expressing different variants, induced pluripotent stem 

cell lines from patients, or primary neurons from genetic mouse models, would provide insight 

into perturbations of SV loading and synapse formation related to decreased V-ATPase 

function. Additionally, looking for the relative abundance presence of glutamate and GABA 

receptors at the post-synaptic neuron, and if they are at the correct type (i.e., excitatory or 

inhibitory) of synapse could provide important insights to the neurological phenotypes seen in 

patients with ATP6V0C variants.  

The second proposed mechanism is that decreased V-ATPase function negatively 

impacts autophagy, an important cellular process that degrades and recycles various cellular 

components. The V-ATPase plays a critical role in acidifying organelles, such as lysosomes and 

endosomes, which allows for cleavage of propeptides into functional enzymes [151]. Previous 

studies have shown that loss of V-ATPase function prevents fusion of lysosomes with 

autophagosomes which is a critical step in protein degradation [152]. Further, defects in 

autophagy are associated with pathogenic variants in genes encoding for other subunits of the 

V-ATPase. For example, variants in ATP6V1A that cause epileptic encephalopathy result in 

decreased expression of LAMP1 (a marker of lysosomes) indicating a decrease in overall 

number of lysosomes and reduce the recruitment of the V-ATPase to phagosomal structures 

[100]. Similar defects in autophagy were seen in Atp6v0a1A512P/A512P mice with accumulation of 

undegraded autophagosomes and lysosomes in the hippocampus due to a lack of lysosomal 

acidification [101]. Failure to properly and efficiently degrade cellular waste can be especially 

detrimental in post-mitotic neurons as it will lead to accumulation of toxic proteins and/or 

damaged organelles [153]. Assessing intracellular pH of various organelles as well the 
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accumulation of undegraded autophagosomes/lysosomes will be an important step in 

determining if autophagy is impaired with ATP6V0C dysfunction. 

Taken together, understanding both the genetic and functional mechanisms behind 

ATP6V0C dysfunction and disease will provide the opportunity to identify and/or develop 

specific therapies for patients.  

 

5.4.2 Therapeutic Strategies 

 As discussed in Chapter 1 the development of precision therapies for epilepsy is an 

area of high interest. Many of the strategies discussed involve increasing or decreasing 

expression of the wild-type or mutant allele, respectively. For ATP6V0C precision therapy 

strategies are less straightforward as haploinsufficiency is a known disease mechanism and 

there is strong evidence that a dominant-negative mechanism is also likely for missense 

variants. Patients with haploinsufficiency of ATP6V0C caused by a 16p13.3 microdeletion do 

not show any significant difference in clinical presentation with respect to age of seizure onset 

when compared to patients with germline missense or frameshifting variants (19.75 ± 3.25 

months vs. 13.47 ± 2.25 months). Therefore, strategies to decrease mutant transcript levels in 

patients with missense variants are unlikely to lead to a less severe phenotype and would need 

to be combined with strategies to also increase wild-type transcript levels. 

 

5.4.2.1 Overexpression of wild-type ATP6V0C 

 It is possible that increasing wild-type levels of ATP6V0C may be therapeutic either by 

rescuing the haploinsufficiency or by potentially outcompeting mutant subunits during V-ATPase 

formation. One obvious concern with increasing wild-type ATP6V0C levels is whether too much 

ATP6V0C is pathogenic, but there is evidence to suggest that an increase in wild-type 

ATP6V0C would not be pathogenic. First, one patient with generalized atonic seizures has been 
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reported with a duplication of ATP6V0C and 117 other genes encompassing a 16 Mb region 

[204]. Two additional patients with similar phenotypes were previously reported with duplications 

of 16p13.3-p12.3; however, neither of these duplications included ATP6V0C [205, 206]. The 

minimal overlapping region of these patients included GRIN2A, a known epilepsy gene, and the 

three patients with 16p13.3-p12.3 phenocopied patients with pathogenic missense GRIN2A 

variants [204-206]. Therefore, it was determined that the duplication of GRIN2A underlies the 

epilepsy phenotype seen in these patients. Secondly, when establishing the yeast system to 

functionally evaluate patient variants, I transformed a plasmid that constitutively expressed 

VMA3 in a wild-type yeast strain. Spotting assays showed no difference in growth after 48 hours 

compared to the wild-type strain transformed with the empty plasmid suggesting that increased 

VMA3 is not detrimental to overall fitness of yeast (Figure 5.2). Lastly, ATP6V0C is part of a 

multisubunit complex. So, increasing wild-type ATP6V0C might not result in an overall increase 

of V-ATPase formation or activity since the protein levels of the other subunits needed to form a 

functional V-ATPase would not be altered. Instead, it would provide additional wild-type 

ATP6V0C to form functional V-ATPase complexes. The idea that overexpression of any subunit 

of the V-ATPase is not pathogenic is further supported by a review of the literature and entries 

in HGMD and ClinGen that revealed no pathogenic duplications, in patients with known 

phenotypes related to V-ATPase dysfunction, involving any genes that encode for a subunit in 

the V-ATPase. 

 Similar to ATP6V0C, GABRG2 is one subunit of the larger GABAA receptor and a 

nonsense variant that escapes NMD (p.Q390X) was identified in a family with GEFS+ [207]. In a 

Gabrg2+/Q390X knock-in mouse overexpression of wild-type Gabrg2 was able to increase seizure 

resistance and survival after pentylenetetrazol (PTZ) administration [208]. This study 

demonstrates overexpression of a wild-type subunit can have therapeutic benefits and is an 

area that should be explored as a treatment option in patients with pathogenic ATP6V0C 

variants. 
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Figure 5.2. Expression of Vma3 in a Wild-Type Yeast Strain Does Not Affect Growth. A 

centromeric plasmid containing a constitutive GAPDH promoter with the multiple cloning sites 

intact (Empty Vector) or expressing the wild-type VMA3 ORF (Vma3). 1OD600 of overnight 

cultures was collected and a serial dilution assay was performed on three types of media: YPD 

at pH 5.5, YPD at pH 7.5, and SD-ura. YPD at pH 7.5 selects for V-ATPase function. 
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5.4.2.2 Gene Editing 

 Another strategy that could be therapeutic in patients with missense or frameshift 

variants that escape NMD is direct editing of ATP6V0C to revert it to the wild-type sequence. 

Direct editing of the genome is possible through use of CRISPR-Cas9, but there are many 

caveats that must be addressed for it to be an efficacious treatment. Specifically, for ATP6V0C, 

there are four known pseudogenes [209]. Depending on the location a variant, efficient targeting 

and editing of ATP6V0C might be difficult if the region is conserved between any of the 

pseudogenes. As with any genome editing there is the inherent risk of off-target editing which 

could result in pathogenic variants in a new location of the genome. However, as gene editing to 

revert pathogenic variants to wild-type is likely to be performed after birth, off target effects 

could be localized to specific tissues through the use of tissue specific promoters to control 

expression of different components needed for CRISPR-Cas9 editing. 

 

5.4.2.3 High Throughput Screening of AEDs and Novel Compounds 

Another avenue to develop treatments for patients with ATP6V0C (and V-ATPase) 

dysfunction would be to convert the yeast assays into a tool for high throughput screening of 

known AEDs as well as novel compounds. As demonstrated in Chapter 3, expression of patient 

variants results in decreased growth in the presence of CaCl2 and decreased LysoSensor 

fluorescence compared to rescue of a vma3Δ strain with wild-type VMA3. This could provide a 

powerful tool for the initial screening of compounds, especially considering that V-ATPase 

acidifies organelles in yeast and that the autophagy pathway is well conserved between yeast 

and humans [210]. While growth at different CaCl2 concentrations could be used in a screen, 

taking advantage of pH sensitive probes to measure intraorganellar pH offers the opportunity for 

a higher throughput screen. However, initial screening could also be done using the C. elegans 

strains developed in Chapter 3. Previous work has demonstrated the ability to perform high 
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throughput drug screens in C. elegans [211]. Regardless of what system is used, compounds 

that show rescue of V-ATPase function in initial screens would need to be further verified in 

more physiologically relevant models, which would allow for assessment of any changes to 

neurological phenotypes after treatment. 

 

5.4.3 Longitudinal Studies 

 Another area that I feel is important to explore is the natural course of disease in patients 

with ATP6V0C dysfunction. Now that a cohort of 26 patients has been identified, it would be 

informative to follow them in a longitudinal study. Our cohort consists of patients that are 

primarily under the age of 18 and prior to our study many clinicians did not know the 

phenotype(s) of patients with pathogenic ATP6V0C variants. Understanding the natural course 

of disease can have important implications for understanding treatment efficacy and the 

healthcare resources needed [212]. 

Additionally, it is important to understand what, if any, late-onset phenotypes might be 

seen in patients. Other organ systems might become affected later in life given that ATP6V0C is 

a ubiquitously expressed subunit of the V-ATPase, and other subunits of the V-ATPase have 

been associated with conditions other than neurological disease (Table A.1). Based on the 

presentation of those patients it would be of particular interest to look at the development of 

kidney issues, particularly tubular acidosis and kidney stones, and increased bone density 

(osteopetrosis). If these organ systems appear to be unaffected in patients with ATP6V0C 

variants, then it would be interesting to look further into why they are not affected given the 

ubiquitous expression of ATP6V0C and the V-ATPase.  
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5.5 Future Directions for Genetic Testing 

In addition to future directions specific to my work on ATP6V0C, I believe there are more 

general areas that are of particular interest related to genetic testing. These future directions will 

result in more robust datasets and understanding of how variants impact function and aid in the 

future classification of variants identified through genetic testing. 

 

5.5.1 Gene-specific Databases 

One area of great interest is the development and curation of gene-specific databases 

which would provide information such as functional effect of a particular variant, known 

phenotypes of patients with specific variants, and predicted (or known) disease mechanism. 

These databases will be useful to researchers developing therapies, to genetic testing labs that 

may be evaluating variants for pathogenicity, and to clinicians who could use this information to 

compare the phenotype of their patient to other patients with known variants. Such databases 

already exist for SCN1A and other sodium channels (scn-portal.broadinstitute.org) and are in 

development for SLC6A1 (slc6a1-portal.broadinstitute.org). 

In order to increase the utility of these databases, saturation mutagenesis should be 

performed and data from functional analysis of these variants added to the databases. This will 

not only be a valuable tool for classification of variants during genetic testing but may provide 

insights into items such as the minimum level of protein function needed for normal function, 

and whether variants have different pathogenic effects on protein function. Both of these pieces 

of information can be further used when evaluating potential therapies and whether one 

approach will work for all patients. The yeast system described in Chapter 3, could be used for 

a such an effort to characterize functional effects of all possible variants in ATP6V0C as well as 

other subunits of the V-ATPase. 
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5.5.2 Reevaluation of data 

 Another area that is important regarding genetic testing data is reevaluation of variants, 

especially VUSs and GUSs, and I believe as sequencing of non-coding variants becomes more 

commonplace, reevaluation will become even more important. Reevaluation allows for the 

inclusion of new knowledge on gene function and how specific variants might impact function. 

Studies where variants have been reevaluated found that in approximately 10% of cases, they 

were able to reclassify a variant based on new information [213, 214]. The timing of this 

reevaluation can vary based on individual testing site policies, but in general, most sites wait 12-

24 months after initial sequencing to reevaluate any data. 

I believe that 12-24 months after initial sequencing is an ideal timeframe for reevaluation 

of variants as it balances the likelihood of new information being published, the amount of 

people needed (and certified) to clinically reclassify variants, and the ability to provide answers 

to patients, their families, and the clinical team. Reevaluating variants earlier than 12 months 

limits the amount of new information that is available and would likely require an increased 

workforce to keep up with variant reclassification. However, waiting too long after initial testing 

to reevaluate variants can delay the start of precision therapies that have been developed and 

may leave patients and families without answers for longer than necessary. 

 

5.5.3 Long-read WGS 

 Just as gene panels replaced linkage analysis and targeted sequencing, and WES has 

replaced gene panels, WGS, especially long-read WGS, will become the new “gold standard” 

for genetic testing. A limitation of WGS (and WES) is that the current Illumina NGS platforms 

that are predominantly used have average read lengths of 300bp. This read length is too short 

to capture most structural variants longer than 50bp and creates difficulty with calling and 

mapping repetitive regions of the genome (e.g., telomeres and centromeres). Long-read 
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sequencing can overcome these challenges with read lengths starting at 5Kb (5000bp) and the 

ability to go up to several megabases in length [215]. Therefore, long-read WGS has the 

potential to identify point variants and also call CNVs, thus replacing the need to use both 

WES/WGS and aCGH in diagnostic testing. 

 There are still several items that need to be addressed before long-read WGS becomes 

the standard sequencing strategy. The first is the limited number of existing genomes 

sequenced via long-read WGS that can be used as reference genomes. When mapping to 

current “short-read” reference genomes there is always the possibility that sequence from long-

read WGS will be called as sequencing artifact because that particular region was inaccurately 

called using current methods. This also relates to the need for new mapping and variant calling 

algorithms to process long-read WGS data. The need for new algorithms is due in part to the 

longer read lengths, but also to deal with the fact repetitive regions will be captured and as such 

different quality control metrics are needed to avoid accidently calling these regions as 

sequencing artifacts/errors. 

 

5.6 Overall Conclusions 

 In conclusion, the data presented in this dissertation highlight the diverse nature of 

epilepsy genes, but also the various ways in which one can identify novel genetic causes of 

epilepsy. In addition, I demonstrated the power genetic testing provides to 1) identify disease 

causing genes/variants, 2) understand disease mechanisms, and 3) develop precision therapies 

for patients with epilepsy. The techniques and strategies used can be applied to future studies 

on the genetics of epilepsy but can also be applied more broadly to other genetic disorders. 
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Subunit Gene Genomic 
Region 

gnomAD Constraintsa Expression Profileb Phenotype and 
Inheritance MIM # Reference 

Missense Loss of 
Function Brain Kidney Skin Bone 

Marrow Testis 

V0a 
ATP6V0A1 17q21.2 o/e = 0.52 o/e = 0.14 ++ +   + + + AD/AR DEE NA Aoto et al. [101] 
ATP6V0A2 12q24.31 o/e = 0.88 o/e = 0.54 + + + + + AR Cutis Laxa 

(Type IIA) 219200 Kornak et al. [91] 
TCIRG1 11q13.2 o/e = 0.92 o/e = 0.63 + + + ++ + AR Osteopetrosis 259700 Frattini et al. [96] 

ATP6V0A4 7q34 o/e = 0.89 o/e = 0.76 - ++ + - + AR Distal RTA 602722 Smith et al. [92] 
V0c ATP6V0C 16p13.3 o/e = 0.19 o/e = 0.00 +++ +++ + ++ ++ AD Epilepsy NA Ittiwut et al [110] 
V0cʺ ATP6V0B 1p34.1 o/e = 0.53 o/e = 0.00 ++ ++ + +++ +       
V0d 

ATP6V0D1 16q22.1 o/e = 0.45 o/e = 0.06 +++ ++ + ++ ++       
ATP6V0D2 8q21.3 o/e = 1.16 o/e = 0.94 - + - - - AR Skin and Joint 

Laxity NA Alazami et al. [90] 
V0e ATP6V0E1 5q35.1 o/e = 0.94 o/e = 0.20 ++ +++ ++ ++ ++       

ATP6V0E2 7q36.1 o/e = 0.85 o/e = 0.25 +++ + + + +       
V1A ATP6V1A 3q13.31 o/e = 0.49 o/e = 0.18 +++ ++ + + + AR Cutis Laxa 

(Type IID) 617403 van Damme et al. [89] 
AD/AR IECEE 3 618012 Fassio et al. [100] 

V1B 

ATP6V1B1 2p13.3 o/e = 0.96 o/e = 0.64 + ++ + - + AR RTA with 
deafness 267300 Karet et al. [93] 

ATP6V1B2 8p21.3 o/e = 0.59 o/e = 0.13 ++ ++ + + + 

AD DDOD 
Syndrome 124480 Yuan et al. [97] 

AD Zimmerman-
Laband Syndrome 2 616455 Kortum et al. [98] 

AD Epilepsy NA Shaw et al. [103] 
AD DOORS 
Syndrome NA Beauregard-Lacroix 

et al. [104] 
V1C 

ATP6V1C1 8q22.3 o/e = 0.65 o/e = 0.45 ++ + + + +       
ATP6V1C2 2p25.1 o/e = 0.85 o/e = 0.62 + + ++ + + AR Distal RTA NA Jobst-Schwan et al. 

[94] 
V1D ATP6V1D 14q23.3 o/e = 0.72 o/e = 0.53 ++ ++ + + +       
V1E ATP6V1E1 22q11.21 o/e = 0.59 o/e = 0.20 +++ +++ ++ ++ ++ AR Cutis Laxa 

(Type IIC) 617402 Alazami et al. [90] 
ATP6V1E2 2p21 o/e = 1.14 o/e = 0.59 + + + + +       

V1F ATP6V1F 7q32.1 o/e = 0.81 o/e = 0.67 +++ +++ ++ ++ +++       
V1G ATP6V1G1 9q32 o/e = 0.77 o/e = 0.40 ++ +++ + ++ ++       

ATP6V1G2 6p21.33 o/e = 0.72 o/e = 0.59 +++ + + + +       
ATP6V1G3 1q31.3 o/e = 0.90 o/e = 0.40 - + - - -       

V1H ATP6V1H 8q11.23 o/e = 0.78 o/e = 0.39 ++ ++ + + + AD Short Stature 
and Bone Loss NA Zhang et al. [99] 
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Table A1 (preceding page). Genes encoding V-ATPase subunits in humans. 
agnomAD constraint metrics are a ratio of observed variants (o) over expected number (e) of variants. Values less than 1 indicate 
less variation is seen than expected, suggestive of evolutionary constraint or intolerance to variation. 
bBased on human RNA-seq data from normal tissue, accessed through NCBI Gene [155]. Expression was classified into four 
categories based on mean RPKM values: -, 0.0 ≤ RPKM ≤ 0.99; +, 0.1 ≤ RPKM ≤ 24.99; ++, 25 ≤ RPKM ≤ 49.99; +++, RPKM ≥ 50. 
Shaded rows represent genes with no known disease association. 
Abbreviations: AD = autosomal dominant; AR = autosomal recessive; DEE = developmental and epileptic encephalopathy; DOOR = 
deafness, onychodystrophy, osteodystrophy, and mental retardation; IECEE = Infantile or early childhood epileptic encephalopathy; 
NA = not available; RTA = renal tubular acidosis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A2 (following 6 pages). Clinical and Sequencing Information for each patient. 
Detailed clinical information was unavailable for Patients 1 (c.85G>A, p.G29S, de novo), 12 (c.294C>A, p.S98R, de novo), and 23 
(c.448C>T, p.L150F).   
aBased on reference sequence NM_001694.4. 
bClassifications using criteria outlined by Richards et al. [43] 
cPreviously published as Patient T1911 in Carvill et al. [113] 
dPreviously published as DDD4K.04123 in the Deciphering Developmental Disorders Study [111] 
ePreviously published in Ittiwut  et al. [110] 
Abbreviations: BWA = Burrows-Wheeler Aligner, CBD = Cannabidiol, GSW = Generalized spike-wave, GATK = Genome Analysis 
Toolkit, LVOT = left ventricular outflow tract, MFD = Multifocal discharges, NA = not available 
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Strain/Plasmid Description Human 
Allele 

Source 
vma3Δ 
(YEL027W) 

MATa leu2Δ ura3Δ his3Δ TRP1 met15Δ 
vma3Δ::kanMX - Dharmacon 

pRS316 CEN6, URA3, ampR - Sikorski and Heiter [122] 
pKM16 VMA3 in pRS316, CEN6, URA3, ampR Wild type This Study 
pKM17 vma3-R46P in pRS316, CEN6, URA3, ampR p.R48W This Study 
pKM18 vma3-G61A in pRS316, CEN6, URA3, ampR p.G63A This Study 
pKM19 vma3-A93T in pRS316, CEN6, URA3, ampR p.A95T This Study 
pKM20 vma3-F135L in pRS316, CEN6, URA3, ampR p.F137L This Study 
pKM21 vma3-A136P in pRS316, CEN6, URA3, ampR p.A138P This Study 
pKM22 vma3-E137A in pRS316, CEN6, URA3, ampR p.E139A This Study 
pKM23 vma3-L148F in pRS316, CEN6, URA3, ampR p.L150F This Study 
pKM24 vma3-L148P in pRS316, CEN6, URA3, ampR p.L150P This Study 
pKM27 vma3-R46W in pRS316, CEN6, URA3, ampR p.R48W This Study 
pKM28 vma3-G101S in pRS316, CEN6, URA3, ampR p.G103S This Study 
pKM29 vma3-M129I in pRS316, CEN6, URA3, ampR p.M131I This Study 
pKM30 vma3-V72F in pRS316, CEN6, URA3, ampR p.V74F This Study 
pKM31 vma3-A93P in pRS316, CEN6, URA3, ampR p.A95P This Study 
pKM32 vma3-S96R in pRS316, CEN6, URA3, ampR p.S98R This Study 
pKM39 vma3-G27S in pRS316, CEN6, URA3, ampR p.G29S This Study 
pKM40 vma3-A147T in pRS316, CEN6, URA3, ampR p.A149T This Study 

 
Table A3 – Yeast Strains and Plasmids 
 
 
 
 

Strain Human Allele C. elegans Gene C. elegans Variant Source 
AP08 p.G63A vha-3 p.G69A This Study 
AP09 p.L150F vha-3 p.L156F This Study 
AP10 p.A95T vha-2 p.A101T This Study 
AP11 p.F137L vha-2 p.F143L This Study 

 
Table A4. C. elegans Strains and Variants 
Note: The C. elegans A101T mutation caused sterility in homozygous C. elegans worms and 
was not used in assays. 
 
 



152 

 

Figure A1. Magnetic Resonance Imaging of Patients. 
A) Sagittal MRI from patient 18 demonstrating hypoplasia of the corpus callosum (arrows). 
B) Sagittal MRI from patient 25 demonstrating moderately short corpus callosum with absent 
rostrum, tapered body and very small splenium (arrows). 
Horizontal white bars in lower right indicate 1cm.
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Figure A2. Alignment of human ATP6V0C with selected eukaryotic organisms. 
Residues affected by missense changes in patients are highlighted in yellow (functionally 
tested) or pink (not tested). Residues highlighted in blue (functionally tested) and grey (not 
tested) represent variants from gnomAD (v.2.1.1). R48 (in green) is the location of a patient and 
gnomAD variant, p.R48P (tested) and p.R48W (tested), respectively. The bolded “E” represents 
the glutamate residue required for proton transport. Transmembrane regions are denoted by 
“TM”. The following protein sequences were used in the alignments: H. sapiens, NP_001685.1; 
M. musculus, NP_001348461.1; D. rerio, NP_991117.7; D. melanogaster, NP_476801.1; C. 
elegans, NP_499166.1; S. cerevisiae, NP_010887.3. 
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Appendix B 

 

Results from Whole Genome Sequencing in Eight 
Consanguineous Families with Epilepsy 
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B.1 Summary   

 In 2019 we obtained blood samples from 225 individuals from  25 consanguineous 

families with a history of epilepsy and other neurodevelopmental disorders (provided by visiting 

PhD student, Noor Badshah). The families belong to the Afridi tribe in Pakistan, and our study 

was the first to look at the genetic basis of epilepsy within this population. Given the 

consanguineous nature of the families we hypothesized that the causative variant in each family 

would be recessive. This is in contrast to the analysis done in Chapters 2 and 3 where we were 

looking for de novo, heterozygous variants in patients that had already been sequenced. 

 Two full siblings with epilepsy in ten families were chosen for WGS. After which shared 

regions of homozygosity were identified and screened for variants. During quality control of the 

sequence data, two families were excluded from further study. In one family it was determined 

that the two siblings sequenced were monozygotic twins and in a second family it was 

determined that it was a nephew-uncle pair that was sequenced instead of full siblings. The 

identification and analysis of variants in the eight remaining families (Figure B1) is described 

here. 
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Figure B1. Pedigrees of Eight Pakistani Families with Epilepsy. Two affected (filled 

symbols) were screened via WGS and shared homozygous variants were identified. 

Segregation analysis of top variants was performed using gDNA from all available family 

members. 
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B.2 Methods 
Subjects, Sample Preparation and Sequencing 

Clinical information and sample collection, preparation, and sequencing was performed 

as described for Family 1 in Chapter 4. This study was approved by the Ethical Committee at 

the Institute of Biotechnology and Genetic Engineering, the University of Agriculture, Peshawar, 

Pakistan. 

 

Variant Annotation and Segregation Analysis 

Variants were annotated using Bystro (bystro.io) [162]. Filtering of shared homozygous 

variants between the sequenced siblings in each family was done using the following command: 

“CADD > 15, MAF < 0.001, exonic, splice”. MAF values were taken from gnomAD. Table B1 

provides an overview of shared homozygous variants identified in each sibling pair that 

underwent WGS. 

 Segregation of all variants that passed the filtering criteria was conducted for each family 

by sequencing other family members to determine variant segregation within a family. Primers 

used for PCR and sequencing are provided in Table B2. 

 

Population Databases 

Three population databases were used to look at variant frequency in a healthy, control 

population. The count of individuals with an identified variant in a homozygous state was 

manually curated. In order to ensure that variant counts were not biased by the ancestry of the 

population dataset, we used three different databases. 

gnomAD 

Consists of 125,748 exomes and 15,708 genomes. Approximately 65% of the individuals 

in this database are of European ancestry, and 18% are of Asian ancestry. Version 2.1.1 was 

used for all analysis (gnomAD.broadinstitute.org) [116].  
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GMEVariome 

The Greater Middle East (GME) Variome consists of 2,497 unrelated individuals. This 

databased contains individuals of Middle Eastern ancestry, including Pakistan. Data was 

accessed through: igm.ucsd.edu/gme/index.php [163]. 

GenomeAsia 100K 

GenomeAsia currently consists of 1,739 genomes from across 64 countries in Asia. 598 

samples are from India, and 113 samples are from Pakistan (browser.genomeasia100k.org/) 

[164]. 
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Family 201 204 205 210 215 220 224 225 
RoH (Mb) 103.9 87.4 115.4 129.7 114.7 142.1 59.8 31.7 

Hom Variants ~1.3 million/individual ~1.25 
million/individual 

RoH Variants 79,239 81,357 83,654 62,898 58,915 87,334 3,272 14,472 
MAF ≤ 0.001 615 449 445 388 254 421 5 66 
CADD ≥ 15 21 14 16 15 4 21 0 2 

Exonic or Splice 4 4 8 7 0 12 0 1 
 
Table B1. Overview of Homozygous and Shared Homozygous Variants in Sequenced Individuals from Each Family. 
RoH (Mb): Total size of shared regions of homozygosity between the two sequenced individuals 
Hom Variants: Approximate number of homozygous variants in each individual 
RoH Variants: Variants that fall within the shared homozygous regions between the two sequenced individuals 
MAF ≤ 0.001: Removed any variants with a minor allele frequency (MAF) > 0.001 based on data from gnomAD 
CADD ≥ 15: Removed any variants that have a combined annotation dependent depletion (CADD) score < 15 
Exonic or Splice Site: Variants not within exons or splice acceptor or donor sites were excluded 
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Family Gene Forward Primer (5ʹ - 3ʹ) Reverse Primer (5ʹ - 3ʹ) 

204 

CCDC158 TTTCATAGACGAAGGGAGAG CTGAGGCTTCTTCAAAGTCA 
GNB5 CCGGCATAAGCAATAACC GCTCTCAGATGCTAACTCTC 
LGALS3BP GTCCTAGCTGCTCTTGTTC CAACTGTCCAACACAGCC 
SPATA2 GCTGCTCAGAAACGATGC GGATTTGGAGTGAAGGTGC 

205 

EFCAB6 AGTCTGAAACATCAGCAAAG CAGAGCCTAATTCATAGAGT 
FAM174B CAGTTGCTGCTTCACCAC GAGGGTGGTAAAGGCGAA 
FAM227A ATCAAAGGACATGAGTGC GGAACTAAGATGAGCACGA 
FANCC TGTCAACTGCCATGTGTTC CATAGTCTGTGCTCTCTGCTG 
ST8SIA2 TCCAGCCCTAATGGAGTG GCTTATTCTTCAGTGGCG 
TMC3 GAGAGGTCCGAAAGTCAG CCAGAAAGGGAGATGCCA 
TRIM68 TAGAGCATGATTGGAGTGG GGATGTAGCCTTAGCAGAC 
ZNF530 GCCAGGGATGGATGTTTG CGATGTCCCTCAGAATACA 

210 

ACTL7A CATACGAGTTCAGAGCCAC CTTCAAACAGCATTTCAGCA 
CHRD GTAGGTGGGATGGACTAAG GACTCAGAGACAGCAAGTG 
CRYM CAACTCGTAGGGTCAATGTC CTGAGGACTGGAAACAGGTA 
RNF20 TAGTGGTAGTGCCCTCCTG CATGCCATCAACCAAACA 
RNPEPL1 GGCAAGTGAAGGCTAAGG CTTGACGACGGCAGAGTA 
RSRC2 TTAGTTACTTGGAAAGCAGG CATGCCCAGCCAACAAAC 
TNXB AGCTAACAGTGACAGGATC GAACAGGGTGTATTACAGGT 

220 

ADAMTS19 GTGACATTATAGGCCAGC GAGTAGAGTTTGAGGAGCT 
CCDC141 GGTGGATATGCAGAAGATAATG CTTCAGAAATGCCACGTAA 
CLIP2 ACAGAGTTTGAATGCAGGTC CTGGCCTCCATACTCTCA 
FZD9 CATCTTCCTCTCCATGTGC GACCATGAGCTTCTCCAGC 
GLI3 GTCCATATCACCACTCTCC GCTATTGACTAATGTCTGCA 
HMGXB3 ATTGGCACCTTACGCAAC GATGGTGTAGTCCCTGTAC 
JAG1 TCTTGGAAGTTTCGCTAGG GAAACCAGTGGGACACAGA 
SEL12 AAAGTGAAGGTGTTCCAGTG GGAACTGTAAGTAGCAGGGA 
SEMA3A AACCATTGAGGCCATGTG GTAAGGCTTCCAGTCAAC 
SLC36A2 CTGGACCTGGTCATCTCCCT TGGTGGAGTTGGAAAAGGGG 
SUN3 CTGGAAGAACAACCACACTAG CTAGCCAACCACCTTCTATC 
UBOX5 TATCTAACTCCTGGGCTAATG GACTGGTGGCTTAATGAAAT 

225 KIF18A AAGTGGTTCATGTTGTGG GATGTCCGTCCTAATGCA 
 
Table B2. Primers used for PCR and Sequencing. 
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B.3 Results and Discussion 

 WGS on two affected individuals with epilepsy was performed in eight consanguineous 

families. Approximately 1.3 million homozygous variants were seen in each individual 

sequenced. The average size of the total regions of homozygosity in each family was 98.1 ± 

36.9 Mb and 58,892 ± 32,565 variants were found within these regions. Filtering on MAF 

decreased the number of variants by over 98% in each family. Further filtering using CADD ≥ 

15, representing the top 10% of predicted deleterious variants, and selection for variants that fell 

within exonic sequences or canonical splice sites reduced the average number of variants within 

each family to 4.5 ± 4.3 (Table B1). After filtering, two families, 215 and 224, had zero variants 

identified for further segregation analysis. 

 For the eight remaining families, segregation analysis of variants that passed filtering 

was performed by sequencing additional family members who had provided gDNA. The variants 

and results of segregation analysis in these families is discussed below. 

 

B.3.1 Family 201 

Family 201 had four variants identified for further study. The segregation analysis and 

follow-up of these variants is provided in detail in Chapter 4. 

 

B.3.2 Family 204 

 Four variants were identified after filtering (Table B3). Segregation analysis showed that 

only one variant, p.Gly387Arg in SPATA2, segregated in the expected pattern based on the 

assumption of AR inheritance. SPATA2 encodes spermatogenesis associated 2 protein which is 

required to recruit CYLD to complexes involved in tumor necrosis factor alpha (TNF-α) 

signaling. Knockdown of SPATA2 inhibits TNF-α mediated necroptosis and apoptosis [216, 

217]. SPATA2 is expressed across all major structures in the brain as well as in the testes at 
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similar levels [218]. TNF-α is a pro-inflammatory cytokine and increased TNF-α signaling after 

infection has been linked to hyperexcitability and acute seizures [219]. Therefore, the 

p.Gly387Arg variant in SPATA2 might be responsible for the epilepsy in this family, but 

functional testing will be necessary to determine if this variant has a loss or gain of function 

effect on TNF-α signaling, and whether the impact on TNF-α signaling might lead to 

epileptogenesis.  

 

Table B3. Segregation Analysis in Family 204. 
Blue shading indicates zygosity in an individual reflects AR inheritance while red indicates 

zygosity in an individual violates AR inheritance (assuming full penetrance). 
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B.3.3 Family 205 

 Eight variants were identified in this family; however, none of them segregated in the 

expected AR pattern and five would be classified as benign using the ACMG/AMP 

classifications (Table B4). Interestingly the variant in FAM174B was called as a 4bp deletion via 

WGS which would result in premature truncation of the protein. The other family members 

sequenced over this region had a 6bp deletion that would result in the deletion of two amino 

acids (p.Ser69_Ser70del). This in-frame deletion is very common in the healthy population 

being seen in a homozygous state 89,483 times in gnomAD, 699 times in GMEVariome, and 

1689 times in the GenomeAsia100K dataset. Sanger sequencing was not done to confirm the 

4bp deletion in the two affected siblings; however, given that all other family members are 

homozygous for the common 6bp deletion it is likely that the variant was incorrectly called from 

the WGS data and likely does not contribute to epilepsy. 

 

 

 

 

 

 

 

 

Table B4 (next page). Segregation Analysis in Family 205. 
Blue shading indicates zygosity in an individual reflects AR inheritance while red indicates 

zygosity in an individual violates AR inheritance (assuming full penetrance). 
aThis classification is based on the assumption that affected individuals V:1 and V:2 are 

homozygous for the 6bp in-frame deletion in FAM174B. 
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B.3.4 Family 210 

 After filtering, seven variants were identified in this family. Of these seven variants, only 

p.Thr633Ile in CHRD segregated in an AR inheritance pattern (Table B5). CHRD encodes 

Chordin, the vertebrate ortholog of short gastrulation (SOG), which is required in the dorsalizing 

of early embryonic tissue [220]. During development CHRD is primarily expressed in the 

anterior primitive streak, node, and axial mesendoderm [221]. Homozygous knockout in mice 

results in stillborn pups with signs of normal early development [221]. While CHRD is expressed 

throughout the brain, it remains unclear if the p.Thr633Ile variant would be pathogenic and 

impact neural development in a manner that would lead to epilepsy without major impacts on 

other vital organs. 

 

 

 

 

 

 

 

 

 

 

Table B5 (next page). Segregation Analysis in Family 210. 
Blue shading indicates zygosity in an individual reflects AR inheritance while red indicates 

zygosity in an individual violates AR inheritance (assuming full penetrance). 
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B.3.5 Family 220 

 Twelve variants were identified in Family 220 and five remained after segregation 

analysis (Table B6). Of the five variants that segregated in an AR inheritance pattern, 

p.Leu543Val in CCDC141 is the top candidate. CCDC141 plays an important role in centrosome 

positioning and movement during neuronal migration in the developing nervous system [222]. 

Knockdown of Ccdc141 in mice results in abnormal cortical migration and accumulation of 

neurons within the intermediate zone and a decrease in neuronal numbers at that cortical plate 

[222]. Aberrant neuronal migration has previously been linked to epilepsy and is seen with 

pathogenic variants in DYNC1H1 and DCX [223, 224]. Heterozygous variants in CCDC141 

have been linked to congenital hypogonadotropic hypogonadism (CHH) in recent years which 

has no neurologic phenotype. However, nine of the twelve patients reported also had variants in 

other established CHH genes suggesting that CCDC141 may only have a minor role, if any, in 

contributing to the CHH phenotype [225]. 

 Three other variants that segregated in an AR pattern are in, ADAMTS19, HMGXB3, 

and UBOX5, which do not have any known pathogenic variants linked to disease, but they also 

do not have well characterized functional roles. Without more information on the biological 

pathways these genes are involved in it is difficult to determine whether they may contribute to 

epilepsy. 

 The final variant, p.Ala445Thr, in SLC36A2 is unlikely to contribute to epilepsy as it is 

almost exclusively expressed in the kidney and has been previously associated with AR 

iminoglycinuria or hyperglycinuria [226]. 
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Table B6. Segregation Analysis in Family 220. 
Blue shading indicates zygosity in an individual reflects AR inheritance while red indicates zygosity in an individual violates AR 

inheritance (assuming full penetrance). 
aSequencing of IV:2 for the FZD9 variant was inconclusive. 
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B.3.6 Family 225 

Only one variant, p.Thr83Thr in KIF18A passed initial filtering in Family 225. This variant 

did segregate in an AR inheritance pattern (Table B7). KIF18A is part of the kinesin family 

which are microtubular-associated molecular motors. KIF18A has been shown to participate in 

the positioning of mitotic chromosomes and loss leads to mitotic arrest and cell lethality [227, 

228].  Despite this function it is unlikely this variant is pathogenic as KIF18A has relatively low 

levels of expression in the brain and given the fact this variant is synonymous and does not alter 

the protein sequence [218]. While synonymous variants can be disease causing, no functions of 

KIF18A that involve direct binding of DNA, which are the most likely to be impacted by variants 

that only affect the DNA sequence, are known.  

Table B7. Segregation Analysis in Family 225. 
Blue shading indicates zygosity in an individual reflects AR inheritance while red indicates 

zygosity in an individual violates AR inheritance (assuming full penetrance). 
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B.4 Conclusions and Future Directions 

 Overall, we sequenced 10 consanguineous families with epilepsy of Afridi tribal heritage. 

Two families were excluded during initial quality control of WGS data, and two families did not 

have any homozygous variants that were shared between the two affected siblings. Of the six 

remaining families, only Family 201 had a homozygous variant identified in a previously 

associated epilepsy gene (Chapter 4). 

For Families 215 and 224, it would be worthwhile to reevaluate the sequencing data. In 

our initial analysis of variants, we focused on rare, homozygous variants within shared regions 

of homozygosity. In doing so we ignored any heterozygous variants that may contribute to 

biallelic (or compound heterozygous) inheritance. Therefore, analysis of shared heterozygous 

variants between affected individuals within a family might yield biallelic variants that explain 

their epilepsy. 

Families 205, 210, and 224 each have a third affected member. Therefore, performing 

WGS on these individuals might further refine the list of potentially causative variants. This 

would be especially useful in Family 205 where no variant identified segregated in an AR 

inheritance pattern. This strategy would also aid in the analysis of non-coding variants, as our 

initial analysis pipeline focused on the “low hanging fruit” of coding and canonical splice site 

variants. 

 One strength of the approach that we took in analyzing the WGS data from the affected 

individuals was that it was very unbiased. We did not initially focus on known epilepsy genes, 

but rather identified rare, homozygous variants. However, it must be noted that the MAF used 

was derived from gnomAD where the ethnic makeup is not reflective of our study population. 

Therefore, there is the possibility that we filtered out disease causing variants in our initial 

review of the data and using population databases such as GMEVariome and GenomeAsia 

100K for MAF would be better when performing initial variant filtering. Additionally, we did not 

remove any synonymous variants that had high CADD scores. Typically, disease variants are 
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non-synonymous; however, synonymous variants can be pathogenic depending on the effect of 

the nucleotide change on binding or secondary structures. In Family 225, the only variant 

identified that subsequently passed segregation analysis was a synonymous change, 

c.249G>A; p.Thr83Thr, in KIF18A. While functional assays are important to validate likely 

disease-causing variants, it is especially important for synonymous variants as it can be less 

clear how they would impact protein function and lead to disease. 

 Lastly, sequencing of additional families should be undertaken. We only sequenced 10 

of the 25 families. As no other study has investigated the etiology of epilepsy within the Afridi 

tribe it would be interesting to determine if any variants are common amongst all families, but 

not within the general population, and whether these variants may contribute to the epilepsy 

seen in these consanguineous families. This information would also provide insight towards the 

diversity of the genetic basis of epilepsy within the Afridi tribe and would be valuable in 

determining efficacious treatments for affected individuals. 
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Appendix C 
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Chapter 1 

Kari Mattison wrote this chapter specifically for inclusion in this dissertation, and she 

generated all figures and tables contained within this chapter. Andrew Escayg assisted with the 

editing of this chapter. 

 
Chapter 2 

Kari Mattison performed RNA extraction and PCR analysis of the splice product, generated 

Figure 2.2, assisted with Figure 2.1, and wrote the initial draft of the manuscript. Kameryn Butler 

generated Figure 2.1, collected clinical information from families (Table 2.1) and assisted with 

editing of this manuscript. George Inglis transfected HEK cells for splice product analysis and 

mentored Kari Mattison in the generation of the constructs used. 

Oshrat Dayan, Hanna Boussidan, and Baruch Kanner performed the GABA uptake assays 

and provide the associated text for the methods, results and discussion. 

Vikas Bhambhani and Bryan Philbrook provided clinical information presented in Table 2.1. 

Cristina da Silva performed the initial bioinformatic analysis of the 460 patients. John Alexander 

assisted with the recontact of individuals in this study and with editing of the manuscript. 

Andrew Escayg contributed to the experimental design and editing of the manuscript. 

 

Chapter 3 

This chapter is the result of collaborations with many researchers, genetic counselors, and 

clinicians. These individuals providing varying combinations of variant information, clinical 

information, and critical review of the information contained in this chapter include: Kyrieckos 

Aleck, Angel Aledo-Serrano, Adnan Alsadah, Lorenzo Botto, Jeroen Breckpot, George Burghel, 

Kameryn Butler, Matthew Deardorff, William Dobyns, Andrew Douglas, Holly Dubbs, Morten 

Dunoe, Jakob Ek, Andrew Fazenbaker, Francis Filloux, Kathryn Garber, Antonio Gil-Nagel, 

Trine Bjoerg Hammer, George Hoganson, Christina Hoei-Hansen, Mira Kharbanda, Eric Marsh, 
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Halie May, Emma McCann, Rikke Moeller, Karin Naess, Derek Neilson, Catherine Quindipan, 

Gordana Raca, Allison Schreiber, Arthur Sorlin, James Tao, Katrina Tatton-Brown, Bert van der 

Zwaag, Michele van Hirtum-Das, Nienke Verbeek, Anna Wedell, Andrea Whitney, and Anna 

Wrendenberg. 

Kari Mattison generated the data in Figures 3.1, 3.2, 3.5, 3.6, 3.7, and 3.8, compiled 

information for Tables 3.1 and 3.2, and coordinated communication amongst all contributors to 

this chapter. She also wrote the initial draft of this chapter. 

Gilles Tossing with the support of J. Alex Parker, both at the University of Montreal, 

generated the knock-in C. elegans lines and performed all related assays and analyses. This 

resulted in Figures 3.9, 3.10, and 3.11. They provided initial drafts of the text associated with 

these assays. 

Fred Mulroe and Callum Simmons, with the support of Richard Baines, all at the 

University of Manchester, performed the seizure induction in Drosophila and the associated 

data analysis that generated Figure 3.3. They provided initial drafts of the text associated with 

these assays. Jim Warwicker, at the University of Manchester, performed the in silico modeling 

of patient and gnomAD variants and generated Figure 3.4. 

Philippe Campeau (University of Montreal), Siddarth Banka (University of Manchester), 

and Andrew Escayg provided intellectual contribution to experimental design, administrative 

support and editing of the text in the chapter. 
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Chapter 4 

Kari Mattison performed variant analysis and interpretation, and segregation analysis. She 

generated all figures and tables presented in this chapter and wrote the initial draft of the text in 

this chapter. 

Noor Badshah (University of Agriculture Peshawar, Pakistan) collected blood samples and 

clinical information for Family 1. He provided assistance with editing of the text. Micheal Taylor 

and Gayatri Vadlamani collected samples and clinical information for Family 2. Sequencing 

analysis of Family 2 was done by the National Health Service in the United Kingdom. 

WGS and initial analysis, including variant calling and ROH analysis for Family 1, was 

performed by the Emory Integrated Genomics Core, H. Richard Johnston, and Pankaj Chopra. 

GSA and IBS analysis was done by H. Richard Johnson and Dave Cutler, respectively. They 

provided the text related to this for this chapter. 

Michael Zwick, Sohail Ahmad, and Andrew Escayg provided intellectual contribution to 

experimental design and editing of the text in this chapter. 

 

Chapter 5 

Kari Mattison wrote this chapter specifically for inclusion in this dissertation, and she 

generated all figures and tables contained within this chapter. Andrew Escayg assisted with the 

editing of this chapter. 

 

Appendix A 

Kari Mattison compiled all information presented in this appendix into its final form. She 

directly generated Tables A1 and A3, and Figure A2. She complied the information provided by 

numerous collaborators (mentioned in Chapter 3 contribution statement) to create Table A2 and 

Figure A1. Gilles Tossing created Table A4. 
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Appendix B 

Kari Mattison wrote the initial draft of this appendix and performed all segregation and 

other analysis to generate the information in Tables B1-B7. She generated pedigrees as 

presented in Figure B1 based on information supplied by Noor Badshah. Noor Badshah 

collected blood samples and clinical histories for all families included in this appendix. 

WGS and initial analysis, including variant calling and ROH analysis, was performed by 

the Emory Integrated Genomics Core, H. Richard Johnston, and Pankaj Chopra. 

Andrew Escayg edited the final text presented in this dissertation. 

 

 
 




