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Abstract

Epilepsy is a common neurological disorder with many underlying causes. The single gene
contributions to the epilepsies have historically been considered rare and a challenge to diagnose.
And yet, a molecular diagnosis in patients with epilepsy can be important for their treatment and
management plans as well as for family planning. With the advent of next generation sequencing
in the early-mid 2010s, there was an increase in the identification of disease-causing genes and
variants in relation to epilepsy. Despite these advances, 50-80% of individuals with epilepsy do
not have a genetic diagnosis after initial NGS testing. A straightforward and practical approach
to improve the diagnostic rate is by reanalysis of the exome data after a period of time has
elapsed. Studies in rare disease have shown that reanalysis can increase the number of diagnoses
by 5-15%. The second chapter of this thesis demonstrates the benefit of using exome reanalysis
for diagnostic purposes and for novel gene identification. The reanalysis of a cohort of 20
patients resulted in a 10% diagnostic rate (2/20) and candidate variants identified in an additional
35% (7/20) of cases. The third chapter of this project is a study of a candidate gene, UBE2R2, in
a patient with genetic epilepsy and global developmental delay. To date, this gene has not been
associated with disease or any form of epilepsy. Trio exome sequencing and research reanalysis
identified a variant (c.21dup p.(Ser8GInfsTer56)) in UBE2R?2 that was rare (absent from
gnomAD) and de novo and therefore UBE2R2 was considered a candidate gene for epilepsy and
developmental delay. GeneMatcher was used to “match” with others interested in this gene, but
no matches were, at this time, forthcoming. Functional studies were then performed that included
assessment of cell cycle progression, cell growth, apoptosis, mitophagy, and interrogation of p53
and the -catenin pathway. Results show that the expression of UBE2R2 was significantly
decreased, mRNA expression of only one other E2 ubiquitin conjugating enzyme (UBE2R1) was
increased, and expression of mRNA as well as protein expression of one of three Wnt target
genes (AFF3) was significantly decreased in patient cells. The other functional work
investigating proteins and pathways suspected to be impacted by the UBE2R?2 variant (cell cycle
progression, cell growth, apoptosis, mitophagy, pS3 and B-catenin) did not demonstrate any
statistically significant differences. Thus, while the functional assays performed were not able to
provide significant evidence in favor of a disease-gene association, it also does not rule out
UBE2R?2 as the explanation for the phenotype of the patient. Taken together, these findings

illustrate the benefits of whole exome sequencing and subsequent reanalysis for patients with

il



genetic epilepsy that remain without a diagnosis and demonstrates the tools and methods
available by which compelling candidates in putative novel disease genes can be further

interrogated.
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Chapter 1 Thesis overview and background

1.1 Thesis overview

The overarching objective of this thesis was to identify potential candidate variants and genes for
individuals who present with epilepsy and development delay by using exome reanalysis as well
as to further interrogate one such candidate gene with functional assays to demonstrate any

evidence of causality.

1.1.1 Chapter one: introduction

Chapter one will provide background information for key concepts that will permit a thorough
comprehension of the genetics of epilepsy. This will include historical aspects of genetics in
addition to the current status of genetic testing for epilepsy. This chapter will also present a brief
overview of the aims in each chapter. Much of this work was included, in part, in a book chapter

co-written by myself and supervisors (Lawrence et al., 2024).

1.1.2 Chapter two: exome reanalysis for patients with epilepsy and
intellectual disability and intellectual disability is an effective

diagnostic tool

Chapter two describes whole exome sequencing reanalysis in an epilepsy cohort. For this
chapter, I reanalyzed 20 exomes for patients that presented with epilepsy as well as
developmental delay and/or intellectual disability and lacked a genetic diagnosis. Broadly, I
followed the reanalysis protocol described by Hartley et al., 2022, where filtering protocols were
applied and variants in known genes were re-analyzed first, followed by analysis into variants of
genes of uncertain significance (i.e., genes not yet associated with disease). Both genetic
diagnoses and the identification of candidate variants were highlighted, leading me to the
conclusion that this is a technique that should be implemented routinely for patients that remain
without a genetic diagnosis. This work was subsequently included in a cohort of 87 individuals
that was submitted for publication. The manuscript is currently in revisions (Cuillerier et al.,

2025).



1.1.3 Chapter three: functional studies for a novel UBE2R?2 variant
detected in a patient with rare genetic epilepsy and intellectual
disability

Chapter three is focused on a novel variant in UBE2R2 that was detected through exome
reanalysis in a patient presenting with seizures and developmental delay just prior to the start of
my thesis. This chapter describes the functional experiments pursued to accumulate evidence to
demonstrate that a variant in a putative novel disease gene is pathogenic. It has been established
that UBE2R2 interacts with numerous proteins, many of which are involved in key pathways.
Many of these pathways and cellular functions implicated by these interactions have all been
found to contribute to epilepsy when dysregulated. As such, it was hypothesized that the detected
variant may be causing significant molecular defects to cause the phenotype of the patient. I
performed a series of functional assays that examined these pathways and potentially impacted

molecules described in order to determine if this was the case.

1.1.4 Chapter four: discussion and future directions

Chapter four will summarize the results from chapters two and three in a succinct manner, in
addition to providing a discussion as to the meaning of these results in a broader context.
Furthermore, this chapter will discuss the future directions and next steps to be taken with
regards to both the exome reanalysis cases and the individual with the variant identified in

UBE2R2.

1.2 Introduction: epilepsy and the importance of genetic diagnoses

The International League Against Epilepsy (ILAE) has defined epilepsy as (i) the occurrence of
at least two unprovoked seizures 24 hours apart, (ii) an unprovoked seizure leading to increased
risk of experiencing another, or (iii) the diagnosis of an epilepsy syndrome (Fisher et al., 2014).
Epilepsy is a relatively common condition with an accepted prevalence of 5-8 per 1000
individuals and an overall lifetime risk of 3.0% (Myers et al., 2019; Rastin et al., 2023; Tellez-
Zenteno et al., 2004). The underlying cause of epilepsies are heterogeneous, with autoimmunity,
trauma, tumors, infection, and stroke responsible for the seizures in many individuals (Thomas &

Berkovic, 2014). However, it has been estimated that 70%, if not more, of all epilepsies have a



genetic contribution to their underlying etiology (Hildebrand et al., 2013; Li et al., 2019; Rastin
et al., 2023; Thomas & Berkovic, 2014). ILAE states that these genetic epilepsies include
epilepsies with monogenic and/or complex inheritance (Fisher et al., 2014; Rastin et al., 2023;
Scheffer et al., 2017). Rare monogenic forms of epilepsies, or epilepsies caused by a genetic
variant in a single gene, account for a portion of the genetic epilepsies with the majority
hypothesized to be the result of complex or multifactorial causes. There is evidence suggesting
that genetic factors may even contribute to epilepsy in those with acquired forms of epilepsy (for
example, epilepsy resulting from a stroke or autoimmune disease; Rastin et al., 2023; Thomas &
Berkovic, 2014).

A genetic diagnosis is important for management, treatment, and planning appropriate supports
and surveillance regimes for an affected individual (Panayiotopoulos, 2005; Thomas &
Berkovic, 2014). In theory, once a genetic diagnosis has been made, additional diagnostic
investigations should no longer be required and this will reduce the discomfort experienced by
the patient, as well as the costs associated with the various testing and diagnostic methods
(Enatsu & Mikuni, 2016; Sanchez Fernandez et al., 2019). A diagnosis can also inform disease
management. For example, Glucose Transporter Type 1 Deficiency Syndrome (GLUT1
deficiency; MIM 606777) is a deficiency syndrome whose classical characterization includes
infantile onset seizures, atypical absence epilepsy and movement disorders (Wang et al., 1993).
This epilepsy is typically drug-resistant, but the ketogenic diet in these patients is effective in
seizure management and moreover improves developmental outcomes (Kass et al., 2016;
Klepper et al., 2020; Ramm-Pettersen et al., 2014). The ketogenic diet can provide the brain with
an alternate energy source and thereby reduces the impact of the GLUT1 deficiency (Sandu et
al., 2019). This particular example highlights that an understanding of the underlying genetics,

biology, treatment and disease-management can be of benefit to patients with epilepsy.

1.2.1 Genetics of epilepsy

The study of families with epilepsy, particularly twin studies, has provided convincing evidence
supporting a genetic contribution (Berkovic et al., 1998, 1998; Kjeldsen et al., 2001, 2003, 2005;
Poduri & Lowenstein, 2011; Steinlein, 2004; Vadlamudi et al., 2014). Higher concordance rates
in monozygotic twins, as well as increased risk of epilepsy in first degree relatives of probands

with generalized epilepsy, provides evidence that there is a heritable contribution to epilepsy



(Poduri & Lowenstein, 2011; Steinlein, 2004; Vadlamudi et al., 2014). In general, when
determining if there is a genetic contribution to a disease, if the concordance in identical
(monozygotic; MZ) twins is greater than that of fraternal (dizygotic; DZ) twins, a genetic
contribution to the disease is implied (Helbig et al., 2008). Consistently, across studies, the
concordance of epilepsy and seizures in monozygotic (MZ) twins is greater than that of dizygotic
(DZ) twins with specific findings including: febrile seizures (MZ = 0.58; DZ = 0.14), partial
(focal) epilepsies (MZ = 0.36; DZ = 0.05), idiopathic (genetic) epilepsies (MZ = 0.76; DZ =
0.33), symptomatic epilepsies (MZ = 0.83; DZ = 0), and genetic epilepsies with febrile seizures
plus (MZ = 0.85; DZ = 0.25; Berkovic et al., 1998; Vadlamudi et al., 2014).

In terms of the underlying molecular causes of epilepsy, at this time there are several hundred
genes that have been identified as being associated with epilepsy (Chi & Kiskinis, 2024; Wang et
al., 2017). This includes genetic variants for diseases with epilepsy as the primary symptom as
well as those diseases where epilepsy is one of many symptoms, such as developmental
malformation syndromes or metabolic disorders that impact the nervous system (Wang et al.,
2017). The genes themselves are involved with many cellular processes, although it has been
estimated that 25% of the identified epilepsy-related genes encode ion channels (Lerche et al.,
2012; Oyrer et al., 2018). A well-known and common ion-channel-associated gene is SCN/A,
and the resulting disorder associated with this gene highlights the complexities associated with
even monogenic epilepsy (Miller & Sotero de Menezes, 1993; Wang et al., 2017). The gene was
first identified as an epilepsy gene in the early 2000s (Claes et al., 2003). The gene encodes the
alpha subunit of a voltage gated sodium channel - the dysfunction associated with SCN/A4
variants cause hyperexcitability in the brain, which results in seizures and Dravet syndrome
(Brunklaus et al., 2022; Ma et al., 2022; Valassina et al., 2022). Dravet syndrome is a well-
known epilepsy disorder wherein the patient experiences epilepsy and subsequent intellectual
disability, behavioural issues and abnormal gait (Jansson et al., 2020; Miller & Sotero de
Menezes, 1993; MIM 607208). Even within this well-established syndrome, with a clearly
identified genetic cause, there is a wide range of phenotypes within families and across variants,
as well as a multitude of variants (missense, nonsense, frameshift, splice and
deletion/duplication) within the gene itself that can result in Dravet syndrome (Ma et al., 2022;
Miller & Sotero de Menezes, 1993). Broadly, loss of function variants in this gene can result in

Dravet syndrome as well as a milder epilepsy known as GEFS+, and even migraine (Escayg et



al., 2000, 2001; Escayg & Goldin, 2010; Fan et al., 2016). Gain-of-function missense variants
can result in a different syndrome known as Developmental Epileptic Encephalopathy type 6B
(Brunklaus et al., 2022; MIM 619317).

Targeted multi-gene epilepsy panel sequencing is, currently, a common strategy to identify the
pathogenic variant in SCN/4 and other channelopathies (Lee et al., 2020). Once diagnosed, there
can be a number of treatment options available to the patient with Dravet syndrome. For
example, valproic acid, clobazam and stiripentol are recommended first-tier options (Strzelczyk
& Schubert-Bast, 2022). Furthermore, there are precision medicine advancements and new
approaches that can provide new seizure treatments for Dravet syndrome patients; for example,
the use of cannabinoids and fenfluramine are relatively newer options that are now available to
those with refractory seizures (Isom & Knupp, 2021; Knowles et al., 2022; Samanta, 2025).
Importantly, a diagnosis can aid in avoiding medications that could worsen seizures (such as,
sodium channel blockers in Dravet syndrome) and provide informed genetic counselling for the
families (Connolly, 2016; Millichap et al., 2009). While Dravet syndrome is typically the result
of a heterozygous de novo variation, there can be individuals with low-level parental mosaicism
or gonadal mosaicism that can increase the sibling recurrence risk. Prenatal counseling and
invasive prenatal diagnostic testing would be available to families in Ontario after a diagnosis is
made. Pathogenic variation in SCN14 provide a specific example of how a genetic diagnosis can
impact the care provided to a patient and their family members as well as demonstrates the
variability and complexity of the genetic contribution to epilepsy, even with a single gene cause

that has been known for over two decades.

1.2.2 A brief history in diagnosing genetic epilepsy

Disease gene discovery for epilepsy started with the identification of CHRNA4 as the causative
gene in autosomal dominant nocturnal frontal lobe epilepsy (Helbig & Lowenstein, 2013;
Steinlein et al., 1995). The earliest identified genes, including CHRNA4, were autosomal
dominant genes in familial epilepsy wherein there were many affected individuals, in the same
family, with similar clinical presentations (Helbig & Lowenstein, 2013; Yozawitz & Moshé,
2022). These early epilepsies were not typically associated with global developmental delays or
intellectual disability. The technologies for identifying genetic cause(s) for disease involved

linkage analysis followed by Sanger sequencing and this often required large, multi-generational



families with many affected individuals. Given these requirements, there were very few epilepsy-
causing genes identified (Helbig & Lowenstein, 2013; Myers et al., 2019). As a result, the
severe, early-onset monogenic forms of epilepsy were historically difficult to diagnose given the
limitations and costs associated with Sanger sequencing (Ottman et al., 2010). Advances such as
the Human Genome Project (completed in 2003) improved the ability of researchers to identify
disease genes (Collins & Fink, 1995; Hood & Rowen, 2013; Moraes & Goes, 2016). Next
generation sequencing (NGS) was subsequently developed and was able to overcome many of
the limitations of prior sequencing technologies which allowed for larger amounts of sequencing
to occur at a reduced cost (Satam et al., 2023). Next generation sequencing techniques were
initially applied to cohort studies of intellectual disability and autism, and this highlighted the
frequency of de novo variants which were also identified when applied to the study of epilepsy
(Helbig & Lowenstein, 2013; Lohmann & Klein, 2014). The pace of gene discovery increased
significantly with the introduction of such NGS technologies (Helbig & Lowenstein, 2013).
Some of the earliest examples of NGS techniques being implemented in a clinical setting, versus
the research laboratory, involved the use of epilepsy gene panels that analyze a targeted set of
genes known to cause epilepsy (Chambers et al., 2016; Kodera et al., 2013; Lemke et al., 2012).
Multiple gene panels such as those are used for diagnostic testing methods today (Chambers et
al., 2016; Kodera et al., 2013; Lemke et al., 2012). Initial studies were often biased in the
ascertainment of the epilepsy cohorts but, today, the diagnostic rate of multi-gene panels for
patients with epilepsy is approximately 19%, and a separate study completed from CHEO with a
cohort of patients with pediatric genetic epilepsy reported a diagnostic yield of 17% with the use
of multi-gene panels (Leduc-Pessah et al., 2022; Sheidley et al., 2022). These results demonstrate
the benefits of using NGS to achieve a genetic diagnosis in cases of genetic epilepsy. Many of
these multigene panels are analyzed from sequence data derived from an exome “backbone” —
essentially, wherein the laboratory applies a customized informatics workflow to an individual’s
exome sequencing in order to analyze a particular set of genes (Rehm et al., 2023). Multi-gene
panels may be selected as an initial testing method as it can be completed quicker than an exome
sequencing analysis and in cases where there are genes strongly associated with the patient’s
phenotype, the targeted gene panel allows for possible variants in known disease genes to be
analyzed at a faster rate (Wilson et al., 2020; Xue et al., 2015). Other benefits can include cost,

as it is less expensive to utilize a multi-gene panel than whole exome sequencing and analysis,



and with consistent use of the same labs for multigene panels, they can become “local experts”

for a subset of genes such as epilepsy-associated genes (Feliubadal6 et al., 2017).

1.2.3 Whole exome sequencing for epilepsy patients

As described, whole exome sequencing (WES) is a next generation sequencing technique that
has emerged as a useful tool for individuals with epilepsy and has also been identified as useful
for such individuals with other neurologic disorders and rare genetic diseases (Frésard &
Montgomery, 2018; Hartley et al., 2020; Kim et al., 2020).

WES alone provides a high diagnostic yield (up to 60% in select groups) in addition to being a
cost-effective way to ascertain a genetic diagnosis (Akbar et al., 2022; Demos et al., 2019;
Sanchez Fernandez et al., 2019). It has been established that WES is a useful tool in achieving a
diagnosis for adult and paediatric epilepsy patients (Benson et al., 2020). However, in addition to
this, such paediatric cohorts have achieved higher diagnostic yields than cohorts of adult
patients, with a study directly comparing two patient groups finding a 27% diagnostic rate in the
adult cohort and a 47% diagnostic rate in the paediatric cohort (Benson et al., 2020). In addition,
studies have found that patients with other neurodevelopmental disorders (such as intellectual
disability or autism) in addition to epilepsy have a higher diagnostic rate in whole exome
sequencing studies than patients presenting with only epilepsy (Habela et al., 2024; Palmer et al.,
2018; Sheidley et al., 2022).

Another factor that improves the diagnostic rate is the availability of sequencing data from
parents. In cases where only the affected patient’s exome sequencing is made available for
analysis it is termed a “singleton”, but when both parents have an exome sequencing available
alongside their child (the patient), it is termed a “trio”. Trio sequencing permits the identification
of de novo variants, the ability of viewing inheritance from unaffected parents which can
immediately determine if a variant has been inherited, and there is a faster turn-around time
(Kingsmore et al., 2019; Tan et al., 2019). Overall, when focusing on epilepsy, it is widely
accepted that whole exome sequencing is capable of achieving a 24% diagnostic yield in such
individuals (Sheidley et al., 2022). It is also thought that the use of trio exome sequencing can

allow for a higher diagnostic yield (Slavotinek et al., 2023; Tan et al., 2019).

1.2.4 Whole exome sequencing reanalysis for epilepsy patients



Whole exome sequencing reanalysis is an emerging tool to bridge the diagnostic gap in patients
with epilepsy that remain without a genetic diagnosis after initial investigation (Hartley et al.,
2020, 2023). It is recommended that the referring clinician seek out reanalysis for patients
without genetic diagnoses after they have gone through the initial clinical testing pathway. This
is promising, as numerous factors from new information on genetic variants to new information
or changing patient presentation can lead to different interpretations of the data (Hartley et al.,
2023; Krey et al., 2022). WES reanalysis is a systematic, updated review of WES data — where a
researcher or clinician will review the WES data and interpret previously identified variants
differently, or identify new potentially pathogenic variants (Leung et al., 2022). Reanalysis has
been shown to provide a genetic diagnosis in 4% and identify novel gene candidates in 21% of
individuals in a Canadian study of patients with rare disease (Hartley et al., 2023). Furthermore,
a study focusing solely on epilepsy achieved a diagnostic yield of 5.8% of their cohort, with the
average from studies of cohorts of patients with epilepsy and/or intellectual disability reaching
approximately 9.5% (Al-Nabhani et al., 2018; Epilepsy Genetics Initiative, 2019; Li et al., 2019;
Salinas et al., 2021; van Slobbe et al., 2024). Overall, exome reanalysis is a viable option for

those with rare genetic diseases and lacking a genetic diagnosis after initial testing methods.

1.2.5 Care4Rare consortium and Care4Rare-SOLVE

Although rare diseases individually affect few, as a whole, rare diseases affect many with
estimates of 300 million people worldwide (or 1 in 12 Canadians) presenting with a rare disease
(Health, 2024; McMillan & Campbell, 2017). As a result, there are many groups and
organizations that focus on researching rare diseases. One such group is Care4Rare (C4R). C4R
is a research program based in the CHEO (Children’s Hospital of Eastern Ontario) Research
Institute, but with collaborating sites across Canada. One of the aims of C4R is to provide a
diagnosis following negative exome sequencing (Boycott et al., 2022). Once a patient has been
enrolled in this program, WES reanalysis is completed (Figure 1-1; Boycott et al., 2022). If a
candidate variant is identified, there are two pathways that can be followed: (i) if there is
sufficient evidence to support a diagnosis the line of inquiry can be stopped or (ii) further
analysis is required to confirm or refute pathogenicity of a candidate. This thesis work will

follow this path (ii): wherein a candidate genetic variant has been identified in a putative novel



disease gene, and functional analysis is completed with the aim of acquiring evidence of
pathogenicity (Ciesielski et al., 2024; Osmond et al., 2022). Functional analysis is targeted to the
highlighted proteins, pathways, and cellular functions that are suspected to be affected by the
gene and/or variant. This second path of functional analysis can occur in cases where the
candidate genetic variant is in a gene not yet associated with a disease (putative novel disease
gene candidate) as well as a variant of unknown significance (VUS) in a known disease gene,
wherein the effect of that particular variant is not yet established. Overall, many pieces of
compelling evidence, from matches in GeneMatcher to functional assays showing significant

effects, are required to confirm a newly identified candidate variant is pathogenic.
Unsolved WES

v

WES reanalysis
-

Diagnosis

< Deep WES

GeneMatcher Unsolved and
actively followed

\4

WGS
Unsolved and

new samples
available

Functional Analysis

v
Other omics testing Transcriptomics

—

Figure 1-1 Care4Rare Solve Workflow. General flow demonstrating the C4R-SOLVE
workflow. The first step is WES reanalysis where a candidate identification can lead to diagnosis
or other testing (functional analysis, omics testing such as transcriptomics and metabolomics)
coupled with GeneMatcher. If a candidate is not identified, enrolment continues and can undergo
whole genome sequencing or deep WES (where a small number of cells are deep sequenced; de

Kock et al., 2024). This figure was created using BioRender.com.

1.2.6 Steps to confirm diagnosis in putative novel disease genes

In the case where the candidate variant would represent a putative novel disease gene, multiple
similarly affected individuals with similar variants in the same gene can provide necessary

evidence required to prove a new disease-gene association. One tool used to provide this



evidence is matchmaking using GeneMatcher, which is a large database where genetic variants
in putative novel disease genes along with patient phenotypes can be uploaded (Sobreira et al.,
2015). If there is another entry (or entries) of variants in the same gene, the two uploaders will be
connected. Subsequent review of the information provided from programs such as GeneMatcher
can allow for a “match” to occur. With this, it is possible to determine if there are multiple un-
related individuals with similar phenotypic features and rare variants within the same gene of

interest (Osmond et al., 2022; Sobreira et al., 2015).
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Chapter 2 Exome reanalysis for patients with epilepsy and
intellectual disability is an effective diagnostic tool

2.1 Introduction

Several-hundred epilepsy genes have been identified within the last decade as a result of
applying NGS techniques, and these genes can now be tested on a clinical basis (de Ligt et al.,
2012; Dunn et al., 2018; Krygier et al., 2024). One commonly used NGS strategy is whole
exome sequencing — where the majority of the protein coding complement of the genome is
sequenced and genetic variants can be analyzed (Laurie et al., 2025, Minardi et al., 2020;
Ostrander et al., 2018). Despite the advancements in gene discovery and genetic testing that have
been implemented as part of routine care, most of these patients, seen today, do not obtain a
genetic diagnosis (Ruggiero et al., 2023; Sheidley et al., 2022). Exome reanalysis is an emerging
strategy that can improve diagnostic rates in patients with unexplained epilepsy whose standard
of care and genetic tests were non-diagnostic. Improvements in the diagnostic rate have been
made in epilepsy studies that implement exome reanalysis (Table 2-1; Epilepsy Genetics
Initiative, 2019; Johannesen et al., 2023; Koh et al., 2023; Li et al., 2019; Palmer et al., 2021;
Salinas et al., 2021). This method does not require any additional testing or sample collection
which, in addition to being convenient for researchers/clinicians as well as patients and family
members, contributes to its cost-effectiveness (Ewans et al., 2018). The utility of exome
reanalysis has been demonstrated with a focus on rare disease with prior studies achieving a
diagnostic yield of 13% (Hartley et al., 2023). Furthermore, in exome reanalysis studies with
cohorts of epilepsy patients a diagnostic yield of 5.8% was achieved (Epilepsy Genetics
Initiative, 2019). Reanalysis targeting specific phenotypes, as is being completed in this study by
targeting patients with epilepsy/seizures in addition to intellectual disability and/or
developmental delay, has not yet been broadly explored. With these factors to consider, the aim
of this chapter was to assess any benefits that exome reanalysis is to individuals presenting with
epilepsy/seizures as well as intellectual disability and/or developmental delay. The research
reanalysis was performed in a cohort of 20 exome sequencing datasets from patients with such

phenotypes.
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Table 2-1 Exome reanalysis with cohorts with overlapping phenotypes to the reanalysis

cohort presented (rare disease, neurodevelopmental disorders, epilepsy, intellectual

disability).
Publication Title Author(s) Year of Diagnostic Notes (patient information?)
Publication Rate
The Epilepsy Genetics Epilepsy 2019 8/139 Individuals with epilepsy who
Initiative: Systematic Genetics (5.8%) underwent whole exome sequencing
reanalysis of diagnostic Initiative were enrolled into this study
exomes increases yield
Reanalysis of whole exome Li,J.,etal | 2019 8/76 Patients with epilepsy and
sequencing data in patients (10.5%) intellectual disability/mental
with epilepsy and intellectual retardation
disability/mental retardation
Reanalysis of whole-exome Slobbe, 2024 20/159 Children with neurodevelopmental
sequencing (WES) data of M.V, etal (12.6%) disorders with prior whole exome
children with sequencing analysis
neurodevelopmental disorders
in a standard of patient care
context
Reanalysis of exome Al- 2018 6/50 (12%) | Patients with intellectual disability
sequencing data of intellectual | Nabhani, were enrolled
disability samples: Yields and | M., et al
benefits
Clinical next generation Salinas, V., | 2021 1727 Pediatric patients with
sequencing in developmental etal (3.7%) developmental epileptic

and epileptic
encephalopathies: Diagnostic
relevance of data re-analysis

and variants re-interpretation

encephalopathy were selected for
whole exome sequencing. After
initial analyses, those with
undetermined genetic diagnoses and
negative genetic diagnoses were

reanalyzed.
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Total 43/451
(9.5%)

2.2 Materials and methods

2.2.1 Study design
Through the local Genetics Clinic at the Children’s Hospital of Eastern Ontario (CHEO), a

cohort of 20 families — including the proband and any family members — were recruited and
proper consent was obtained. Individuals were recruited as part of the C4AR-SOLVE project
(CTO-1577) and were eligible for this if they had non-diagnostic clinical testing that used exome
sequencing. In order to be included in this study, the proband needed to present with seizures or

epilepsy with global developmental delay and/or intellectual disability.
2.2.2 Data collection

Medical records from the Care4Rare database (Genomics4RD, www.genomics4rd.org) were
used to collect the phenotypic and demographic information manually (Driver et al., 2022). The
remaining information used for analysis was obtained from the electronic medical records and
the initial clinical laboratory reports. From the medical records, a clinical geneticist obtained
information regarding the patient’s seizure type, refractory status and whether they presented
with any syndromic features and/or brain malformations. The initial test name, sequencing
strategy and information regarding any variants of interest were taken from the laboratory

reports.
2.2.3 Data transfer and reprocessing

The data transfer, analysis and processing follow the methods previously described (Hartley et
al., 2023). All clinical laboratories involved worked to create a custom data transfer process. All
individuals in Care4Rare (patients and any family members) provided consent to access their
data with established release forms. Secure transfer portals or Citrix ShareFile accounts were
used to transfer the sequencing files available. These sequencing files were then processed using
the most recent bioinformatics pipeline which has been previously described (Kernohan et al.,

2018).
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2.2.4 Exome sequencing data reanalysis

I completed the exome reanalysis for the 20 cases. The steps taken are part of a protocol used by
Care4Rare. The first step of the reanalysis per the previously described methods, begins with what
is termed the “clinical reanalysis”. In this first step, the focus of the analysis is the examination of
rare variants in genes already associated with human diseases as catalogued in the OMIM and
Orphanet databases. Such known disease gene variants were considered plausible only if the
patient presentation aligned with the known disease-gene association. The variants were then
interpreted and given a classification according to the criteria set by the American College of
Medical Genetics and Genomics (ACMG; Richards et al 2015). If the classification per these
criteria was “pathogenic” or “likely pathogenic”, a genetic diagnosis could be made with the
individual and their case receiving a classification of “diagnosed”. The next step in the process is

the “translational reanalysis”. In this portion of the analysis, variants in genes of uncertain

significance (GUS) were analyzed — simply, variants in genes not yet associated with disease.
These variants were prioritized according to the following criteria, in order: segregation in the
family (for example, if an unaffected parent has this variant, it may be excluded), rarity (internal
and control databases such as gnomAD are used to determine how frequently, if at all, the variant
is detected), the biological plausibility of the variant contributing the patient’s disease (analysis of
predicted function, any implicated pathways and analysis of protein type), and, finally,
determining if the gene was intolerant to the type of variant detected (for example, if an amino
acid substitution variant would significantly affect the protein structure and/or function) as

assessed by in silico tools.

2.3 Results
2.3.1 Patient demographic, previous clinical testing and patient

phenotype

The exomes of 20 patients enrolled in the Care4Rare research program were reanalyzed. All
patients were cases of epilepsy or seizures and also had intellectual disability and/or
developmental delay that did not have a genetic diagnosis. The clinical testing was accomplished
for all patients on an “exome backbone”.

The sex of participants between male and female individuals was 13:7 (Figure 2-1A). Individuals

experienced seizure onset at 0-3 years of age (10/20: 50%), 4-6 years of age (5/20: 25%), 7-9
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years of age (5%: 1/20) and over 10 years of age (20%: 4/20) (Figure 2-1B). Of the 20
participants, 4 presented with focal seizures, 9 presented with generalized seizures, 5 presented
with mixed seizures and the specific seizure type for 1 patient was not available (Figure 2-1C).
In 15 patients the seizures were not refractory to treatment, in 4 patients the seizures were
refractory to treatment and 1 patient’s seizures were not treated (Figure 2-1C). Only one
participant reported a family history of epilepsy where a sibling was also affected. Syndromic
features (congenital anomalies or dysmorphic appearance) were reported in 7 patients (35%), and
brain malformations were reported in 7 patients (35%). There were 3 patients within those
classifications that presented with both brain malformation and syndromic features (15%). With
regards to clinical testing, 7 of the 20 participants had a multigene panel (performed on an exome
backbone) and the other 13 had a clinical exome prior to enrollment into Care4Rare. The initial
clinical testing identified candidate variants (but no genetic diagnosis) in close to half (9/20;

45%) of patients (Figure 2-1D).
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Figure 2-1 Patient demographic and clinical presentation. (A) Representative graph of the
proportion of participants whose biological sex is female vs. male (7:13). (B) Age of seizure
onset for each participant was separated by year: 0-3 years of age (n=10), 4-6 years of age (n=5),
7-9 years of age (n=1) or 10+ years of age (n=4). (C) Participant seizure type was separated into
four categories; focal seizures (those on only one side of the brain, n=4), generalized seizures
(those on both sides of the brain, n=9), or mixed seizures (more than one type of seizure, n=6) as
well as one case where patient’s type of seizure was unknown (n=1). The cohort was also
separated if their seizures were refractory (seizures that persist despite the use of antiepileptic
medications, n=3), not refractory (seizures that can be controlled effectively with the use of

antiepileptic medication, n=16), and one case where the patient has not been treated with anti-
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epileptic medication and cannot be classified as refractory or not refractory (n=1). (D) Initial
testing strategy of each participant wherein a proportion initially had a multigene panel (n=7) and

the others initially had a clinical exome (n=13) completed.
2.3.2 Reanalysis results

As a first step, the variants previously reported by the clinical laboratory were re-analyzed. Of
the 17 variants that were classified in this cohort, none changed their ACMG classification
status. Of the initial variants, 12/17 were classified as a variant of uncertain significance (VUS),
2/17 were pathogenic or likely pathogenic variants in disease genes associated with bi-allelic
inheritance and 3/17 were listed on the clinical reports though classified as “benign” (Table 2-2).
In one case, a variant in OPA [ was initially considered a variant of uncertain significance. With
re-interpretation, the variant status was again a variant of uncertain significance. However, the
clinician had segregated this variant and showed that it was present in an adult individual (the
mother) without a similar phenotype and absent in the sibling who shared the same phenotype as
the proband. As such, this variant could be re-interpreted as “benign”, with the additional

information provided by the clinician.

Table 2-2 Re-interpretation of variants identified in initial testing. The initial ACMG
classification for variants identified, when applicable, through the initial testing for patients is
compared to the current ACMG classification. Additional notes are present for cases where the
variant has a “likely pathogenic” or “pathogenic” classification as well as those where the current

classification could be updated as a result of additional testing.

Study | Initial gene and variant Initial ACMG | Current ACMG | Additional notes
ID classification | classification
1358 TBCID24 VUS VUS

NM_001199107.2
:¢.1633A>G:p.Ile545Val

1472 | ASPM VUS VUS
NM_018136.4:¢.8009T>C
:pJ1e2670Thr

2146 | ZBTB74 VUS VUS

NM_001317990.2:¢.267G>A
:p-Met891le
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2359

ARSA

NM_000487.6:¢.1283C>T
:p.Pro428Leu

NGLYI

NM _001145293.2:c.1201A>T
:p.(Arg401Ter)

Pathogenic

Likely
pathogenic

Pathogenic

Likely
pathogenic

These gene/variants were ruled out
as the cause of the individuals
presentation as they are known-
disease genes with an autosomal
recessive inheritance, and there was
only one variant detected in the
patient for each gene.

2608

TRIO

NM_007118.4:c.3641C>G
:p.(Alal214Gly)

VUS

VUS

1254

NARS?2

NM_024678.5:c.847A>G
((p-Thr283Ala)

NEXMIF

NM_001008537.2:¢c.136C>T
:(p.Pro46Ser)

NPCI

NM _000271.4:c.398T>G
:p.(Vall33Gly)

OPA1I

NM 130837.2:c.1262G>A
:p.(Arg421Gln)

VPS13B

NM_152564.4:¢.584C>G
:p-(Thr195Ser)

NM_152564.4:¢c.1864A>G
:p-(Thr622Ala)

Likely benign

Likely benign

VUS

VUS

VUS

VUS

Likely benign

Likely benign

VUS

VUS*

VUS

VUS

*Segregation analysis completed for
this individual confirmed that the
OPA 1 variant was not detected in
an affected sibling (sister) but
present in an unaffected parent.
With this additional information it
would now be classified as
“benign” for this individual.

1440

VPS13B

NM_017890.4:¢.2600A>G
:p.Lys867Arg

NM_017890.4:¢.8645C>T
:p.Pro2882Leu

CNOT2

NM_001199302.1:c.1621T>A:
p.541Lysext65

VUS

Benign

VUS

VUS

Benign

VUS

2159

SLC6A1

VUS

VUS
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NM_001348250.2:¢.989C>T
:p.Thr330Ile

2560 AGAP2 VUS VUS

NM _001122772.2:¢.113C>T
:p.Ala38Val

DLG?2 VUS VUS

NMO001206769.1:¢.269G>A
:p.Gly90Glu

0258G | DCBLD2 VUS VUS

NM_080927.3:¢.2102T>C VUS VUS
:p.Phe701Ser
VUS VUS
NM_080927.3:c.1445C>A
:p.Alad482Asp

NM_080927.3:¢c.1433C>T
:p.Pro478Leu

Next, the exome sequencing for all 20 patients and available relatives were reanalyzed following
the protocol previously described by Hartley et al., 2023 and variants were then classified using
the ACMG criteria (Richards et al., 2015). A classification of “diagnosed” was assigned to
individuals if the candidate variant satisfied one of the following conditions: (1) the candidate, in
a known disease gene, was classified as “pathogenic” or “likely pathogenic” by the ACMG
criteria with the appropriate inheritance pattern and phenotypic overlap in the patient (as
confirmed by the referring clinician), or (2) in the case of a novel disease gene candidate, there
were two additional families with the same or overlapping condition.

For a candidate to be classified as “further evidence required” (a compelling candidate) one of
the following conditions would need to be satisfied: (1) a known disease gene with adequate
phenotypic overlap that was classified as a VUS with the ACMG criteria, (2) the candidate was
classified as pathogenic/likely pathogenic in a gene associated with an autosomal recessive
inheritance but only one variant was present, or (3) the candidate was in a convincing novel
disease gene, but fewer than three families with overlapping phenotypes or the proposed
presentation had been identified.

In this cohort, 9 participants had a candidate variant identified (Table 2-3), the other 11 remain

without a genetic diagnosis or “undiagnosed” (Figure 2-2 A). Of the 9 cases where new
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candidates were identified, 2 were subsequently classified as “diagnosed”, and 7 required further
evidence to demonstrate causality (Figure 2-2B).

In the first of those diagnosed cases, the variant was in a known disease gene (STXBPI) and
received a classification of “likely pathogenic” with confirmation of phenotypic overlap by the
clinician. This patient initially had a clinical exome where no candidate genes were reported in a
trio-exome testing strategy (both unaffected parents and the affected child’s exome sequences
were all used). We contacted the clinical laboratory (Genome Sequencing Ontario; GSO), and
they were also able to “see” the variant, though at the time of their original interpretation it was
considered a false positive based on the available clinical description. As a result, it was not
formally reported. With reanalysis, it was determined that leaving this variant out of the report
was an error and the variant has been identified as the genetic diagnosis for this patient.

The second genetic diagnosis was also a variant in a known disease gene (USPY9X) from an
individual who initially had a multigene panel on an exome backbone. This variant was
identified in the reanalysis, classified as pathogenic and confirmed by the clinician. The original
multigene panel test did not include USP9X as this was not a known epilepsy gene at the time of
initial testing (and was therefore not formally included in the panel content).

With regards to the 8 other compelling variants seen in the 7 individuals, 2 of the candidates
were novel disease genes (JAKMIPI and SBNOI) where both participants initially had a clinical
exome. The remaining candidates in 5 cases are variants in known disease genes (Table 2-2).
One patient (who initially had a research exome) had two candidates identified, further evidence
into both variants is required to resolve the interpretation status from uncertain to benign or
pathogenic. These variants were considered compelling candidates for a variety of reasons
including, but not limited to, their rarity (not being found in the gnomAD database), de novo
status (as with case 2146, ZBTB74), and in the case of some known disease genes, being
associated with disease or disorder that has an overlapping clinical presentation to the clinical
presentation of the patient.

Of the other participants that remain undiagnosed, one initially had a panel whereas the rest
initially had a clinical exome. To note, of the cases without any candidates identified, 3 initially

had a multigene panel and 8 initially had a clinical exome.
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Overall, the exome sequencing reanalysis in cases of epilepsy with intellectual disability or
developmental delay that did not have a genetic diagnosis, yielded a diagnosis in 2 of the 20
cases or 10%.

With regards to the phenotype for the individuals that received a genetic diagnosis, one patient
had additional/syndromic features (cerebellar atrophy), and the other did not. In individuals who
initially received a gene panel (35% of participants), 1 participant achieved a genetic diagnosis
(14.3%), 3 had compelling candidates identified (35%), and 3 had no compelling candidates
identified and remain undiagnosed (35%). For those who initially received a clinical exome, 1
participant was diagnosed (7.7%), 4 had compelling candidates identified (30.8%) and 8 had no
compelling candidates identified and remain undiagnosed (61.5%). Regarding the particular case
classifications, the cases with a diagnosis and compelling candidates were fairly evenly split
between participants with a panel and those with a clinical exome at initial testing (1:1, 3:4). The
results here suggest that utilizing exome sequencing reanalysis in cases with multigene panel

testing and clinical exomes is a useful tool for improving the diagnostic rate.

Table 2-3 Candidate information: This is an overview of information that summarized
candidates identified. The study ID is the number assigned to each individual and their case upon
enrolment. The frequency in databases includes gnomAD and the internal Care4Rare database to
determine how frequently the variant has been detected. Following this are the in silico scores,
which are a series of metrics that are used to predict the effects of a variant on a gene or protein.
CADD scores predict the deleteriousness of a single nucleotide variation, some types of variants
will not receive a CADD score (“none”). Higher scores indicate that the variant is more likely to
be deleterious. Another scoring system used is the Exac pLI score, shortened to pLI, which
predicts whether or not the protein encoded by the gene is loss of function intolerant. As the
score approaches 1, the more intolerant the variant is predicted to be. Notes on literature lists any
associated diseases or disorders, as well as whether the resulting protein is detected in the brain.
ACMG classification as well as the code that encompasses this follow, with the final column
listing any possible next steps or conclusions. There are 2 candidates wherein the patients
received a diagnosis, and 8 candidates that require further investigation from 7 cases. Case 2735

had 2 candidates identified through reanalysis.
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Study ID  |Gene and Frequency in  [In silico Notes on literature ACMG Next steps
variant(s) databases scores classification

with codes

528 USP9X Seen 0x in CADD: 35.  |Associated with P This case has
INM_001039590.3:cjgnomAD and 1x pLI: 1 intellectual development been
435+1G>A in CAR disorder X-linked 99 PS2 diagnosed.

(MIM 300919) and PM2
intellectual development PVSI1
disorder, X-linked 99,
syndromic, female- Segregated in
restricted (OMIM parents and
300968). found to be
USP9X is expressed in e novo
the brain.
Original
panel (2018)
did not carry
USP9X

2543 STXBP1 Seen 0x in CADD: none |Associated with LP This case has
INM_001032221.6:cjgnomAD and Ox pLI: 1 developmental and been
.316_318del:p.Phel in C4R epileptic encephalopathy [PS2 diagnosed.
06 4 (OMIM 612164). PM2

PM4
STXBP1 is expressed in
the brain.

1358 IMADD Seen 0x in CADD: 29.4 |Neurodevelopmental VUS Segregated in
INM_001135943.2:cjgnomAD and  pLI: 0. disorder with dysmorphic 3 unaffected
.3238G>A:p.(Alal0[C4R 000000000000 facies, impaired speech [PM2 siblings — no
80Thr) 012008 and hypotonia (OMIM siblings with

619005) and DEEAH same
INM_001135943.2:¢c syndrome (OMIM genotype.
.2615C>G:p.(Ser87 619004).
2Cys) Found to be

MADD is expressed in in trans.

the brain.

1472 JAKMIPI Seen 0x in CADD: 22.5 [Putative novel disease  |A variant in a[Submitted to

gnomAD and 1x [pLI: 0. 99987 |gene (OMIM). GUS GeneMatcher

in C4R
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INM_001099433.2:c

JAKMIP1 is expressed in

.217A>G:p.(Lys73 the brain.
Glu)
\De novo
2146 VZBTB74 Seen 0x in CADD: 23.5 [Macrocephaly, VUS MD
enomAD and  [pLI: 0. 96083 neurodevelopmental attempted to
INM_001317990.2:¢c|C4R delay, lymphoid PS2 contact the
.267G>A:p.(Met891 hyperplasia, and PM2 family with
le) persistent fetal no response.
hemoglobin (OMIM At this time
De novo Mosaic 619769). considered
25/148 (17%) “lost to
ZBTB7A is expressed in follow-up”
the brain.
2359 ISBNO1 Seen Ox in C4R |CADD: 15.17 [Putative novel disease  |A variant in a| Submitted to
and 7x in pLIL: 1 gene (OMIM). GUS GeneMatcher
INM_001167856.3:c|gnomAD
.3480T>G:p.(Aspl1 CADD: 23.1 |SBNOL is expressed in
60Glu) Seen Ox in C4R  pLI: 1 the brain. 2025-07-30
and gnomAD 2:24:00 PM
INM_001167856.3:c
.2300A>G:p.((Glu7
67Gly)
Biallelic, in trans
2403 CHD5 Seen 0x in CADD: 25.1 |Parenti-Mignot VUS Ruled out by
gnomAD and  [pLI: 1 neurodevelopmental segregation
INM_015557.3:¢.10 |C4R syndtrome (OMIM PP3 study
63A>G:p.(1le355Va 619873). PM2 (paternally
1) inherited).
CHDS is expressed in the
brain.
2608 TRIO Seen 0x in CADD: 29.3 [Intellectual VUS Clinical
gnomAD or C4RpLI: 1 developmental disorder, review by
INM_007118.4:c.36 autosomal dominant 44 [PP3 physician did
41C>G:p.(Alal214 with microcephaly and  [PM2 not consider
Gly) intellectual this variant a

developmental disorder,

genotype:phe
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autosomal dominant 63,

with macrocephaly

notype match

I this has

Initial ®Reanalysis

Diagnosed

Investigation Undiagnosed
required

(OMIM 609823). been removed
from
TRIO is expressed in the consideration.
brain.
2735 ISATB2 Seen Ox in C4R [CADD: 26.1 |(Glass syndrome (OMIM [VUS IAdvancement
and 2x in ipLI: 0.99999 [612313). in gnomAD
INM_001172509.2:c|gnomAD PP3 since
.1072G>A:p.(Val35 SATB?2 is expressed in reanalysis
8Met) the brain revealed the
variant is
seen 10x and
no longer a
compelling
candidate.
2735 TRIP12 Seen Ox in C4R |CADD: 23 Global developmental  [VUS Parents have
and gnomAD  |pLIL: 1 delay/intellectual declined
INM_001284214.2:c disability, epilepsy PP3 further
.1225A>T:p.(Asn40 (OMIM 617752). PM2 testing/investi
9Tyr) gations
TRIP12 is expressed in
the brain.
B Diagnostic Status
A Candidate Identification 12
12 -
" 1 10
@ 10 10 -
£ 6 &6
;5: 4 Z 4
2 2
2
0
Yes No 0
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Figure 2-2 Candidate identification and diagnostic status for the cohort of exome
sequencing cases (n=20). (A) Graph representing the proportion of participants that had
candidates identified with initial testing (that were not classified as pathogenic or “diagnosed”)
and identified with reanalysis. (B) Representation of the final classification for each participant.
They were classified as diagnosed (n=2), requiring further investigation (n=7), or undiagnosed

(n=11) based on the criteria as described above.

2.3.3 Testing strategy and time since reanalysis

Factors that have been hypothesized as influencing a genetic diagnosis in exome sequencing as
well as re-analysis are the (1) initial testing strategy performed and the (2) time to re-analysis
(Ewans et al., 2018; Fung et al., 2020; Tan et al., 2019). First, the testing strategy (i.e., singleton,
duo or trio) wherein the exomes of unaffected or affected family members available for analysis
was only changed between one participant, and this case had no change in result (no candidate
was identified with initial testing or with the exome reanalysis: Figure 2-3A). The number of
cases with a change in testing strategy was too small to detect any conclusive changes.

When analyzing the time that passed between initial testing and reanalysis, most cases (10/20;
50%, Figure 2-3B) were reanalyzed within 2-3 years of initial testing. The two cases that were
diagnosed were reanalyzed at 2 years and 5 years from initial clinical testing. In cases where
compelling candidates were identified without being classified as having received a genetic
diagnosis, 2 were reanalyzed within 6-7 years, and the remaining 5 cases were reanalyzed within
2-3 years. There were 3 cases analyzed <1 year after initial testing, and only one of these had a
candidate identified.

One of the first steps that can be taken as part of the reanalysis process is to re-interpret variants
that were identified in the initial testing the patients obtained. More information for variants may
have been uncovered or established in the time since initial interpretation, which may impact its
ACMG classification. This change may provide a diagnosis (should the variant be re-interpreted
as likely pathogenic or pathogenic with the appropriate number of variants) or reject the variant
as a candidate (should the variant be re-interpreted as likely benign or benign). In all cases for
reanalyzed for this study that had candidate variants identified with initial testing, no
classification changes were found with re-interpretation (Table 2-3) though we appreciate that

the sample size was modest.
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Given the small sample size, the effect of testing strategy on diagnostic yield was inconclusive.
Similarly, it is not possible to determine if the time since initial testing has any significant impact
on diagnostic yield or candidate identification for exome sequencing reanalysis. To note, the
individual from case 2543 with the genetic diagnosis in STXBPI was reanalyzed after 2 years,

whereas the individual from case 528 with the genetic diagnosis in USP9X was reanalyzed after

5 years.
A Testing Strategy
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Figure 2-3 Testing strategy and time since initial testing. (A) Representative graph of the
testing strategy in initial testing and for reanalysis. Singleton analysis is where only the affected
participant has testing completed, a duo strategy is where one additional family member has been
sequenced, and trio indicates both parents have also been sequenced. (B) Participants were

separated based on the time since initial testing.
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2.4 Discussion

Achieving a genetic diagnosis for an individual with a presumed genetic epilepsy can be
difficult. There are numerous pathways for testing that can be taken or recommended by
specialists and clinicians, which take into account the patient’s clinical symptoms such as age,
type of seizure and associated comorbidities (such as global developmental delay or intellectual
disability). Individuals that do present with epilepsy and additional symptoms, such as
intellectual disability, can qualify for whole exome or whole genome sequencing currently in
Ontario (https://gsontario.ca/). The availability and access to comprehensive testing can impact
the diagnostic odyssey for these patients, making an earlier genetic diagnosis possible. Treatment
can be impacted by a genetic diagnosis and can also discontinue additional investigations that
can be costly and even invasive (for example, brain imaging or muscle biopsies). Many patients
that present with such suspected forms of epilepsy receive singleton, multigene panel testing,
which can be performed on an exome backbone and can thus be used for exome sequencing
reanalysis.

Initial clinical testing utilizing a multigene panel has a diagnostic rate of 19% and exome
sequencing testing has a diagnostic rate of 24% (Sheidley et al., 2022). The remaining proportion
of individuals, the vast majority, remain without a genetic diagnosis (up to 81%; Sheidley et al.,
2022). Utilizing exome reanalysis is a cost effective, straightforward tool to increase the number
of diagnoses that can be achieved. It is a method that can be used in a research setting to further
understand the specific mechanisms of the disease in each patient especially when novel epilepsy
genes (and pathways) are identified. In the research completed here, “pathogenic” and “likely
pathogenic” variants that explain the patient’s clinical symptoms were identified in 10% (2/20)
of the participants through reanalysis. This is consistent with exome reanalysis studies of
epilepsy exome sequencing data, as well as reanalysis studies for rare diseases and in children
presenting with epilepsy (Table 2-1; Epilepsy Genetics Initiative, 2019; Hartley et al., 2023; van
Slobbe et al., 2024). In both cases in this reanalysis project where a diagnosis was achieved, 2 or
more years had passed since the initial testing. Although the small size of the cohort does not
permit conclusions as to how time since initial testing effects the result of exome reanalysis, it
does show a trend that over 2 years since reanalysis may allow for increased diagnosis or

candidate identification. The diagnosis involving the USPX variant highlights the advancement
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of genetic knowledge over time. In the time since the initial testing, improved bioinformatics
pipelines, new variant interpretation tools, variant reclassification and overall understanding or
knowledge on genes all contribute to the identification of a candidate variant or even identifying
the causative variant (Ji et al., 2021; Olimpio et al., 2024.; van der Geest et al., 2024).

As mentioned, reanalysis can identify candidates that while not diagnostic or classified as
pathogenic, are compelling enough to lead to further testing in a research setting. This permits
additional “-omics” studies to be applied that may not be available or accessible in the clinical
setting (Quezada et al., 2017). This can help to acquire the evidence needed to make a diagnosis
or simply understand the mechanism of disease more thoroughly. Not only this, but such
candidate genes can be enrolled in “match making” portals such as the GeneMatcher database —
an international database where researchers and clinicians can be connected if their patients have
variants in the same putative disease gene. Should they have overlapping clinical presentations a
“match” can be made (Hamosh et al., 2022; Sobreira et al., 2015).

Progress in cases where compelling candidates were identified that required further
investigation

Since the reanalysis was completed for this project, “next steps” have been implemented. In
several instances, the subsequent testing allowed the candidate variant to be “ruled out”. For
example, one of the candidates from case 2735 (SA4TB2) was re-interpreted with advancements in
the gnomAD database. The updated population frequency of the variant (gnomAD, version 4;
variant seen 10x) was considered too high for a multisystem, infantile-onset syndrome (MIM
612313) and therefore not likely contributing to the clinical presentation. For case 2403,
segregation studies found that the variant in CHD5 was paternally inherited and therefore it has
been “ruled out” as the father did not have any history of seizures or any developmental delays
or intellectual disability. In case 2608 the candidate (7R/O) was ruled out by the most
responsible physician who did not consider the candidate gene a good fit for the patient
presentation. The patient had a brain malformation (lissencephaly) that has not been reported in
those with pathogenic TRI/O variant(s).

The variants in 7TRP12 and ZBTB74 could not be studied further as the families declined
additional testing or were lost to follow-up (respectively).

There were several variants that continue to be compelling candidates. For example, case 1472

had a de novo variant in JAKMIP1. A literature review showed another substitution in the same
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gene in an individual with a similar phenotype (macrocephaly, obesity and intellectual disability;
Loviglio et al., 2016). The next step was to identify a cohort with others interested in the gene
JAKMIPI, and the variant has been submitted to GeneMatcher. A “match” was obtained, and the
cohort is currently being compiled by researchers in Pittsburgh. This project is currently in the
cohort ascertainment phase but there is reportedly one additional individual with macrocephaly
and cognitive deficits. The family is aware and has given consent for this collaboration.

The biallelic variants in MADD (family 1358) continue to be compelling as they were found to
be in trans in the proband and not in trans, in the 3 unaffected siblings. The plan for this family
is to follow on a routine basis (every 1-2 years) to re-interpret the variants in MADD.

In summation, this research has supplied further evidence that exome reanalysis is a useful tool
for patients presenting with presumed genetic epilepsy as well as intellectual disability and/or
developmental delay. As scientific knowledge increases for genetic variants associated with
diseases, and as the understanding as to the function of genes in general, increases in the coming
years, it will become an increasingly valuable step for patients without a genetic diagnosis so as
to implement this knowledge in their diagnostic odyssey that would not have been available at

the time of their initial testing.
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Chapter 3 Functional studies for a novel UBE2R?2 variant detected
in a patient with rare genetic epilepsy and intellectual disability

3.1 Introduction

The research presented in this chapter is in relation to an individual with borderline intellectual
disability and epilepsy. She presented to the outpatient Genetics Clinic at the Children’s Hospital
of Eastern Ontario at 10 years of age with developmental delay, intellectual disability, absence
seizures, and a history of chronic encopresis and enuresis. Genetic testing in the clinic-setting
included SCN14 sequencing, microarray, and epilepsy multigene panel testing which all yielded
non-diagnostic results. This individual was then enrolled into the Care4Rare Canada Research
program in 2018, at an early stage of NGS implementation - prior to the widespread availability
of clinical exome sequencing in Ontario. The participant and her parents had exome sequencing
performed on a research basis, and this was also non-diagnostic. After the non-diagnostic
research exome, the sequence data for proband and parents was placed into the Care4Rare (C4R)
reanalysis pipeline. Exome sequence reanalysis was then performed periodically every 12
months. Given the lack of consanguinity in the family and no affected family members, it was
hypothesized that this individual had epilepsy and intellectual disability due to variants inherited
as a de novo variant or an autosomal recessive-acting gene. After variants in known disease
genes as well as multi-heterozygous variants in genes not currently associated with disease were
ruled out in exome sequencing reanalysis, a novel de novo loss of function variant in UBE2R?2
was identified. This is a de novo duplication at position c.21 predicted to result in a frameshift
mutation, NM_017811.3: c.21dup p.(Ser8GInfsTer56). The depth of coverage was 110X in the
mother, 113X in the father and 153X in the proband at this location. The de novo variant was
detected in 77 reads in the proband and was absent in both the mother and father. This variant
has not been observed in affected individuals in the literature, the Care4Rare database or in

ClinVar. It has also not been observed in presumed healthy control databases (gnomAD 4.1.0
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(most recent)). Specific roles of UBE2R2 are not well known aside from its function as an E2
ubiquitin-conjugating enzyme (i.e., adding ubiquitin to proteins). This reanalysis, and

identification of the UBE2R?2 variant, was performed just prior to the start of my thesis project.

Based on the reanalysis data, rarity, de novo status as well as biological plausibility due to its
involvement in the ubiquitination pathway, the UBE2R2 variant was considered the most
promising candidate. At the time of reanalysis, there were no other loss of function variants
reported in this gene of uncertain significance reported in gnomAD (V2.1). In an updated version
(V4.1.0), four other frameshift variants (p.Asn50ThrfsTer29, p.Met81CysfsTer21,
p-Met147CysfsTer35, and p.Glul60ArgfsTer4) and one stop gained variant (p.Glu220Ter) in
UBE2R?2 have been reported, with the variant of interest for this patient remaining unreported.
The variant was considered a viable candidate to move forward with further testing. Not only
this, but the UBE2R2 protein contains a glycyl thioester intermediate at position 93, an active
site that functions as an intermediate in the ubiquitin process (Song et al., 2009, UniProt
Q712K3). Within the ubiquitination pathway, E2 ubiquitin conjugating enzymes form a thioester
bond with the activated ubiquitin to hold it prior to transfer to the substrate (David et al., 2010;
Pruneda et al., 2011). The predicted truncation that would result from the detected variant would
end the protein at position 56 — indicating that this suspected protein would not contain this
domain. It is therefore suspected that processes requiring the use of this active site will be
significantly affected by the protein truncation, and that normal functions in general will be
affected as a result of the truncated protein suspected to arise from the variant.

To demonstrate that a GUS is associated with a disease, there are several tools that can be used
to generate sufficient evidence that this gene is associated with the phenotype or disease seen in
the participant. Within the C4R research workflow, the identification of similarly affected
individuals with similar variants in the same gene is one such tool. Therefore, to provide
evidence for disease causality of UBE2R2, we first sought a gene match through submission to
GeneMatcher and Matchmaker Exchange, which are two large databases where clinical
geneticists, or other interested individuals, from different organizations upload genes of interest
along with the associated patient features (Sobreira et al., 2015). If another clinical geneticist has
uploaded similar patient features and the same gene highlighted, the two geneticists are notified
and can communicate with one another — this is considered a “match”. With this process, it is

possible to determine that there are multiple individuals (>2) with similar phenotypic features
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and rare variants within the same gene of interest; thus providing further evidence in favour of
this particular gene being disease-causing. At this time, the UBE2R?2 entries in Matchmaker
Exchange (entered 2022) and GeneMatcher (entered in 2023) have had no matches; however,
this is a continuous process, and the gene remains enrolled in both wherein the appropriate
individual (myself or a genetic counselor in C4R) will be notified if there is a match in the
future.

Another step in providing evidence that a gene is associated with a disease is through functional
laboratory studies to determine the effect a variant may be having on the protein function and
associated pathways. The following research examines some of the implicated proteins and

pathways suspected to be affected by the UBE2R2 truncated protein to assess its pathogenicity.

3.1.2 UBE2R2 gene and protein

UBE2R?2 is a gene that encodes for an E2 ubiquitin conjugating enzyme, which ubiquitinates
proteins that can then be targeted for degradation through the 26S proteasome degradation
pathway (NCBI, Gene ID: 54926). From the latest assembly, this gene is 105 232 bases long and
located on chromosome 9 (MANE transcript, ENSP00000263228). The resulting protein is
comprised of 238 amino acids with a molecular weight of approximately 27.2 kDa (MANE
transcript ENSP00000263228, GeneCards, ID: GC09P061619) .The Human Protein Atlas
(currently the largest database for protein distribution in tissues and cells) does not have data for
protein expression for UBE2R2 at this time, but RNA expression data indicates that UBE2R?2
RNA is expressed in the brain along with most other tissues (Thul & Lindskog, 2017; Tissue
Expression of UBE2R?2 - Summary - The Human Protein Atlas, n.d.). Presently, UBE2R?2 is not
associated with any disease(s) in OMIM (MIM 612506). However, research regarding long non-
coding UBE2R2 RNA and antisense UBE2R2 RNA suggests that it may be a prognostic marker
in some cancers (Wang et al., 2023; Xu et al., 2024).

3.1.3 Ubiquitin-proteasome degradation pathway

The ubiquitin-proteasome degradation pathway uses ubiquitin to target substrates for degradation
through proteolysis (Ciechanover & Schwartz, 1998; Glickman & Ciechanover, 2002; Hegde,
2004). In this pathway, three enzymes polyubiquitinate the substrate, which the subunits of the
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26S proteasome will recognize, as they have high affinity for ubiquitin, and will bind and
degrade the substrate through unfolding the protein, removing the ubiquitin and translocating
these to proteolytic sites (Collins & Goldberg, 2017; Grice & Nathan, 2016; Saeki, 2017). The
function of interest for the purpose of this research is with regards to the three enzymes that will
ubiquitinate the substrate. There are many E1, E2 and E3 enzymes, but broadly the E1 activating
enzyme will activate ubiquitin before transferring it to the E2 ubiquitin conjugating enzyme
(Guo et al., 2024; Stewart et al., 2016). The E3 ubiquitin protein ligases have a substrate
recognition subunit that allows it to bind to the substrate; E2 enzymes and E3 ligases can interact
with each other and with all other steps completed, the activated ubiquitin from the E2 enzyme is
transferred to the substrate protein bound to the E3 ligase (Guo et al., 2024; Wang et al., 2016;
Wijk et al., 2009). This degradation pathway is involved in numerous functions and pathways in
the cell including, but not limited to: protein quality control, cell cycle progression, apoptosis
and signal transduction (Aminake et al., 2012; Majumder & Baumeister, 2019; Nunes &
Annunziata, 2018; Park et al., 2018).

3.1.4 Pathways affected by UBE2R2

UBE2R?2 is implicated in numerous pathways by virtue of being an E2 ubiquitin conjugating
enzyme and the numerous proteins and pathways wherein the proteasome degradation is
involved. To begin, UBE2R2 (also known as UB3CB) has a subunit that, when phosphorylated,
will interact with B-TrCP (Semplici et al., 2002). B-TrCP is the substrate recognition subunit of
an SCF E3 ligase. This subunit recognizes and will bind to B-catenin which will target it for
ubiquitination (Fuchs et al., 2004; Semplici et al., 2002). As B-catenin is a signal transducer (a
substrate outside the cell that can activate signaling) for the Wnt signaling pathway, this is
another pathway wherein the variant may affect its function (Liu et al., 2022; Pai et al., 2017).
The Wnt/B-catenin pathway is involved a multitude of functions/pathways such as embryonic
development, regulating cellular functions such as apoptosis and cell proliferation to name a few,
and its dysregulation has been associated with multiple diseases (Liu et al., 2022; Pai et al.,
2017).

Further indicative that the variant may impact normal apoptotic functions is the interaction of

UBE2R2 with SMYD3, a protein involved in the control of apoptosis (Zhang et al., 2019).
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SMYD3 is considered a novel E3 ligase that recognizes p53 as its substrate, it promotes p53
ubiquitination and thusly regulates its expression (Han et al., 2024; Zhang et al., 2019).
Apoptosis is known to be impacted by the expression of p53 and, as UBE2R2 has been proven to
interact with SMYD3, it is suspected to affect apoptosis through this mechanism as well (Han et
al., 2024; Polyak et al., 1997; Zhang et al., 2019).

Yet another degradation pathway where this variant may affect its function is the mitophagy
pathway. Parkin is an E3 ligase that functions as a regulatory molecule for mitophagy that
utilizes E2 ubiquitin-conjugating enzymes to transfer ubiquitin to mitochondria during normal
mitophagy (Fiesel et al., 2014; Iguchi et al., 2013). It has been established that the depletion of
UBE2R1 affects the translocation of Parkin and p62 to mitochondria - affecting mitochondrial
dynamics and function (Fiesel et al., 2014). As UBE2R1 is an E2 ubiquitin conjugating enzyme
that functions in many of the same pathways as UBE2R2, it suggests that UBE2R2 may affect
the mitophagy pathway through a similar fashion.

Cell cycle progression is yet another pathway where UBE2R2 contributes to its function.
UBE2R?2 helps to extend the ubiquitin chain on a key molecule involved in cell cycle
progression from G1 to S phase (Du et al., 2021; Wijk & Timmers, 2010). Specifically, UBE2R2
helps elongate the ubiquitin chain of cell cyclin E, an essential molecule that activates its
catalytic partner CDK2 to allow progression through the cell cycle (Mazumder et al., 2004). Cell
cyclin E is regulated through this ubiquitination which is one way cell cycle is controlled
(Clurman et al., 1996; Dang et al., 2021). This further demonstrates how ubiquitination itself is a
regulatory process for many cellular functions, including the apoptotic proteasomal degradation
pathways and cell cycle (Chen & Qiu, 2013; Kimura & Tanaka, 2010). A result of
ubiquitination, and proteasome degradation, and impacting a multitude of pathways, is that E2
ubiquitin conjugating enzymes can be associated with many and have a significant influence

over several downstream substrates (Wijk & Timmers, 2010).

3.1.5 Literature review to support the downstream effects of the

UBE2R?2 variant as the cause for epilepsy

Broadly, the disruption of ubiquitination and the proteasome degradation pathway is known to be

pathogenic and associated with epilepsy (Poliquin & Kang, 2022). Furthermore, it has been
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found that disruption in the ubiquitination pathway through E3 ligases has been found to cause
some rare comorbid epilepsies, with research focusing specifically on the disruption in
ubiquitination as the cause of epilepsy in such cases (Kim et al., 2018; Zhu & Tsai, 2020).
Examples of genes that encode for E3 ligases or components of CUL3-RING E3 ligases that
cause or have been associated with epilepsy include KLHL20, CUL4B, and NEDD4-2 (Sleyp et
al., 2022; Tarpey et al., 2007; Zhu et al., 2017).

As UBE2R2 may influence the regulation of B-catenin expression, it is theorized that defects in
its function will induce apoptosis (Kim et al., 2000). Mouse model research suggests that high
levels of B-catenin increase susceptibility to seizures (Campos et al., 2004). It has also been
observed that increased B-catenin leads to increased excitatory synapse density, altered synaptic
maturation and function, and aberrant dendritic and axonal branching which makes p-catenin and
its associated pathways an interesting target in relation to patients with epilepsy (Hormaechea-
Agulla et al., 2018; Kimura & Tanaka, 2010; Seong et al., 2015). Wnt signaling is involved in
brain development, and its regulation is required for normal development to occur (Chenn, 2008;
Harrison-Uy & Pleasure, 2012). The Wnt/B-catenin signaling pathway regulates many of the
changes seen in the brains of those with epilepsy and its differential regulation has been linked
previously to epilepsy in epilepsy rat models (Hodges & Lugo, 2018; Rawat et al., 2023).

Since UBE2R2 interacts with the apoptosis pathway through the Wnt/B-catenin signaling
pathway as well as through regulation of p53 and B-catenin, this is yet another avenue to explore
with regards to its contribution to epilepsy. Seizures can activate apoptotic pathways of cells in
the brain, which can impact the pathogenesis of epilepsy (Bazhanova & Kozlov, 2022; Henshall,
2007). It has also been suggested that dysregulated apoptosis may be involved in childhood
epilepsy (Ahmed et al., 2024). Another degradation pathway UBE2R2 may be impacting is
mitophagy, as Parkin (an E3 ligase) is known to interact with UBE2R2 and, as such, it is
theorized that impacting UBE2R2 function will therefore affect the ubiquitination occurring
through Parkin in normal mitophagy (Hayashida et al., 2023; Kazlauskaite et al., 2014).
Dysfunctional mitophagy is linked to neurological disorders such as Parkinson’s and
Alzheimer’s (Gao et al., 2024; Wang et al., 2022; Zhang et al., 2021). Increased rates of
mitophagy are also considered to be a major trigger in epilepsies (Liang et al., 2000; Zhong et

al., 2022).
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These findings suggest that multiple pathways may be impacted by a variant in UBE2R2 which

may then ultimately result in genetic epilepsy.

3.2 Materials and methods
3.2.1 Lymphoblast cell culture

A lymphoblast cell line was established in late 2022 at the CHEO Research Institute. Control cell
lines from the apparently healthy individual database at the Coriell Institute for Medical
Research were used throughout all experiments for cell cultures, protein lysates and RNA
extraction. Control cell line 1: AG15995 (Female, 14 years old), control cell line 2: AG15803
(Female, 12 years old) and control cell line 3: AG15792 (Female, 14 years old) were the cell
lines selected. Aliquots were prepared for each of the samples to be placed in cryostorage which
were then used for cell culturing. Three aliquots of patient cells and one aliquot from each
control cell line were removed and placed immediately into a 37°C water bath until thawed. Each
aliquot of the cells were then transferred to a falcon tube with 9 mL of RPMI cell culture media
(containing 1% glutamine, 1% penicillin-streptomycin, 10% fetal bovine serum (FBS)) which
was centrifuged at 300g for 5 minutes. The supernatant was removed, 5 mL media was used to
re-suspend the cells and they were transferred to a flask with 25 mL media. These flasks were
placed in a 37°C incubator with 5% CO». These flasks were monitored over the course of the
research conducted using only the RPMI media containing 1% glutamine, 1% penicillin-

streptomycin and 10% fetal bovine serum to ensure cells continued to grow appropriately.
3.2.2 Cell harvesting

Harvesting for RNA extraction

Ten mL of cell culture from the flasks described in section 3.2.1 were placed into falcon tubes
and centrifuged at 300 g for 5 minutes. The supernatant was then removed, and the remaining
pellet was frozen at -80°C until needed for RNA extraction. This procedure was repeated for
three patient samples and each of the three control cell lines at a time.

Harvesting for protein lysate extraction

At least 10 mL of cell culture from the flasks described in section 3.2.1 was placed into falcon
tubes and centrifuged at 300 g for 5 minutes. The supernatant was then removed, and the cells
were resuspended in 3-5 mL of 1x PBS before centrifugation again at 300 g for 5 minutes. The

supernatant was removed once again, and the pellet was resuspended in 1.8 mL of PBS before
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immediately being transferred to a 2 mL Eppendorf tube. These tubes were then centrifuged for
15 minutes at 15000g, and the supernatant was removed. These pellets were frozen at -80°C until

needed for protein lysate extraction.

3.2.3 Quantitative reverse polymerase chain reaction (RT-qPCR)

Total RNA was obtained from three patient samples and each control line using the RNeasy mini
kit (QIAGEN, cat. 74104) and reverse transcribed into complementary DNA (cDNA) at a
concentration of 7.5 ng using the iScript™ Advanced cDNA Synthesis Kit (BioRad, cat.
1725037). Control reactions without reverse transcriptase were prepared at the same time. cDNA
was amplified using gene specific primers. Primers were tested with reverse transcriptase
positive and negative cDNA in cDNA generated from the AG15995 cell line, followed by
temperature gradient to determine the optimal annealing temperature for each primer. cDNA was
amplified with the iQ™ SYBR® Green master mix (BioRad). Experiments were performed on a
BioRad T100 Thermal Cycler. The following standard conditions were followed: (1) 95°C for 5
minutes, (2) 95°C for 10 seconds, (3) annealing temperature for 30 seconds, (4) 72°C for 30
seconds, (5) return to step 2 and repeat 34 cycles, (6) 95°C for 10 seconds, (7) final melting
curve in increments of 0.5°C from 65°C to 95°C. The annealing temperature for step (3) was
optimized per primer as follows: UBE2R2, UBE2R1, UBE2G2, UBE2G2: 55°C, LEFI: 61.4°C,
MYC: 57°C, and AFF3: 59°C. RT-qPCR was completed in triplicate for each gene-specific
primer, with each sample having biological duplicates for every RT-qPCR completed (patient
sample 1, patient sample 2, patient sample 3, control 1, control 2, control 3) wherein three
separate frozen pellets as described in 3.2.2 were used. Gene expression data were corrected
against GAPDH gene-specific primer as an internal control for all analyses. All error bars

represent the standard error of the mean.

3.2.4 Western blot

RIPA lysis buffer and p8430 protease inhibitor were mixed at a 1:100 ratio (inhibitor: buffer)
where 300-500 uL was then added to pellets as described in section 3.2.2 for protein lysate
extraction. Vortexing intermittently over the course of 1-2 hours occurs before centrifugation at
15000 g for 15 minutes. The supernatant was removed into a new Eppendorf tube and 200 uL of

the RIPA/p8430 protease inhibitor mix was added to the remaining pellet. The vortexing and
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subsequent centrifugation was repeated. All accumulated supernatant was the total protein lysate.
Protein concentration was measured using the Pierce™ BCA Protein Assay Kit (cat. 23225).
Standard curve was generated using the albumin standard provided in duplicate and each protein
lysate was measured in triplicate. This total process was completed in triplicate for each sample
type, resulting in biological triplicates for each sample (patient sample 1, patient sample 2,
patient sample 3, control 1, control 2, control 3). Using the calculation concentration =
mass/volume, 30 ng — 50 ng of protein lysate was placed into an Eppendorf tube and mixed with
1x NuPage™ LDS Sample Buffer. These mixes were then frozen overnight at -20°C. Western
blot analysis was carried out using anti-UBE2R2 (ThermoFisher, cat. 14077-1-AP), anti-
UBE2R1 (Novus Biologicals, cat. NBP1032153), anti-UBE2G1 (ThermoFisher, cat. PAS-
30201), anti-UBE2G2 (ThermoFisher, cat. PA5-98226), anti-p53 (Cell Signaling Technology,
cat. 9282T), anti-B-catenin (Abcam, cat. ab16051), anti-MYC (ThermoFisher, cat. 10828-1-AP),
anti-AFF3 (ThermoFisher, cat. PA5-68628), or anti-LEF1 (ThermoFisher, cat. 14972-1-AP).

3.2.5 Cell growth curve

Cells from flasks described in section 3.2.1 were used. Cells were mixed thoroughly to ensure all
clumps of cells were separated and distributed evenly. Using a pipette, 0.5 mL of cells were
placed into an Eppendorf tube. This was further mixed, and 15 uL was placed into a separate
Eppendorf tube. An equal amount (15 pL) of Trypan Blue Solution, 0.45 (ThermoFisher, cat.
15250061) was added and mixed by pipetting up and down 3 to 5 times. Ten pL of this mix was
added to each side of a two-chamber haemocytometer provided with the Corning® Cell Counter
(cat. CLS6749). The haemocytometer was then placed on the aforementioned cell counter, the
view was adjusted to ensure the cells were in view. Four images were taken of each side of the
haemocytometer, and the software counted the live cells, thus providing a final concentration in
cells/mL. Using the formula C;V; = C2V>, where C indicates the cell concentration in cells/mL
and V indicates volume in mL, the amount of the cell mixture required for a final volume of 5
mL with a concentration of 2x10° cells/mL was determined. Additional media was added as
needed to achieve a final volume of 5 mL. Should the volume of the cells be higher than 5 mL,
that calculated volume was placed in a falcon tube and centrifuged at 300g for 5 minutes. The
supernatant was removed, and the pellet resuspended in 5 mL of RPMI media as described in
section 3.2.1. The 5 mL of 2x10° cells/mL for each cell line (patient flask 1, patient flask 2,

patient flask 3, control 1, control 2, control 3) was then placed into a well from a Corning®
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Falcon® Cell Culture Plate (6 wells, cat. CLS353224). After ensuring the cells are mixed within
the wells, the cell culture plate was then placed into a 37°C incubator with 5% CO; overnight;
this was Day 0. The following morning, for each well the counting process was repeated. The
wells were mixed thoroughly, 150 uL was then removed to a new Eppendorf tube. This was
mixed again and 15 pL was placed into another Eppendorf tube. This was mixed with 15 pL of
Trypan blue. Ten uL of this mixture was added to each side of the haemocytometer and counted
using the Corning Cell Counter. This was done for each well for each sample — these were used
as the Day 1 results. This process was repeated up to Day 4. Analysis was completed by
determining the number of proliferations each cell line went through each day by dividing the
cell concentration by the starting concentration (i.e., x/2x10%). This process was completed in
triplicate with each individual growth curve representing one well from each cell line. All error

bars represent the standard error of the mean.
3.2.6 Flow cytometry

After 5 mL of cells were treated with 2.5 uL BrdU, cells were treated with the Phase-Flow™
BrdU Kit (BioLegend, cat. 370704). Cells were fixed immediately after BrdU was added for
staining at a later time overnight before the protocol provided was completed. After the final
step, where cells were stained with the anti-BrdU antibody followed by a final wash with Buffer
B, cells were resuspended in PBS containing 7-AAD (1pg/sample). They were then incubated
for 10 minutes before flow cytometry was performed. Each cell line was analyzed in triplicate.

All error bars represent the standard error of the mean.
3.2.6 Cell treatment

Mitophagy Induction

In new flasks, following the culture protocol described in section 3.2.1, cells from each cell line
were cultured in the described RPMI media for 4-5 days until active proliferation was seen. In
Corning® Falcon® Cell Culture Plate (6 wells, cat. CLS353224), 6mL of each cell line was
placed into one well. These were cultured for 8 hours, mixed partway through with pipetting up
and down, with spermidine at a concentration of 50 uM. The spermidine (ThermoFisher, cat.
A19096.06) was diluted to 50 mM and 1 pL/mL was added to cell culture. After culturing, the

cells were harvested for protein lysate extraction as described in sections 3.2.1 and 3.2.4. This
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was completed in triplicate for each cell line. These samples were then analyzed using the
western blot protocol, with untreated samples compared to the samples treated with spermidine.
Apoptosis Induction

In new flasks, following the culture protocol described in section 3.2.1, cells from each cell line
were cultured in the described RPMI for 4-5 days until active proliferation was seen. In
Corning® Falcon® Cell Culture Plate (6 wells, cat. CLS353224), 6 mL of each cell line was
placed into one well. These were cultured for 5 hours. Actinomycin D was added at a
concentration of 1uM at the start, and each well was further mixed partway through with
pipetting up and down. Actinomycin was kindly provided by Martine St. Jean for this purpose.
After culturing, the cells were harvested for protein lysate extraction as described in sections

3.2.1 and 3.2.4. This was completed in triplicate for each cell line.

3.3 Results
3.3.1 mRNA and protein expression of E2 ubiquitin conjugating

enzymes

The first step in this functional analysis was assessing the impact of the UBE2R2 variant on
mRNA and protein expression. UBE2R2 is part of a family of E2 ubiquitin conjugating enzymes
that encompasses other E2 enzymes such as UBE2R 1, UBE2G1 and UBE2G2 (Stewart et al.,
2016). A study completed in 2019 found that UBE2G1, another E2 ubiquitin conjugating
enzyme, may functionally compensate for the loss of UBE2R1 and UBE2R2 in UBE2R1/2
knockout cell lines (Hill et al., 2019). Therefore, in addition to testing mRNA and protein levels
of the gene of interest, three additional E2 ubiquitin conjugating enzymes were included in these
analyses with the goal of observing any significant changes in their expression that may indicate
functional compensation for the loss of functioning UBE2R2.

To determine if the mRNA levels were affected, RT-qPCR was completed for all E2 ubiquitin
conjugating enzymes of interest (Figure 3-1). Furthermore, western blot analysis for each E2
ubiquitin conjugating enzyme of interest was completed while optimized for each antibody to
observe protein expression (Supplemental Table 3-1, Supplemental Figure 3-1,Figure 3-2). Only
western blot analysis for UBE2R2 protein expression demonstrated a significant decrease in
patient samples, and only UBE2R] mRNA expression demonstrated a significant increase in

patient samples through RT-qPCR analysis.
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Figure 3-1 RT-qPCR for analysis of mRNA expression of UBE2R?2 and three other E2
ubiquitin conjugating enzymes (UBE2R2, UBE2R1, UBE2G1, and UBE2G2). Total RNA
was extracted from lymphoblast cell lines for three patient samples and three different control
samples and mRNA was then reverse transcribed into DNA. RT-qPCR was performed on these

samples with gene specific primers designed for (A), UBE2R2 (B), UBE2RI (C) UBE2G1, and
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(D) UBE2G?2. The Ct values were normalized to GAPDH, with the values from control samples

normalized to 1. Representative bar graphs (n=3) were generated from the normalization values.

A significant increase was detected in UBE2R] expression (p=0.04). The other E2 ubiquitin

conjugating enzymes had no significant differences.
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Figure 3-2. Western blots to analyze expression of other E2 ubiquitin conjugating enzymes
demonstrate that protein expressions are not significantly affected by the identified
UBE2R? variant. Protein lysate was extracted from each cell line with 30ng used and run
following the western blot protocol. (A) Western blot membranes were treated with a UBE2R2
antibody. A representative western blot from all runs (n=3) shows the detected UBE2R2 protein
bands. To the right of the graph representing the relative protein abundance, a representative
western blot image is aligned with its loading control (stain free gel). The protein detected was
normalized against this control for calculations. There was a significant difference in protein
expression from the combined results of each western blot completed for this antibody (p=
0.006). (B) Western blot membranes were treated with a UBE2R1 antibody. A representative
western blot from all runs (n=3) shows the detected UBE2R1 protein bands. To the right of
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graph representing the relative protein abundance, a representative western blot image is aligned
with its loading control (stain free gel). The protein detected was normalized against this control
for calculations. There is not a significant difference in protein expression (p=0.69). (C) Western
blot membranes were treated with a UBE2G1 antibody. A representative western blot from all
blots (n=3) shows the detected UBE2G1 protein bands. To the right of the graph representing the
relative protein abundance, a representative western blot image is aligned with its loading control
(Ponceau S, also referred to as ponceau red). The protein detected was normalized against this
control for calculations. There is no significant difference in protein expression (p=0.60). (D)
Western blot membranes were treated with a UBE2G2 antibody. A representative western blot
from all blots (n=3) shows the detected UBE2G2 protein bands. To the right of the graph
representing the relative protein abundance, a representative western blot image is aligned with
its loading control (stain free gel). The protein detected was normalized against this control for

calculations. There is not a significant difference in protein expression (p=0.27).
3.3.2 Cell growth and cell cycle analysis

Prior studies established that UBE2R2 is implicated in the progression of the cell cycle from the
G1 to S phase (Du et al., 2021; Wijk & Timmers, 2010). Specifically, UBE2R2 participates in
elongating the ubiquitin chain of cyclin E, an essential molecule that activates its catalytic
partner CDK2 in order to progress through the cell cycle (Mazumder et al., 2004). Lymphoblast
cells are rapidly growing cultures derived from peripheral blood samples and undergo the typical
cell cycle with a standard growth curve (American cancer society, 2003; Jankauskaité et al.,
2017; Ligasova et al., 2023). Due to cyclin E being a key component of cell cycle machinery,
disrupting its regulation would have significant impacts on cell growth and the overall cell cycle
process (Chu et al., 2021; Guertin & Sabatini, 2015). It was thus theorized that the UBE2R?2
variant, through disrupting the regulation of cyclin E and cell cycle machinery, would result in
differences in the growth curve of patient cells as well as how patient cells progress through the
cell cycle.

To analyze cell growth, a growth curve was conducted over the course of 5 days (starting with
day 0) where patient and control cells started with the same number of cells per well and were
counted for the remaining 4 days to determine if growth rates were affected by the variant. The
resulting growth curves demonstrated no significant differences in patient and control cell

growth (Figure 3-3). Following this, flow cytometry was used to analyze the number of cells in
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each phase of the cell cycle. One method commonly used to analyze cell cycle with flow
cytometry is by using BrdU, a thymidine analog that can be incorporated into DNA during the S-
phase of the cell cycle as new DNA is synthesized (Glasper et al., 2010). This can be coupled
with 7-AAD (7-aminoactinomycin D) which is another staining reagent that binds to double
stranded DNA (Flow Cytometry Protocol: 7-AAD Cell Viability: R&D Systems, n.d.). As this
binds to the total DNA in cells, it can be used to differentiate cells with different amounts of
DNA,; therefore, 7-AAD used in conjunction with BrdU can be used to distinguish cells in
different phases of the cell cycle. This double-staining method was used in a flow cytometry
experiment to analyze the proportion of cells in each phase of the cell cycle, ultimately
demonstrating no differences between the patient and control cell samples (Figure 3-4).
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Figure 3-3 Growth curve of patient and control cells demonstrates no significant difference
in cell growth between patient and control lymphoblast cells. On day 0, 2.0x10° cells/mL for
three separate cultures of patient cells and one culture for each control sample were placed in an
incubator, cells were counted for days 1-4. The total concentration of cells was divided by the
starting concentration to determine the “relative proliferations” of each culture. The data is

presented with standard error of the mean bars for each sample on each day.
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Figure 3-4 Progression through cell cycle phases is unchanged between patient and control
samples. The gating strategy for all samples was (1) viable cells were detected by FSC (forward
light scatter)-area by SSC (side scatter)-area followed by (2) gating for singlets using FSC-height
by FSC-area. Negative controls were used following the manufacturer’s instructions to gate all
samples for each phase of the cell cycle. (A) Gating strategy for all samples. From right to left:
Viable cells, single cells, phase of the cell cycle. The gating system was identical for every
sample. (B) Representative graph of the proportion of cells detected in each phase of the cell
cycle for control and patient samples. Staining and flow cytometry analysis was completed in
triplicate for each cell line used. This flow cytometry experiment did not display any differences

between control and patient samples.
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3.3.3 Interaction with proteins of interest and downstream pathways

It has been established that UBE2R2 interacts with the substrate recognition subunit of an SCF
(Skp, Culling, F-box containing complex) protein, B-TrCP, which is an E3 ligase. This subunit
recognizes f-catenin for ubiquitination, which is subsequently degraded through the 26S
proteasome degradation pathway. Since it is thought that the protein from the UBE2R2 variant
would be truncated, and the data collected demonstrates a significant decrease in the UBE2R2
protein, it was theorized that the degradation of B-catenin would be significantly decreased in
patient cells. Western blotting for -catenin was completed, with no significant differences found
between patient and control cells (Figure 3-5, Supplemental Figure 3-2). As B-catenin is a signal
transducer for the Wnt pathway, investigation into Wnt target genes was completed to observe if
the UBE2R?2 variant would impact their expression. These were: MYC, AFF3 and LEFI (Lefevre
et al., 2015; Ramakrishnan & Cadigan, 2017). RT-qPCR and western blot experiments were
completed for all three. A significant decrease in AFF3 (mRNA and protein) was observed in
patient cells (Figure 3-6, Supplemental Figure 3-3).

Prior studies also confirmed the interaction between UBE2R2 and SMYD3, an E3 ligase that
targets p53. As this interaction increases ubiquitination and subsequent degradation of p53
through the 26S proteasome degradation pathway, exploration of the potential effect on p53
protein levels in patient cells was explored through western blots. There was no statistically
significant difference in p53 expression between patient and control samples (Figure 3-7,
Supplemental Figure 3-4).
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Figure 3-5 Western blot to analyze protein expression of B-catenin shows no difference in
expression. Protein extracted from patient and control cells were treated with a B-catenin
antibody. A representative western blot from all blots (n=4) shows the detected B-catenin protein
bands in the right panel. The detected protein was normalized against the loading control (stain-
free gel), represented in the panel below the B-catenin bands. As seen in the graph, to the left of
the representative blot, no significant difference between control and patient samples were

detected.
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Figure 3-6 mRNA and protein expression of Wnt target genes demonstrates significant
differences in only AFF3 expression. (A) Protein extracted from control and patient cells were
treated with a LEF1 antibody. A representative western blot from all blots (n=3) shows the
detected LEF1 protein bands. The detected protein was normalized against the loading control
(Ponceau S, also referred to as ponceau red). The leftmost graph and the panels below are
representative of these results, showing no difference between control and patient samples. The
rightmost panel represents the RT-qPCR completed with mRNA extracted from patient and
control samples, with a gene-specific primer designed for LEF . This also demonstrates no
difference in mRNA expression. (B) Protein extracted from control and patient cells were treated
with a MYC antibody. A representative western blot from all blots (n=3) shows the detected
MYC protein bands. The subsequent protein detected was normalized against the loading control
(Ponceau S, also referred to as ponceau red). The leftmost graph and panels below are
representative of these results, showing no difference in protein expression. The graph to the
right represents the RT-qPCR that was completed using mRNA extracted from patient and
control cells, using a gene-specific primer designed for MYC. These results do not demonstrate a
significant difference in expression (C) Protein extracted from control and patient cells were
treated with an AFF3 antibody. A representative western blot from all blots (n=3) shows the

detected AFF3 protein bands. The protein detected was normalized against the loading control
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(stain-free gel). These results demonstrate a significant decrease in AFF3 protein in patient
samples (p=0.0041). The rightmost graph represents RT-qPCR completed using a gene-specific
primer designed for AFF3 using mRNA extracted from control and patient cells. There was a

significant decrease in mRNA expression (p=0.045).
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Figure 3-7 Western blot to analyze protein expression of pS3 shows no difference in
expression between control and patient samples. Protein extracted from patient and control
cells were treated with a p53. A representative western blot from all blots (n=3) shows the
detected p53 protein bands in the right panel. The detected protein was normalized against the
loading control (stain-free gel), represented in the panel below the p53 bands. As seen in the
representative graph, to the left of the representative blot, no significant difference between

control and patient samples were detected.
3.3.4 Degradation pathways: apoptosis and mitophagy

With established research demonstrating that both p53 and B-catenin dysregulation can lead to
increased apoptosis, it was suspected that the UBE2R?2 variant and predicted dysfunction in
degradation of those molecules would result in significant differences in apoptosis levels. To test
this, western blots using an apoptosis cocktail was completed. Actinomycin D was used to
induce apoptosis in cells; procaspase 3 and cleaved PARP were detected after this treatment.
Actinomycin D is a drug that is used to induce apoptosis in cell culture and accomplishes this
through inhibiting synthesis of RNA and proteins, as well as blocking cell cycle (Lu et al., 2015).

Procaspase 3 is the precursor for caspase 3, which is the active form of the protein that induces
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apoptosis (Budd, 2001). PARP is a hallmark of apoptosis — the cleaved form detected here is one
of two proteins generated when PARP is cleaved by a protease during active apoptosis (Gobeil et
al., 2001). As it was suspected that the predicted UBE2R2 protein truncation would result in
consequential differences in molecules that affect apoptosis, it was suspected that significant
differences in these proteins would be observed. This was not the case as no change between
patient and control samples was detected (Figure 3-8 A, Supplemental Figure 3-5). While
procaspase 3 seems to trend towards a significant increase (p=0.06), it is not possible to confirm
that apoptosis has been affected through this mechanism as the cleaved PARP was not
significantly affected.

Mitophagy, a specific type of autophagy that degrades mitochondria, can be regulated and
caused by the Pink1/Parkin pathway (Khot et al., 2022; Yang et al., 2020). In this pathway,
PINK1 activates Parkin which acts as an E3 ligase to ubiquitinate damaged or dysfunctional
mitochondria to be targeted for degradation (Barodia et al., 2019; Torii et al., 2020). Prior studies
have established that dysregulated mitophagy is detected in the brains of those with epilepsy, and
that disruption of normal mitophagy function can cause epilepsy (Panda et al., 2022; Wang et al.,
2024). As Parkin interacts with E2 ubiquitin conjugating enzymes to ubiquitinate mitochondria
in normal mitophagy processes, it was suspected that the variant would affect ubiquitination and
disrupt mitophagy in patient cells (Fiesel et al., 2014; Koszela et al., 2024). Furthermore, prior
studies established that a decrease in the E2 ubiquitin conjugating enzyme UBE2R1 (a homolog
of CDC34) affected the translocation of Parkin to mitochondria (Cocklin et al., 2011; Fiesel et
al., 2014; Hill et al., 2019). As UBE2R2 is an E2 enzyme itself, and is another homolog of
CDC34, it was suspected that a consequence of this variant would be dysfunctional mitophagy
(Hill et al., 2019). Microtubule-associated protein 1 light chain 3 (LC3B) is a protein often used
to detect autophagic activity in cells (EI-Maraghy et al., 2023; Hwang et al., 2022). During
autophagy, the cytosolic form of this protein (LC3BI) is converted to the membrane bound form
(LC3BII) and the ratio of these two forms of the protein can be used to determine or detect
differences in autophagic activity (El-Maraghy et al., 2023; Tanida et al., 2008). Thus, analysis
of the expression levels of LC3BI and LC3BII can be used as a method to measure mitophagy
changes in the cell (Chen et al., 2017). As such, western blots using an LC3B antibody that
detects both LC3BI and LC3BII was used for patient and control. Spermidine was used to

attempt to induce mitophagy in cell culture, chosen as prior studies have established that this
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activated mitophagy through the PINK1/Parkin pathway (Naumova et al., 2023). However, the
mitophagy induction was not successful. Cells before and after spermidine treatment were used
for protein lysate extraction and analysis of LC3BI and LC3BII. In all cases, there were no
differences in the LC3BII:LC3BI ratio between patient and control samples (Figure 3-8 B,
Supplemental Figure 3-6).
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Figure 3-8 Apoptosis and mitophagy measured through western blotting of key proteins.

(A) Protein extracted from cells cultured with Actinomycin D was incubated with an Apoptosis
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Cocktail antibody wherein procaspase 3 and cleaved PARP were detected. A representative
western blot from all blots (n=3) shows the detected procaspase 3 and cleaved PARP protein
bands. The detected protein was not significantly different between control and patient cells. The
panel below the representative western blot represents the loading control (Ponceau S, known as
ponceau red) to which the protein was normalized for calculations. (B) Protein extracted from
cells treated with spermidine to induce mitophagy as well as normal protein lysate from the same
cells were treated with an LC3B antibody. LC3BI and LC3BII were detected and the LC3B II:1
ratio was calculated, demonstrating no significant difference between patient and control
samples. A representative western blot from all blots (n=3) shows the detected LC3BI and
LC3BII protein bands. The panel below the representative western blot represents the loading
control (Ponceau S, also referred to as ponceau red). The detected protein was normalized to the

loading control for calculations.

3.4 Discussion

In order to provide evidence that a putative novel disease gene is the cause for a disease or
disorder, studying pathways or other molecules the gene interacts with can demonstrate if there
are significant impacts of the variant. In this chapter, such targets of UBE2R2 function were
explored including possible functional compensation, B-catenin, Wnt signaling pathway, cell
cycle, p53 and degradation pathways.

The data presented does not demonstrate that functional compensation is occurring with other E2
ubiquitin conjugating enzymes UBE2R 1, UBE2G1 or UBE2G2. We also determined that
progression through the cell cycle and cell growth remain unaffected in patient cells. Analysis
into B-catenin and p53 determine that the degradation of those proteins is unaffected.

With regards to the Wnt signaling pathway, only one of the three genes had significant
differences in mRNA expression and protein abundance (AFF3). Given that protein expression
for two of these has not been affected in patient cells, coupled with no difference in B-catenin,
the Wnt pathway is likely not significantly impacted in patient cells through B-catenin signal
transduction. The majority of the research surrounding AFF3 at this time is focused on cancer
with little known about how the gene itself is regulated or its specific role or interaction with the
Whnt signaling pathway (Lefévre et al., 2015). This gene is part of a family that functions as

transcriptional activators that promote RNA elongation and it has been found to be involved in
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the development of the mesoderm and ectoderm (Bassani et al., 2024). This gene has previously
been implicated in an autosomal dominant syndrome (KINSSHIP syndrome, MIM 619297),
whose clinical features include developmental delay, impaired intellectual development,
seizures, dysmorphic facial features and mesomelic dysplasia (Bassani et al., 2024).
Homozygous AFF3 knockout mice presented with brain malformations, neurological anomalies,
kidney defects and skeletal anomalies (Voisin et al., 2021). As the association with epilepsy and
developmental delay through KINSSHIP overlap with the clinical features of the patient, this is
an intriguing pathway to explore. With this, it is also important to consider the entirety of the
clinical features of KINSSHIP and our patient. The patient presented with developmental delay,
intellectual disability, and absence seizures. The clinical presentation KINSSHIP syndrome
overlaps with developmental delay, impaired intellectual development and seizures. The typical
features of KINSSHIP that are not present in this patient include mesomelic dysplasia,
dysmorphic facial features, horseshoe or hypoplastic kidney and failure to thrive. These results
are inconclusive as to the effect of the UBE2R2 variant on the Wnt signalling pathway. Despite
this, it is possible to determine that the lack of effect on B-catenin degradation indicates that this
mechanism of Wnt pathway activation (through B-catenin as the signal transducer) is not
affected.

The results from the western blot analysis of actinomycin D cells treated with an antibody that
detects key proteins involved in apoptosis (procaspase 3 and cleaved PARP) do not demonstrate
any significant differences — which indicates that apoptosis has not been significantly impacted
in these mechanisms. Although the procaspase 3 seems to trend towards a significant decrease
(p=0.062), the other results do not present compelling evidence of significant apoptotic
dysregulation in the patient cells with cleaved PARP as a hallmark feature.

With regards to mitophagy, it was attempted to induce mitophagy with the use of spermidine in
cell culture. The lack of significant change between LC3BI and LC3BII between the normal
conditions and the spermidine conditions indicate that mitophagy induction through spermidine
treatment. In-culture this was not successful. This may be a result of lymphoblasts being an
immortalized cell line, and the required process to achieve this may have affected the efficacity
of spermidine for these cells (Jankauskaité et al., 2017). Given the ratio was unchanged in

protein extracted from cells that were not treated, it was determined that mitophagy occurring
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when the cells are not under stress (“normal” mitophagy) was unaffected by the
p.(Ser6GlInfsTer56) variant.

The results, taken in sum, do not provide sufficient evidence of disease-gene association for
UBE2R2. While the variant impacts expression of UBE2R2, it does not seem to have an overt
downstream functional effect. Although it is not possible to prove the disease-gene association,
finding other patients through GeneMatcher (or other databases wherein unrelated patients with
phenotypic and genotypic overlap are connected) would be required to suggest pathogenicity and
continue laboratory research to further investigate the underlying mechanism in this case.
Despite the lack of a genetic diagnosis, the research does present evidence for which pathways
and interactions remain functional within the patient cells. This can be used for further research
and analysis in the future to target different mechanisms for research by which evidence
supporting diagnosis can be accumulated. It will be important to utilize all the information
presented in this body of work to achieve a fuller understanding of the mechanism(s) of disease

in this patient and in any future steps to achieve a diagnosis or differential treatment.

3.5 Supplemental figures
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Supplemental Figure 3-1 Western blot replicates for E2 ubiquitin conjugating enzymes.
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Images of western blots replicates completed for all E2 ubiquitin conjugating enzymes using
different protein lysates. (A) Western blot membranes were treated with a UBE2R2 antibody.
Each western blot image is aligned with its loading control (stain free gel). The protein detected
was normalized against this control for calculations. There was a significant difference in protein
expression from the combined results of each western blot completed for this antibody (p=
0.006). (B) Western blot membranes were treated with a UBE2R1 antibody. Each western blot
image is aligned with its loading control (stain free gel). The protein detected was normalized
against this control for calculations. There is not a significant difference in protein expression
(p=0.69). (C) Western blot membranes were treated with a UBE2G1 antibody. Each western blot
image is aligned with its loading control (Ponceau S, also referred to as ponceau red). The
protein detected was normalized against this control for calculations. There is no significant
difference in protein expression (p=0.60). (D) Western blot membranes were treated with a
UBE2G?2 antibody. Each western blot image is aligned with its loading control (stain free gel).
The protein detected was normalized against this control for calculations. There is not a

significant difference in protein expression (p=0.27).
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Supplemental Figure 3-2 Western blot replicates for p-catenin. Replicates of f-catenin
western blot replicates using different protein lysates. Protein extracted from patient and control
cells were treated with a B-catenin antibody. The detected protein was normalized against the
loading control (stain-free gel), represented in the panel below the B-catenin bands. No

significant difference between control and patient samples were detected.
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Supplemental Figure 3-3 Western blot replicates of Wnt target genes. Replicates of western

blots for each Wnt target gene, using different protein lysates. (A) Protein extracted from control
and patient cells were treated with a LEF1 antibody. The detected protein was normalized
against the loading control (Ponceau S, also referred to as ponceau red). These results show no
difference between control and patient samples. (B) Protein extracted from control and patient
cells were treated with a MYC antibody. The subsequent protein detected was normalized
against the loading control (Ponceau S, also referred to as ponceau red). The leftmost graph and
panels below are representative of these results, showing no difference in protein expression.
These results do not demonstrate a significant difference in expression (C) Protein extracted
from control and patient cells were treated with an AFF3 antibody. The protein detected was
normalized against the loading control (stain-free gel). These results demonstrate a significant

decrease in AFF3 protein in patient samples (p=0.0041).
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Supplemental Figure 3-4 Western blot replicates of p53. Replicates of p53 western blots,
using different protein lysates. Protein extracted from patient and control cells were treated with
a p53. The detected protein was normalized against the loading control (stain-free gel),
represented in the panel below the p53 bands. As seen in the representative graph, to the left of
the representative blot, no significant difference between control and patient samples were
detected.
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Supplemental Figure 3-5 Replicates of western blots detecting key apoptosis proteins.
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loading control

Replicates of western blots using an anti-apoptosis cocktail antibody, using different protein
lysates. Protein extracted from cells cultured with Actinomycin D was incubated with an
Apoptosis Cocktail antibody wherein procaspase 3 and cleaved PARP were detected. The

detected protein was not significantly different between control and patient cells. The panel
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below the representative western blot represents the loading control (Ponceau S or stain-free gel)

to which the protein was normalized for calculations.
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Supplemental Figure 3-6 Replicates of western blots detecting LC3B. Replicates of western
blots detecting LC3B, using different protein lysates. Protein extracted from cells treated with
spermidine to induce mitophagy as well as normal protein lysate from the same cells were
treated with an LC3B antibody. LC3BI and LC3BII were detected and the LC3B II:I ratio was
calculated, demonstrating no significant difference between patient and control samples. The
panel below the representative western blot represents the loading control (Ponceau S, also
referred to as ponceau red). The detected protein was normalized to the loading control for
calculations.

Supplemental Table 3-1: Optimized antibody dilution used for western blot experiments.

Antibody Dilution
UBE2R2 1:500
UBE2R1 1:500
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UBE2G2 1:500
UBE2G1 1:500
LEF1 1:500
AFF3 1:500
MYC 1:1000
B-Catenin 1:1000
LC3B 1:1000
p53 1:1000
Apoptosis Cocktail 1:250

3.6 Supplementary Methods
3.6.1 Western Blot

Once all protein lysate and loading buffer mixes were made, they were frozen overnight and used
for running gel(s) as follows.

Running gel(s)

10% gels made with the TGX Stain-Free ™ FastCast ™ Acrylamide Kit (BIORAD, cat.
1610183) or 12% gels made with the TGX ™ FastCast ™ Acrylamide Starter Kit, 12%
(BIORAD, cat. 1610174) with 15 well combs were used based on protein size. One replicate
from each UBE2G1, cleaved PARP and procaspase 3 were completed using 12%TGX Stain-Free
™ FastCast ™Acrylamide Kit (BIORAD, cat. 1610185). To note, a maximum volume of 30uL
could be loaded into this well size. Prior to being loaded into the wells, the protein lysate and
loading buffer mixes were heated at 70°C for 10 minutes. All gels were loaded as follows using

the heated mixes along with BLUeye Prestained Protein Ladder (Sigma-Aldrich, cat. 94964):

5.5uL 20 pL Control 1 | Patient | Control 2 | Patien | Control | Patient | 20uL 7.51
protein loading (AG1599 | Sample | (AG1580 |t 3 Sampl | Loadin | L
ladder buffer 5) 1 3) Sampl | (AG157 |e3 g protei
e2 92) Buffer | n
ladde
r
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The gels were run in an electroporator filled with running buffer at 10 mAmp until the dye front
reached the bottom of the gel (or ~1cm from the bottom).
For 10% stain free gels once running was completed, the protein separation was visualized
immediately using the BioRad Image Lab software on a ChemiDoc XRS+ System under the
stain free gel application. This image was analyzed for total protein loading to normalize final
western blot data. The transfer process occurred after this.
For 12% gels went immediately to transfer.
Transfer
For all western blots, polyvinylidene (PVDF) membranes with a 0.2uM pore size were used.
Four filter sheets per gel were cut to fit the size of the gel as was one PVDF membrane. First, the
PVDF membrane was activated by being submerged in methanol for 1-6 seconds, the methanol
was removed and the membrane was then covered with 1x transfer buffer. The four filter papers
and four sponges per gel were submerged in transfer buffer as well. A sandwich as created for
transfer as follows:

2 Sponges

2 Filter papers

PVDF membrane

Gel

2 Filter papers

2 Sponges
A roller covered in transfer buffer was used between each addition to the sandwich to ensure no
air bubbles were present. The PVDF membrane was on the positive side of the sandwich and the
wet transfer system to ensure the protein was transferred from the gel to the membrane. The
transfer system was then covered with 1x transfer buffer, with an ice pack filling in the
remaining space, and placed in the fridge for an overnight transfer at 0.03 AMP.
For 12% gels the membrane was immediately transferred to a plastic container with a removable
lid, covered in Ponceau S Staining Solution (ThermoFisher, cat. A40000279) and placed on a
platform rocker for 15 minutes. The staining solution was then washed off with double distilled
water before air drying completely. The membrane was then imaged using the same Image Lab

software and machine using the Colorimetric application under “Blots”. This image was used to
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normalize protein bands in the final analysis. The membrane was washed 3 times for 5 minutes
each with TBST before moving on to blocking and antibody incubation.

For 10% gels the membrane was removed and immediately used in blocking and antibody
incubation.

Blocking and antibody incubation

The membrane was removed from the transfer sandwich and immediately placed in a plastic
container with a removable lid and covered with 5% skim milk made with TBST for 2 hours on a
platform rocker. The milk was removed, and the membrane was then incubated with the primary
antibody mix (made with 5% milk, containing 5% sodium azide and at a concentration
dependent on each antibody). They were incubated with an anti-UBE2R2 (ThermoFisher, cat.
14077-1-AP), anti-UBE2R1 (Novus Biologicals, cat. NBP1032153), anti-UBE2G1
(ThermoFisher, cat. PA5-30201), anti-UBE2G2 (ThermoFisher, cat. PA5-98226), anti-p53 (Cell
Signaling Technology, cat. 9282T), anti-f-catenin (Abcam, cat. ab16051), apoptosis western blot
cocktail (Abcam, cat. ab136812), anti-LC3B (ThermoFisher, cat. PA1-46286), anti-MYC
(ThermoFisher, cat. 10828-1-AP), anti-AFF3 (ThermoFisher, cat. PA5-68628), or anti-LEF1
(ThermoFisher, cat. 14972-1-AP) at 4°C on a rocker overnight.

The next morning, the membrane was washed quickly 3 times with TBST followed by 3 longer
washes with TBST for 15 minutes each. The membrane was then incubated with the secondary
antibody that would target the host species the primary antibody was derived from. This mixture
was again made with 5% milk and the antibody at a 1:5000 ratio. Incubation on a rocker
occurred for 1 hour before the washing steps (3 short washes, 3 long washes) with TBST were
repeated. The membrane remained covered in TBST until imaging. Note: the apoptosis cocktail
antibody used a customized secondary antibody at a 1:100 dilution.

Imaging

Clarity and clarity max ECL western blotting substrates (BIORAD) were used for imaging.
Equal amounts of each substrate were mixed together, then the membrane was dried gently with
a Kimwipe before being covered by the substrate mix. Colorimetric and chemiluminescent
imaging using a ChemiDoc (BIORAD) was completed. Membranes were placed back into TBST
and dried for further use as required.

Stripping and re-probing
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Membranes were covered with Thermo Scientific™ Restore™ PLUS Western Blot Stripping
Buffer and placed on a rocker for 15 minutes. It was then washed 3 times for 5 minutes with
TBST. Blocking and antibody incubation was then performed as described above.

The total western blot process was completed in triplicate for each antibody.

All error bars represent the standard error of the mean.
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Chapter 4 Discussion and future directions

4.1 Discussion

Genetic testing has become increasingly available and accessible as a result of the advancements
in sequencing technologies (Krey et al., 2022; McKnight et al., 2022; Pellinen et al., 2024). It is
now recommended that genetic testing (specifically exome and genome sequencing or multi-
gene panels) be incorporated into the standard testing used in clinic for individuals with
unexplained epilepsy (Smith et al., 2023). However, even with these comprehensive genetic
testing becoming implemented into the standard clinical care of those with epilepsy, the vast
majority of patients with genetic forms of epilepsy will remain without a molecular diagnosis
(Sheidley et al., 2022).

In chapter two, I showed the benefits of the re-analysis of genetic data as a practical and easily
accessible method that can be used to provide new diagnoses. By reanalyzing existing exome
sequencing for a cohort of 20 patients, 10% of the participants were able to achieve a definite
molecular diagnosis. An additional 35% had candidate genetic variants identified that have the
potential to lead to a diagnosis. Initial testing techniques for this cohort were exome sequencing
and multi-gene panels completed on an exome backbone, where one participant with each type
of initial test received a diagnosis after reanalysis and candidate genetic variants were identified
in individuals with both initial testing methods. These results, and others from the literature,
suggest that reanalysis should be incorporated into routine clinical care. Results from reanalysis
can lead to a diagnosis as well as provide information as to how research should proceed. Not
only this, but as multigene panels and exome sequencing initial testing had similar results, this
technique can be taken advantage of for patients who received either test initially if the muti-
gene panel is completed on an exome backbone. Currently the Ontario-based multigene panel is
not on an exome backbone (Dyment et al., 2020). These thesis results would provide evidence
for the provincial laboratory stakeholders to consider modifying their targeted panel test to

include an exome backbone and subsequent reanalysis as part of routine protocol.
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Matchmaking efforts also have a role to play in the identifying novel epilepsy-associated genes.
In the cohort of 20, we identified JAKMIPI and SBNOI. Both were added to the GeneMatcher
portal and JAKMIPI matched to a research group in Pittsburgh. The developing cohort includes
missense and loss-of-function variants. There is at least one other individual with a missense
variant as well as macrocephaly, seizures and developmental delay in the new cohort and similar
to the individual described in our study (personal communication with Dr. Collyer; UPMC
Children's Hospital of Pittsburgh). This is also similar to an individual described, in brief, in a
cohort study of individuals with delays (Loviglio et al., 2016). While detailed clinical
descriptions, in multiple individuals are a necessity before JAKMIPI can be considered a bona-
fide disease gene, this match is a promising initial step. It would also be reasonable to pursue
functional studies for JAKMIP1 to demonstrate a deleterious effect of the substitution on protein
function and/or downstream pathway.

Chapter three describes the process that can occur should a candidate gene be identified with
exome reanalysis but requires further investigation to confirm or deny it as a disease gene. In this
chapter, I performed a series of experiments in pathways or proteins that were theorized to be
affected. The variant in UBE2R2 was identified by exome reanalysis prior to the start of my
thesis project. Using three control cell lines, and a lymphoblast cell line from the participant, I
found that protein expression of other E2 ubiquitin conjugating enzymes were not affected (and
therefore not functionally compensating for the loss of UBE2R2 function), cell cycle
progression, cell growth, Wnt signaling pathway, p53 expression, -catenin, apoptosis and
mitophagy levels are unaffected. A difference was detected in AFF3 mRNA and protein levels,
UBE2RI mRNA expression and UBE2R2 protein expression which, while does not provide
adequate evidence for pathogenicity of this variant, may offer a different direction for future
testing or research to take place. As there is very little research into UBE2R2, this work also
provides insight into the effects, or lack thereof, of a frameshift resulting in a truncation of this

gene and protein.
4.2 Future directions and remaining questions

The body of work supports the benefits of exome reanalysis in cases where a clinical exome or

multigene panel on an exome backbone have been completed in initial testing with no diagnosis.
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The research also explores what can occur when a compelling candidate has been identified
wherein further evidence is required to classify it as pathogenic.

Exome reanalysis cases that remain unsolved

As was described in chapter two, some of the cases with compelling candidates have progressed
through next steps to demonstrate pathogenicity. The overarching paths forward when a
compelling candidate has been identified includes (i) genotype: phenotype correlation, which is
frequently completed by the most responsible physician relative to the patient(s), (ii) segregation
studies to confirm inheritance, (iii) use of GeneMatcher to search for other patients with
overlapping phenotypes and variants in the same gene , and (iv) the use of additional research
studies, such as methylation studies or the type of experiments described in chapter three. In the
future, should the variants in JAKMIP1, MADD, TRIP12 and ZBTB7A be resolved to be the
underlying cause of the seizures and global developmental delay, it would highlight the increased
solve rate based on reanalysis from 2/20 (10%) to 6/20 (30%).

For the remaining 11 cases where no compelling candidates were identified, they will remain
enrolled in the reanalysis program until such a time where consent is withdrawn, or the clinician
removes them or Care4Rare has been completed. Reanalysis is also available on a clinical basis
with funding from the Ministry of Health and Long-Term Care. The candidate may also
progress through the C4R-SOLVE pathway with further research testing (for example,
methylation analysis or long-read whole genome sequencing). As mentioned, the vast increases
in genetic knowledge over the course of even one year can contribute to the identification of a

candidate or provide the information required for a diagnosis.

UBE2R? as a disease gene?

The body of work in chapter three does not provide sufficient evidence to declare the UBE2R?2 as
a disease gene. However, it is also not possible to entirely rule-out this gene and variant as the
cause of the clinical presentation seen in the patient. The pathways involved in ubiquitination
and subsequently the ubiquitin-proteasome degradation pathways are comprehensive and varied
and I may not have studied the appropriate pathway. The experiments in Chapter Three were
based on existing knowledge, much of which is in relation to cancer. There may yet be other

aspects of cellular function affected by the protein that has not been identified.
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An actionable path forward at this time includes leaving this gene in the GeneMatcher and
Matchmaker Exchange databases. As both systems are continuous, the relevant genetic
counsellor and most responsible physician will be notified should another participant with a
similar clinical presentation and genetic variant be uploaded to either database. Further
functional assays into related pathways could also be explored to either rule out which pathways
are affected by the variant or create a more detailed understanding of what cellular functions
have been affected. In general, increased understanding can aid in guiding research in the future.
In addition, the participants exome will continue to be re-analyzed on a routine basis (by
Care4Rare) to determine if there is another candidate, in a gene other than UBE2R2, that may
explain the seizures and delays.

Another potential path forward to prove a gene is associated with disease is the use of model
systems. UBE2R2 has an ortholog in mice (Ube2r2), indicating that a knockout mouse model
could provide data that may be applicable to the human condition (Ube2r2 Ubiquitin-
Conjugating Enzyme E2R 2 [Mus Musculus (House Mouse)] - Gene - NCBI, n.d.). Testing in this
case could include tests such as monitoring mice at stages of development for seizures (Marshall
et al., 2021; Teng et al., 2022). This could be in addition to monitoring for physical symptoms of
seizures events, and cognitive function could be studied with a variety of behavioral tests
(Ghafarimoghadam et al., 2022; Webster et al., 2014). There are currently knockout mouse
models available that could be used to accomplish this detailed phenotyping (Cyagen,
C57BL/6JCya-Ube2r2°! /Cya, strain number: KOCMP-67615-Ube2r2-B6J-Va, Taconic
Biosciences model TF3247, MGI: 1914865).

4.3 Conclusions

Overall, the work presented in this thesis has provided a diagnosis for two participants and
candidates for further investigation in 7 more. The data from chapter two, following the path in a
case where a candidate is identified requiring further investigation, does not provide satisfactory
evidence towards pathogenicity of the variant. Levels of mRNA expression was significantly
different in two genes (AFF3 and UBE2RI) and protein expression was only significantly
affected in UBE2R2 and AFF3 between control and patient cells. Whilst these results, as well as
the current status in GeneMatcher (no matches), do not provide sufficient evidence for

pathogenicity of this gene or variant, the results are still valuable in determining the possible
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mechanism of disease in this patient. The information discerned from negative results can be
useful in further determining the pathways that are affected by ruling out what is not affected
from these functional assays.

This work emphasizes the utility of exome reanalysis for patients with unexplained epilepsy. It
further highlights the process used to provide evidence should a novel disease gene candidate be
identified through reanalysis as a likely cause of disease. Despite not demonstrating differences
in the Wnt/B-catenin pathway, apoptosis, mitophagy, cell cycle, cell growth and a lack of
functional compensation from other E2 ubiquitin conjugating enzymes, it is now possible to
explore other avenues to attain a molecular diagnosis for this patient. The continued use of
exome reanalysis, along with increased research into novel disease gene candidates, will be
imperative for achieving a diagnosis for patients with epilepsy.

From these results, I would recommend implementing exome reanalysis in cases of epilepsy
without a molecular diagnosis and performing multi-gene panels on an exome backbone so this
avenue is possible. Moreover, functional analysis to investigate candidates can provide
information on the patient’s cellular function and is an important avenue to explore with putative

novel disease genes.
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