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SUMMARY

Epilepsy is one of the most common chronic brain disorders characterized by the occurrence of
spontaneous, recurrent epileptiform discharges. The standard therapy consists of anti-seizure drugs,
which effectively control seizures in the majority of patients. However, 30% of epilepsy patients
continue to suffer from seizures due to drug-resistance. Based on its etiology epilepsy is classified into
six different groups: structural, genetic, infectious, metabolic, immune and unknown. A genetic epilepsy
results from a variant in a gene that is presumed or known to be pathogenic for epilepsy. Due to the
recent emergence of next-generation sequencing, more and more candidate-epilepsy genes are being
uncovered at a high rate, necessitating the use of proper animal models to validate their disease-causing
potential. Therefore, together with the issue of drug-resistance, there is a high need for ‘personalized’

animal models that closely mimic epilepsy in humans.

The use of zebrafish as a small, non-mammalian model has emerged in the field of epilepsy research.
Unique features of this simple vertebrate are the production of hundreds of eggs per week, fast ex utero
development, ease of genetic manipulation, small size which enables the use of multi-well plate format,
and the fact that compounds can be immersed in the swimming medium. Taken together, these
advantages allow (i) fast modeling of a human candidate epilepsy gene and therefore rapid translation
to the clinic, (ii) elucidation of the pathophysiology of epilepsy and (iii) a moderate- to high-throughput
screening of compounds in genetic zebrafish epilepsy models. Therefore, we used zebrafish to model
two mutations that are presumed (FHFI gene) and known (7SC2 gene) to result in epilepsy or a

syndrome-associated epilepsy.

In the first project, we investigated whether a variant in FHF'I could be linked to the development of
epilepsy. Whole exome sequencing of a family quintet identified a heterozygous missense mutation in
the FHF'I gene of two siblings suffering from early-onset epileptic encephalopathy associated with
intellectual disability and cerebellar atrophy. To investigate the functional consequences of the patients’
mutation in vivo, we established an Fhfl overexpression model in zebrafish larvae using Tol2 tissue-
specific transgenesis. Local field potential recordings from the midbrain of mutant Fhfl overexpression
larvae revealed a significantly higher incidence of recurrent epileptiform discharges when compared to
wild type overexpression and control larvae. Moreover, real-time qPCR confirmed the abnormal brain
activity to result from the overexpressed fAf1 mutation. These results underscore the utility of zebrafish

to investigate and validate rapidly the epileptic potential of a human candidate epilepsy gene.
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In the second project, we investigated the brain phenotype of tuberous sclerosis complex, a rare genetic
disease resulting from loss-of-function mutations in the 7SCI or TSC2 genes. For this purpose, the

w242 5 ebrafish model was used. The homozygous (tch'/') larvae have enlarged brains, reduced

tsc2
locomotor behavior and display epileptiform discharges at 7 dpf. Rapamycin, a well-known mTOR
inhibitor was shown to have a significant rescue effect on selected phenotypic readouts as well as at the
molecular level. These results demonstrate that the zsc2” zebrafish model mirrors certain aspects of the
human condition. To acquire more insight into the neuropathology of TSC, transcriptome profiling was
performed. Between WT and #sc2”" larvae 1,414 genes were differentially expressed, with genes related
to inflammation and immune response being up-regulated in the heads of #sc2” larvae. This is in line
with findings in human brain tissue, where gross transcriptome changes have been reported. Besides,
inflammatory and immune responses appear to be major hallmarks of TSC. Interestingly, new areas of
investigation, including dysfunction of calcium ion channels and calcium signaling, and up-regulation

of ctss2.1 were discovered using trancriptomics. These findings suggest that the zsc2”" zebrafish model

can be an interesting tool to gain further pathomechanistic insights into TSC and TSC-associated

epilepsy.
In conclusion, our two studies demonstrate the translational potential of zebrafish in both the fast

modeling of newly discovered candidate epilepsy genes and the modeling of existing epilepsy-

associated syndromes.
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SAMENVATTING

Epilepsie is een van de meest voorkomende chronische hersenziekten en wordt gekenmerkt door
spontane, terugkerende epileptische ontladingen in de hersenen. In de standaardtherapie worden anti-
epileptica toegediend, die bij de meerderheid van de pati€énten de aanvallen effectief onder controle
brengen. 30% van de epilepsiepatiénten blijft echter last hebben van aanvallen door hun resistentie tegen
geneesmiddelen. Op basis van haar etiologie wordt epilepsie ingedeeld in zes verschillende soorten:
structureel, genetisch, infectieus, metabool, immuun en onbekend. Genetische epilepsie is het gevolg
van een variant in een gen waarvan wordt verondersteld of waarvan bekend is dat het pathogeen is voor
epilepsie. Door de recente opkomst van Next Generation Sequencing, worden aan sneltempo meer en
meer kandidaat-epilepsie-genen ontdekt. Het analyseren van die kandidaat-epilepsie-genen vereist de
juiste diermodellen om hun ziekteverwekkend potentieel te valideren. Naast het probleem van
geneesmiddelenresistentie, is er ook daarom een grote behoefte aan 'gepersonaliseerde’ diermodellen die

de epilepsie in mensen goed nabootsen.

Zebravissen worden als een klein, niet-zoogdiermodel steeds meer gebruikt in het domein van
epilepsiconderzoek. Unieke kenmerken van deze eenvoudige gewervelde dieren zijn dat ze honderden
nakomelingen per week produceren, dat ze snel ex-utero ontwikkelen, dat ze makkelijk genetisch te
manipuleren zijn, dat ze door hun klein formaat in multi-well platen kunnen worden gebruikt en dat ze
verbindingen toegediend kunnen krijgen via het zwemmedium. Al deze voordelen samen zorgen voor
(i) snelle modellering van een menselijk kandidaat-epilepsie-gen en dus snelle vertaling naar de kliniek,
(i1) opheldering van de pathofysiologie van epilepsie en (iii) een gemiddelde tot hoge-doorvoer
screening van verbindingen in genetische zebravis-epilepsiemodellen. Daarom gebruikten we het
zebravis proefdiermodel om twee mutaties te modelleren waarvan verondersteld wordt (FHF1-gen) of

bekend is (7SC2-gen) dat ze resulteren in epilepsie of een syndroom-geassocieerde epilepsie.

In het eerste project onderzochten we of een variant in FHF'I kon gekoppeld worden aan de ontwikkeling
van epilepsie. Met whole exome sequencing van een familiekwintet identificeerden we een heterozygote
missense mutatie in het FHFI-gen van een broer en zus. Zij leden aan vroeg optredende epileptische
encefalopathie geassocieerd met een verstandelijke beperking en cerebellaire atrofie. Om de functionele
gevolgen van de mutatie van de patiénten in vivo te onderzoeken, hebben we een Fhfl-
overexpressiemodel gecreéerd in zebravislarven met behulp van Tol2-weefselspecifieke transgenese.

Opnamen van lokale veld potentialen van de middenhersenen van mutante Fhfl overexpressie larven

XiX



wezen erop dat recidiverende epileptiforme ontladingen significant vaker voorkwamen in vergelijking
met wild type overexpressielarven en controlelarven. Bovendien bevestigde real-time qPCR de
abnormale hersenactiviteit als gevolg van de tot overexpressie gebrachte fhf7-mutatie. Deze resultaten
onderstrepen het nut van zebravis om snel het epileptische potentieel van een menselijk kandidaat-

epilepsiegen te onderzoeken.

In het tweede project onderzochten we het hersenfenotype van tubereuze sclerose, een zeldzame
genetische ziekte als gevolg van loss-of-function mutaties in de 7SCI- of TSC2-genen. Hiervoor werd

2" zebravis model. De homozygote (tsc2”") larven hadden vergrote

gebruik gemaakt van het tsc
hersenen, verminderd locomotorisch gedrag en toegenomen epileptiforme ontladingen op 7 dpf.
Rapamycine, een bekende mTOR-inhibitor, bleek een significant hersteleffect te hebben op
geselecteerde fenotypische readouts evenals op moleculair niveau. Deze resultaten tonen aan dat het
tsc2”" zebravismodel bepaalde aspecten van de menselijke conditie weerspiegelt. Om meer inzicht te
krijgen in de neuropathologie van TSC, werd ook een transcriptoomstudie gedaan. Tussen WT en tsc2
"larven werden 1,414 genen differentieel tot expressie gebracht, waarbij genen die gerelateerd zijn aan
ontsteking en immuunrespons opgereguleerd werden in de hoofden van #sc2” larven. Dit komt overeen
met bevindingen in menselijk hersenweefsel, waar grote transcriptoomveranderingen zijn
gerapporteerd. Bovendien blijken ontstekingsreacties en immuunreacties belangrijke kenmerken van
TSC te zijn. Interessant is dat er nieuwe onderzoeksgebieden zijn gevonden met behulp van
transcriptomics, waaronder disfunctie van calciumionkanalen en calciumsignaling, en up-regulatie van
ctss2.1. Deze bevindingen suggereren dat het zsc2”” zebravismodel een interessant hulpmiddel kan zijn

om verdere pathomechanistische inzichten te verkrijgen in TSC en TSC-geassocieerde epilepsie.

Besluitend: onze twee studies illustreren het translationele potentieel van het zebravis proefdiermodel
in zowel de snelle modellering van nieuw ontdekte kandidaat-epilepsie-genen als de modellering van

bestaande epilepie-geassocieerde syndromen.
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Chapter 1. General introduction

1. Epilepsy
1.1 Definitions of epilepsy and epileptic seizure

Epilepsy originates from the Greek word “emtAapuPad” which signifies ‘to be taken over’ and refers to
the clinical expression (i.e. epileptic seizure) of the disease (1). According to the International League
Against Epilepsy (ILAE), an epileptic seizure is defined as a transient occurrence of signs and/or
symptoms due to abnormal excessive or synchronous neuronal activity in the brain (ILAE 2005) (2).
More recently, the definition of epilepsy was updated with epilepsy being defined as a disease of the
brain characterized by any of the following conditions: (I) at least two unprovoked (or reflex) seizures
> 24h apart, (II) one unprovoked (or reflex) seizure and a probability of having another seizure similar
to the general recurrence risk after two unprovoked seizures (>60%) over the next 10 years, or (III) an
epilepsy syndrome (ILAE 2014) (2). With worldwide more than 70 million people being affected,

epilepsy is one of the most common chronic neurologic conditions (1).

1.2 Classification

According to ILAE, the classification of epilepsies requires a multilevel approach combining
information on seizure type, epilepsy type and epilepsy syndrome (3). Ideally, a diagnosis should be
made at all three levels and also include information on the etiology of the epilepsy (Fig. 1) (3, 4). This
classification improves understanding (patient), communication and discussion (clinicians) and allows

investigation to optimize treatments (researchers) (5).

Etiology

Seizure types*
Focal Generalized Unknown

Structural

@ Genetic

Epilepsy types Infectious

: Combined
Focal Generalized Generalized Unknown
& Focal

Co-morbidities

! jl Immune

Unknown
Epilepsy Syndromes /

\

Figure 1: ILAE 2017 classification of the epilepsies. From Scheffer et al. 2017 Epilepsia (4).
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1.2.1 Seizure type

Based on their type of onset epileptic seizures are classified as focal, generalized, unknown or
unclassifiable (Fig 1) (5). A focal onset indicates that the seizure arises from a part of only one cerebral
hemisphere, whereas generalized seizures necessitate involvement of both cerebral hemispheres (6).
When information on the origin of seizures is not available, although clear manifestations are observed,
they are classified as unknown (5). A further sub-classification is based on the level of awareness (Fig.
2). The terms ‘aware’ or ‘impaired awareness’ are clinically more relevant with regards to focal onset
seizures, since generalized seizures mostly imply a loss or impairment of awareness. The next level to
be considered for all three types of seizure onsets is whether the onset can be classified as ‘motor’ or
‘non-motor’. These categories can be expanded with different classifiers based on the first sign or

symptom of the seizure (Fig.2) (5).

[ Focal Onset ] Generalized Onset Unknown Onset

[ P— Impaired s] motor \ 4 Motor I

Awarenes

tonic-clonic tonic-clonic
clonic epileptic spasms
K Motor Onset \ tonic Non-Motor
automatisms myoclonic
atonic myoclonic-tonic-clonic & behavior arrest )
clonic myoclonic-atonic
epileptic spasms ’t‘:l"ic :
hyperkinetic epilepticspasms [ — ]
myoclonic Non-Motor (absence) Unclassified
tonic typical
Non-Motor Onset atypical
. myoclonic
auton?mlc eyelid myoclonia
behavior arrest \ /
cognitive
emotional

\

[focal to bilateral tonlc-clonlc]

Figure 2: ILAE 2017 classification of seizure types. From Fisher et al. 2017 Epilepsia (3).

1.2.2 Epilepsy type

In order to classify the epilepsy type, a patient needs to be diagnosed with epilepsy according to the
2014 definition (4). The epilepsy type can be divided into 4 categories: focal, generalized, combined
generalized — focal and unknown (Fig. 1). The second level of epilepsy type is broader than the seizure
classification, since one epilepsy type can consist of multiple seizure types (4, 5). Besides the seizure
type(s), also information on the clinical picture, laboratory tests and imaging contribute to the

determination of the epilepsy type (5).
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1.2.3 Epilepsy syndrome

The third level comprises the diagnosis of an epilepsy syndrome (Fig. 1). An epilepsy syndrome refers
to a cluster of features (including seizure type(s), EEG and imaging findings, comorbidities, age at onset
and remission, prognosis) that tend to occur together (4, 5). Although several epilepsy syndromes are
well recognized (e.g. Dravet syndrome), a formal ILAE classification of these syndromes is not (yet)

available (4).

1.2.4 Etiology

Besides the multilevel classification of epilepsy, information on the etiology of the patients’ epilepsy is
important since it can influence the treatment options (e.g. epilepsy surgery in case of structural etiology)
(4). Based on its etiology epilepsy is classified into six different groups: structural, genetic, infectious,
metabolic, immune and unknown (Fig. 1). A patients’ epilepsy might belong to more than one etiological
group (4, 5). A structural etiology is characterized by the presence of a structural abnormality visible on
neuroimaging, which is likely to cause the patients’ seizures. This abnormality can be acquired (e.g.
stroke, trauma) or genetic (e.g. malformations of cortical development or tuberous sclerosis complex)
(4, 5). A patients’ epilepsy is likely to be genetic when the patient has a mutation in a gene that is
presumed or known to be pathogenic for epilepsy. ‘Genetic’ here is not used as a synonym for
‘inherited’, since an increasing number of patients present with de novo mutations. An example of an
epilepsy with genetic etiology is Dravet syndrome, where a pathogenic variant in the SCNIA4 gene gives
rise to seizure development (4, 5). An infectious etiology assumes the epilepsy to result directly from
an infection, e.g. development of epilepsy after resolved meningitis. However, seizures triggered by an
acute infection are not considered to fall within this category (4, 5). A patients’ epilepsy that results
directly from a metabolic disturbance is categorized as having a metabolic etiology. Most of these
metabolic disorders have a genetic cause, e.g. porphyria, although some might be acquired, e.g. cerebral
folate deficiency (4, 5). An immune epilepsy directly results from an autoimmune disease, where
antibodies lead to encephalitis resulting in seizures (e.g. anti-NMDA receptor encephalitis) (4, 5).

Finally, an unknown etiology means that the cause of a patients’ epilepsy remains unclear (4, 5).

2. Genetic diseases

A genetic disease or disorder results from abnormalities in an individuals’ genome. Three different types
of chromosomal abnormalities can occur: point, chromosomal and genomic mutations (7). Point
mutations (i.e. one nucleotide change) often give rise to a single-gene disorder, whereas chromosomal
rearrangements affect a larger area of the chromosome and therefore are often more severe (7). Genomic
mutations are characterized by a change in the total number of chromosomes present (7). Recently, more

than 10,000 human diseases have been described as being genetic (8).
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Based on their inheritance pattern, genetic disorders are classified as Mendelian or non-Mendelian (9).
The Mendelian disorders, which are also known as single-gene disorders, are estimated to affect 1% of
the general population (7). Within this Mendelian category of inheritance four subtypes can be
distinguished: autosomal dominant, autosomal recessive, X-linked and Y-linked inheritance (7, 9). The
term autosomal indicates that the mutated allele or pair of alleles is located on a non-sex chromosome
(autosome). In autosomal disorders males and females are equally affected (7). An autosomal dominant
disorder refers to the fact that a single affected allele suffices to result in illness (e.g. Huntington’s
disease). Recessive autosomal disorders require both alleles to be affected in order to have the disease
or disorder (e.g. cystic fibrosis). When the affected allele or pair of alleles is located on a sex
chromosome, the terms X-linked or Y-linked are used (9). X-linked disorders can be dominant (e.g.
Fragile X syndrome) or recessive (e.g. Duchenne muscular dystrophy) (9). Males are more prone to a
X-linked disorder since they only have one copy of the X-chromosome. Y-linked disorders only affect
males and are transmitted from father to son (e.g. Y-chromosome infertility) (7, 9).

Non-Mendelian patterns of inheritance include complex (or multifactorial) inheritance, mitochondrial
inheritance and chromosomal abnormalities (7, 9). In contrast to Mendelian disorders, a complex
disorder is not caused by a single gene mutation but is the result of an interplay of multiple genes,
lifestyle and environmental factors (e.g. diabetes mellitus) (9). Mitochondrial inheritance implies
mutations or abnormalities in the mitochondrial DNA (mtDNA). mtDNA is only inherited from the
mother and differs from nuclear DNA. Leber hereditary optic neuropathy is the most common mtDNA
disorder (7, 9, 10). One of the best known examples of chromosomal abnormalities is Trisomy 21 or

Down syndrome, where the patient has 3 copies of chromosome 21 instead of 2 (7).

Besides inheritance, genetic diseases can be caused by the occurrence of de novo mutations. These de
novo mutations are often more deleterious compared to the inherited variation (11). The de novo
mutation rate is higher in males than females and increases with age (12). Most of the de novo mutations
are single-nucleotide variants (SNVs), although small insertions and deletions (indels) and larger copy-
number variations (CNVs) can occur as well (11). Recently, the emergence of high-throughput next-
generation sequencing (NGS) boosted the study of de novo mutations, since it allowed high-throughput

large scale sequencing at single-nucleotide resolution (11, 13).

2.1 Genetic epilepsies

A genetic epilepsy is caused by a known or presumed gene mutation in which seizures are a main
symptom of the disorder (4). This thesis focuses on 2 genes that, when mutated, are presumed (i.e.

FHFI) or known (i.e. TSC?2) to result in epilepsy.
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2.1.1 Fibroblast growth factor homologues factor 1 (FHF1)
2.1.1.1 Structure and function

Fibroblast growth factor homologues factor 1 (FHF1) is also known as fibroblast growth factor 12
(FGF12) (14). Fibroblast growth factors (FGFs) are involved in development, wound healing, tissue
repair, metabolism and homeostasis (15-17). The family of FGFs consists of 22 members and can be
divided into 7 subfamilies belonging to 3 different groups based on their mechanism of action: the
intracellular FGF11/12/13/14 group, the endocrine FGF19/21/23 group and the canonical FGF group
comprising of 5 subfamilies (i.e. FGF1/2/5, FGF3/4/6, FGF7/10/22, FGF8/17/18 and FGF9/16/20) (15).
The intracellular subfamily members, also known as fibroblast growth factor homologues factors, where
FHF1 = FGF12, FHF2 = FGF13, FHF3 = FGF11 and FHF4 = FGF14, are mainly expressed in the
developing and mature nervous system (14, 18). All FGFs contain a homologous region of
approximately 120-130 amino acids, also known as the core homology domain which assumes a B-
trefoil fold consisting of 12 B-strands (81 — B12) (Fig. 3A and 3B) (16, 18). The FHFs show 30-50%
amino acid sequence identity with other FGFs and up to 70% identity with other members of the FHF
subfamily (15, 18). FHFs appear in two different isoforms, with the A-type isoform having a longer
amino-terminal sequence and bearing a bipartite nuclear localization signal, responsible for its nuclear
distribution. B-type isoforms are localized predominantly in the cytoplasm (18). While both the
endocrine and canonical FGFs function extracellularly to activate the tyrosine kinase FGF-receptors
(FGFRs), FHFs lack the N-terminal signaling peptide for secretion and function in an intracrine manner
(15, 18). These intracellular signaling molecules play a role in neuronal functions by binding to the
intracellular domains of the voltage-gated sodium channels (Na,s) (more specifically to the cytoplasmic
C-terminal tails of the sodium channel alpha subunits) and interaction with the protein kinase scaffold
protein islet brain-2 (IB-2) (14, 15). The interaction of FHFs with the Na,s suggests that they might play

a role in neuronal excitability and FHF gene defects might result in the development of epilepsy.

A

& B - trefoil
FGF L T
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Figure 3: Structure of FGF and FHF. (A) Both FGFs and FHFs contain a homologues region of 120-130 AA (B-
trefoil fold, consisting of 12 B-strands). FHFs exist in an A- and B-type isoform, that are highly related, although the
A-isoform is longer than the B-isoform and bears a nuclear localization signal. (B) Ribbon representation of human
FHF1B. The B-trefoil fold domain consists of 12 B-strands. (A) From Goldfarb et al. 2005 Cytokine Growth Factor
Rev (16). (B) From Olsen et al. 2003 The Journal of Biological Chemistry (16)
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2.1.1.2 Patient data

Whole-exome sequencing was performed by geneticists and neurologists at the UZ Leuven in a family
quintet and identified a de novo heterozygous FHFI missense mutation in two affected siblings,
suffering from cerebellar atrophy, peripheral neuropathy, generalized tonic seizures (early-onset) and
microcephaly. Unfortunately, both died very young (7 and 3,5 years old) (19). These data suggested the

discovery of a new candidate epilepsy gene.

2.1.2 Tuberous sclerosis complex (TSC)

2.1.2.1 Clinical picture

Tuberous sclerosis complex (TSC) also known as Bourneville disease or syndrome is a rare, genetic
disease resulting from loss-of-function mutations in either the 7SCI or TSC2 gene. The incidence of
TSC is estimated to be one in 6000 to one in 10,000 live births (20). One of the hallmarks of the disease
is the development of hamartomas (i.e. benign tumor growths) leading to impaired function of multiple
organs of which brain, skin, heart, lungs (in females) and kidneys are the most important (20-22).
Examples of these non-neurological manifestations are facial angiofibromas, cardiac rhabdomyoma,

pulmonary lymphangioleiomyomatosis (LAM) and renal angiomylipomas (AMLs) (20-22).

In most patients (>90%) the central nervous system (CNS) is affected due to the presence of structural
developmental abnormalities in the brain, including cortical dysplasias (i.e. tubers and white matter
radial migration lines), subependymal nodules (SENs) and subependymal giant cell astrocytomas
(SEGASs) (23). Functional CNS abnormalities consist of epilepsy and TSC-associated neuropsychiatric
disorders (TAND). TAND is an umbrella term used to refer to a wide range of behavioral, psychiatric,
intellectual, academic, neuropsychologic and psychosocial difficulties (24, 25). Examples of difficulties
at the different levels are given in Fig. 4. Approximately 90 % of the individuals with TSC will

experience one of these TAND features at some stage during life (24).

As epilepsy is the most common presenting symptom of TSC, it affects up to 90% of TSC patients (26-
28). In the majority of cases (60 — 70%), seizures emerge within the first year of life (27). Multiple
seizure types have been observed in children with TSC, with infantile spasms and focal seizures being
the most common ones (26). Infantile spasms are highly prevalent in TSC infants (33 — 75%) and are
often associated with intellectual disability and poor neurological prognosis (26). Children suffering
from infantile spasms often develop other types of seizures leading to drug-resistant epilepsy in 75% of
cases (23). The first-line treatment for seizures in TSC patients consists of anti-epileptic drugs, although

two thirds of patients remain unresponsive to therapy (21).
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Figure 4: TAND. TAND refers to TSC-associated neuropsychiatric disorders and encompasses a wide range of
difficulties situated at the behavioral, intellectual, neuropsychosocial, psychiatric, academic and psychosocial levels.
From Curatolo et al. 2015 Lancet Neurology (23).

The diagnosis of TSC is made based on genetic and/or clinical diagnostic criteria (20, 23, 29). A definite
diagnosis of TSC requires the identification of a pathogenic variant in the 7SC/ or TSC2 gene (genetic
diagnostic criterion) or the detection of two major features or one major feature with two or more minor
features (clinical diagnostic criterion) (20, 23, 29). A possible diagnosis is made when there is one major
feature or two or more minor features (20, 23, 29). An overview of the different major and minor features
can be found in Fig. 5. TSC is characterized by a very heterogeneous manifestation of the disease.
Therefore, an individuals’ prognosis depends on the disease severity, ranging from mild skin lesions to

drug-resistant epilepsy, severe intellectual disability and kidney failure (20).
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Figure 5: Overview of the major and minor features used to clinically diagnose TSC. A definite diagnosis of
TSC requires two major features or 1 major feature with 2 or more minor features. A possible diagnosis of TSC is
made when 1 major feature or 2 or more minor features are detected. Major features include hypomelanotic
macules (>3, at least 5 mm in diameter), facial angiofibromas (>2), fibrous cephalic plaque, ungual fibromas (>2),
shagreen patch, multiple retinal hamartomas, cortical dysplasias (tubers indicated by the white arrows; white
matter radial migration lines indicated by the black arrow), subependymal nodules (SENs, >2) indicated by the
white arrows, subependymal giant cell astrocytoma (SEGA) indicated by the black arrow, cardiac rhabdomyoma
indicated by the white arrows, lymphangioleiomyomatosis (LAM) and renal angiomyolipomas (AMLs, >2). Minor
features include confetti skin lesions, dental enamel pits (=3), intraoral fibromas (>2), retinal achromatic patch,
multiple renal cysts and nonrenal hamartomas. Adapted from Northrup et al. 2013 Pediatric Neurology (29).

2.1.2.2 Genetic background

TSC is a genetic disease caused by variants in one of the tumor suppressor genes 7SC/ or 7SC2 (20, 22,
30, 31). The TSCI gene is located on chromosome 9q34.3 and encodes an 8.6 kilobase (kb) transcript
and a 130 kDa protein, named hamartin (20, 30, 32). The 7SC2 gene is located on chromosome 16p13.3
and encodes a 5.5 kb transcript and a 198 kDa protein, known as tuberin (30, 33). Both genes are

ubiquitously expressed and show a high conservation across different species (20, 32, 33).

Pathogenic variants in 7SC/ or 7SC?2 can be inherited in an autosomal dominant manner, although the
majority occurs de novo during embryo development (20). Sporadic cases of TSC are more often
resulting from 7SC2 variants than from 7SCI variants, while in case of inheritance both genes are

equally involved (20). Remarkably, in 10 — 15% of TSC patients, no disease-causing mutation can be
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identified (NMI) (20, 23). To date, approximately 850 DNA variants have been described on the 7SC/
gene and 2500 on the TSC2 gene (20, 23). Variants in 7SCI are mostly indels resulting in a truncated
protein, whereas the variant type of the TSC2 gene is broader and includes large deletions, indels,
nonsense and missense mutations (20). The manifestation of the disease in terms of age at seizure onset,
tuber load and degree of intellectual disability is generally more severe in case of 7SC2 gene variants
(20). An important concept to understand the hamartoma development and the variable disease
manifestation in TSC is the “two-hit” hypothesis or loss of heterozygosity (LOH) model. This model
assumes the presence of an acquired or inherited variant in one allele of the 7SC/7 or TSC2 gene, meaning
that patients are heterozygous (except for mosaic individuals) (20). Subsequently, at some point in life,
the occurrence of a somatic “second-hit” variant in the other unaffected allele results in a biallelic
inactivation or LOH of TSCI or TSC2. Lesion formation in the brain (SEGAs) and kidneys (AMLs)
requires a biallelic inactivation of 7SC/ or TSC2, while this is not the case for cardiac rhabdomyomas

and cortical tubers (20).

2.1.2.3 Mechanistic target of rapamycin

The TSC1 and TSC2 gene products (TSC1 or hamartin and TSC2 or tuberin) are upstream regulators of
mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) (34). mTOR is a serine/threonine
protein kinase of 289 kDa and belongs to the phospho-inositide 3-kinase (PI3K)-related kinase family
(34). In order to be active, mTOR needs to associate with several other proteins to form two distinct
multiprotein complexes, named mTORC1 and mTORC2 (34-36). These mTOR complexes can be
distinguished by their different upstream and downstream in- and outputs and by their difference in
sensitivity to rapamycin (with mTORCI1 being more rapamycin-sensitive) (37). However, these
complexes also show similarity since they have some protein partners in common: the catalytic mTOR
subunit, mammalian lethal with sec-13 (mLSTS8), DEP domain containing mTOR-interacting protein
(Deptor), Tel-two interacting protein 1 (Ttil) and telomere maintenance 2 (Tel2) (36, 37). In addition
to the shared proteins, mMTORC]1 consists of regulatory-associated protein of mTOR (Raptor) and
proline-rich AKT1substrate 40 kDa (PRAS40) (36, 37). Specific to mMTORC2 are rapamycin-insensitive
companion of mTOR (Rictor), mammalian stress-activated map kinase-interacting protein 1 (mSinl)
and protein observed with Rictor (Protor) (36, 37). The composition of the mTORC protein complexes

is shown in Fig. 6.

mTORCA1 mTORC2

Figure 6: Composition of the mTORC1 and mTORC2 complexes. From Switon et al. 2017 Neuroscience (36).
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mTOR is, as a central regulator within a wide signaling network, responsible for the control of major
cellular processes including cell metabolism, growth, proliferation and survival (34, 37). One of the
most important sensors involved in the regulation of the activity of mTORCI1 are the proteins derived
from the 7SC1 and TSC2 genes. They act by integrating signals from different cues: both growth factors
(e.g. insulin) and high glucose and cellular energy levels lead to mTORCI1 activation through PI3K and
Ras signaling mediated inhibition of TSC2 and inhibition of AMP-activated protein kinase (AMPK)
respectively (Fig. 7) (34, 36). One of the best-known downstream effects of mMTORCT1 is stimulation of
protein translation via phosphorylation of eukaryotic translation initiation factor 4E-binding protein (4E-

BP) and p70 ribosomal S6 kinase 1 (p70S6K1) (Fig. 7) (36).

Growth factors

| Glucose

| Energy
t AMP:ATP

—~ Protein Synthesis

Figure 7: TSC1/TSC2 dependent regulation of mTORC1. Growth factors and hormones lead to mTORCI activation via
Ras and PI3K signaling mediated inhibition of TSC2. Low glucose and low cellular energy levels stimulate AMPK which
in turn phosphorylates and activates TSC2, resulting in mTORCI inhibition. PI3K = phopho-inositide 3-kinase, PDK1 =
phospho-inositide-dependent kinase-1, AKT = protein kinase B, TBC1D7 = Tre2-Bub2-Cdc16 1 domain family member
7, AMPK = AMP-activated protein kinase, Rheb = Ras homolog enriched in brain, p70S6K1 = p70 ribosomal S6 kinase 1,
4E-BP = eukaryotic translation initiation factor 4E-binding protein. Adapted from Switon et al. 2017 Neuroscience (36).

TSC1 and TSC2 physically associate together with a third subunit Tre2-Bub2-Cdc16 (TBC) 1 domain
family, member 7 (TBC1D7) to form the TSC1-TSC2-TBC1D7 complex. This complex functions as a
negative regulator of mTORCI1 due to its Ras homolog enriched in brain — GTPase activating protein
(Rheb-GAP) activity (Fig. 7) (30, 31, 38, 39). More specifically, it inactivates Rheb-GTP, which is a
potent stimulator of mTORCI1, by conversion to the inactive Rheb-GDP. The GAP activity of this
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complex originates from TSC2, which contains a GAP domain near its C-terminus. TSC1 is known to
stabilize TSC2 and increase the GAP activity, whereas TBC1D7 by binding to TSC1 strengthens the
association of TSC1 and TSC2 (30, 31, 38, 39). When a variant is present in one of the two 7SC genes,
the TSCI1-TSC2-TBC1D7 complex loses its GAP function and results in hyperactive mTORCI1
signaling (38). Therefore, mTOR inhibitors such as rapamycin and everolimus have been successfully
used to treat the following TSC manifestations in patients: SEGAs, renal angiomyolipomas, pulmonary
lymphangioleiomyomatosis, facial angiofibromas and epilepsy (40-43). Rapamycin is a macrolide
antibiotic that blocks mTORCI1 by the formation of a complex with FK506-binding protein of 12 kDa
(FKBP12), after which the complex binds to the FKBP12-rapamycin binding (FRB) domain on mTOR.
Consequently, the mTOR protein is no longer able to interact with the other regulatory proteins to form

the mTORC1 complex, resulting in inhibition of its kinase activity (36).

3. Animal models of seizures and epilepsy

Over 100 different in vitro and in vivo models exist to capture the heterogeneity of epilepsy with
different types of epileptic seizures, multiple syndromes and etiologies (44). Animal models of seizures
and epilepsy have been, and still are, of great importance firstly to improve our understanding of the
basic mechanisms underlying seizure generation and epilepsy development, and secondly to aid the
development of novel anti-seizure drugs (ASDs, in clinical context referred to as anti-epileptic drugs)

or anti-epileptogenic drugs (44).

Countless models of epileptic seizures and epilepsy have been generated and characterized so far. In
general, these models can be classified as two main classes: i) genetic models and ii) induced seizure
models (45) (Fig. 8). Genetic models are characterized by the occurrence of spontaneous recurrent
seizures as seen in the GAERS rat (Genetic Absence Epilepsy Rat from Strasbourg), epileptic dogs,
mutant mice and simpler non-mammalian organisms such as the roundworm (i.e. Caenorhabditis
elegans), the fruit fly (Drosophila melanogaster) and the zebrafish (Danio rerio) (46). Models in which
reflex seizures develop in response to a visual (e.g. photosensitive baboons) or acoustic (e.g. DBA/2
mice with audiogenic absence seizures) stimulus are also classified as genetic (45, 47). Seizures can be
induced chemically or electrically. The induced models can be subdivided in three groups based on the
type of induced seizures: acute seizures, chronic seizures and post-status epilepticus models with
spontaneous recurrent seizures (SRS). The best-known examples of acute seizure models are the mouse
maximal electro-shock (MES) model and the mouse or zebrafish pentylenetetrazol (PTZ) model (46,
47). Chronic seizures result from electrical or chemical kindling (i.e. repeated application of electrical
or chemical stimuli). Finally, kainate-induced status epilepticus (SE) followed by the development of

SRS is an example of a chemically induced epilepsy model (45, 48).
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Models of epilepsy or epileptic seizures

Genetic animal models Induced seizure models
Animals with Animals with Chemically or electrically
SRS reflex seizures induced seizures
e.g. GAERS, e.g. photosensitive Acutc Clp‘omc pf)St'SE
epileptic dogs, baboons, seizures selzures with SRS
mutant mice, audiogenic mice
worms, flies,
zebrafish . o .
' e.g. MES model, e.g. electrical or e.g. kainate-
PTZ model  chemical kindling  induced SE with
SRS

Figure 8: Classification of animal models of epilepsy and epileptic seizures. Models of epilepsy and epileptic
seizures are either genetic animal models either induced seizure models. Both animals with spontaneous SRS and
animals with reflex seizures are classified as being genetic. Seizures can be induced in normal animals chemically or
electrically (examples in red) and depending on the type of seizures can be classified as acute, chronic or post-SE
with SRS. SRS = spontaneous recurrent seizures, post-SE = post-status epilepticus. Adapted from Loscher ef al. 2011
Seizure (45).

Traditionally, different animals have been used for epilepsy and seizure modeling. Nowadays, rodents
are considered to be the gold standard due to a number of reasons. First, they show a close genetic,
physiologic and pharmacologic similarity to humans (49). Second, a plethora of genetic tools is available
to generate rodent models that closely mimic human epilepsy and therefore can be used to study the
pathophysiology of epilepsy (50). Third, with respect to ASD discovery the use of rodents as an in vivo
model allows phenotype-based drug discovery and therefore discovery of compounds with a wide range
of mechanisms of action (MOA) (51). Fourth, rodents have a small size, reproduce fast and are easy to

handle when compared to other mammalian models like dogs and baboons (49).

Despite the availability of a range of rodent models and 150 years of research, still 30% of epilepsy
patients do not respond to the existing ASDs (47, 48). Therefore, the Epilepsy Therapy Screening
Program (ETSP) includes several rodent models of seizures and epilepsy to find drugs that are
efficacious for the treatment of drug-resistant epilepsy (47). However, the biggest drawback of this
approach is the use of induced seizure and epilepsy models. To strive towards a personalized medicine,
the need for models that (i) represent each specific epileptic syndrome (genetic models) and (ii) are
amenable to high-throughput screening remains. Another limitation of the rodent models is that they are

not suitable as a fast, in vivo model for rapid translation to the clinic, i.e. to rapidly verify the effects of
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a potential disease-causing gene, as discovered in the clinic. Hence, there is a high need for new animal

models that cover these shortcomings.

Recently, the use of smaller non-mammalian models is emerging in epilepsy research (49). Zebrafish
larvae have been proven useful in both modeling of acute evoked seizures (PTZ test) and modeling of
genetic epilepsies (46, 52). Compared to rodents they offer some unique advantages: (i) one zebrafish
female produces hundreds of offspring per week that develop very fast and ex utero, (ii) the ease of
genetic manipulation compared to rodents (53), (iii) use of multi-well plate format due to their small
size and (iv) compounds can be easily administered to the swimming medium (i.e. immersion) (49, 54).
Taken together, these advantages allow (i) fast modeling of a human candidate epilepsy gene and
therefore rapid translation to the clinic, (ii) elucidation of the pathophysiology of epilepsy and (iii) a
moderate- to high-throughput screening of compounds in genetic epilepsy zebrafish models (49). An
example is the discovery of clemizole by using a scnllab mutant zebrafish model (Dravet syndrome) to

screen a re-purposed drug library of more than 300 compounds (55).

4. Zebrafish

4.1 Origin and introduction to research

Zebrafish are tropical freshwater fish belonging to the minnow
family (Cyprinidae) of the class Actinopterygii and originate N
from shallow waters in South — Southeast Asia (Fig. 9) (56)

(57). In the late 1960’s zebrafish were introduced to the

laboratory environment by George Streisinger, whose major
Figure 9: Adult zebrafish. Picture

interest was to understand the genetics of neurodevelopment . by Thierry Marysael

(58). He established zebrafish as a new in vivo non-mammalian

vertebrate genetic model and therefore may be considered as the father of ‘modern’ zebrafish research
(57). Moreover, recent decades are characterized by a rapidly growing interest in zebrafish as a simple
vertebrate model for use in biomedical research (57). To date, zebrafish have been successfully used to
model a range of human diseases including hematological diseases, melanoma, heart, muscle, kidney

and central nervous system (CNS) disorders (59).

4.2 Biology of the model

Zebrafish development occurs very fast and ex utero (as is the case for fertilization), allowing
embryogenesis to be studied in the developing transparent embryo (57, 59, 60). Embryogenesis can be
divided into seven defined periods: zygote (0 — 0.75h), cleavage (0.75 — 2.25h), blastula (2.25 — 5.25h),
gastrula (5.25 — 10h), segmentation (10 — 24h), pharyngula (24 — 48h) and hatching (48 — 72h) periods.

14



Chapter 1. General introduction

This time frame for development assumes incubation of the embryos without crowding at an optimal
temperature of 28.5°C (61). Examples of embryonic development during each of these phases are
represented in Fig. 10. The zygote will undergo a first cleavage at about 40 minutes post fertilization
with subsequent divisions every 15 minutes. When the embryo enters the pharyngula period at 24 hours
post fertilization (hpf), it already possesses the classic vertebrate structure. Furthermore, the heart starts
beating and the embryo displays an early touch response with subsequent development of spontaneous
movements (61). Hatching occurs at different rates, but in general during the whole third day of
development (61, 62). At the end of this day, all major developmental processes are completed and the
embryos (3,5 mm in length) are now referred to as ‘larvae’ (61). Around 45 dpf the larvae develop into
juveniles that in their turn reach adulthood by 3 — 4 months of age (56). From that time point onwards
the animals are considered to be sexually mature (62). Interestingly, zebrafish do not possess a pair of
highly differentiated sex chromosomes and their final sex is only determined around 3 — 4 weeks post
fertilization (wpf) (56). All zebrafish larvae start to develop ‘juvenile ovaries’ around 10 dpf and from
21 dpf onwards these ovaries are transformed either into a functional ovary in case of females either into
male testis (56, 63). Sex determination mechanisms are not yet fully understood in zebrafish. However,
it is suggested that sex determination is predominantly polygenic, but may be influenced by the number
of germ cells (loss of germ cells favors male fate) and environmental factors (e.g. high temperature leads

to male bias) (64).

e

\ \ /7
1-cell 16-cell
0.2h 1.5h

\ / /
NN __{/’/
Shield Bud 21-somite Prim-16 Pec fin
6h 10h 19.5h 31h 60h

Figure 10: Embryonic zebrafish development. Examples of each period of embryonic development:
zygote (1-cell), cleavage (16-cell), blastula (high), gastrula (shield), segmentation (bud and 2 1-somite),
pharyngula (prim-16) and hatching (pec fin). Adapted from Kimmel et al. 1995 Developmental
Dynamics (61).
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4.3 Advantages of zebrafish

Nowadays, zebrafish are established as an invaluable animal model for the investigation of human
pathogenesis (57, 59, 60, 65-67). They owe their rising popularity as a model organism to a series of

advantages, outlined below.

= Zecbrafish are vertebrates that share a high genetic and physiologic similarity to humans.
Noteworthy, with respect to their genome 69% of the protein coding genes has at least one
human orthologue, while up to 82% of the genes associated with human disease has at least one
zebrafish orthologue (51, 68).This underscores the utility of zebrafish to model most of the
human pathologies (60).

= Zecbrafish are lower-order vertebrate animals and are protected as laboratory animals from 6 dpf
onwards. Therefore, the use of larval stages up to and including 5 dpf is in line with the 3R
(Replacement, Reduction, Refinement) principle of humane animal research (69). Beyond 6 dpf
their use requires ethical approval (70).

= Zebrafish are small (3 cm in case of the adults) and are easy to maintain at a low cost. Moreover,
they show a high fecundity with a pair of adult zebrafish producing up to 300 eggs per week
(59).

= The optical transparency of the embryos (until 24 hpf) together with their fast development
outside of the mother allows embryogenesis to be studied easily and (genetic) manipulations to
be performed at the early embryonal stage (57, 60). Moreover, by 4 dpf most organs are
functional and the nervous system is active (57).

= Zebrafish larvae (3 — 7 dpf) are amenable to high-throughput compound/drug testing for human
diseases, since they only measure 3.5 — 4.5 mm enabling the use of 96 well-plates (71). In
contrast to mice, small amounts of compounds can be administered by simply adding them to
the swimming medium, followed by dermal or enteral (from 3dpf onwards) absorption (57, 72).

= Zebrafish can be easily modified genetically by means of forward (e.g. ENU mutagenesis) and
reverse (morpholino-mediated gene knockdown, transgenesis, targeted mutagenesis) genetic
tools (57). Moreover, the developing larval zebrafish brain consists of numerous structures, cell
types and neurotransmitters similar to those found in mammals (72, 73). Hence, zebrafish larvae
are well suited to investigate genetic CNS diseases/disorders, ranging from Parkinson’s disease

to autism spectrum disorder and epilepsy (57).

4.4 Limitations of zebrafish

To be complete, zebrafish possess some limitations as well.
=  Although a high genetic and physiological homology to humans is observed, zebrafish as a non-

mammalian model are evolutionarily more distant when compared to rodents. Moreover, in
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contrast to mammals, zebrafish lack some organs (e.g. lungs, stomach, lymph nodes, heart only
consists of 2 chambers), parts of the brain are not as developed (e.g. only rudimentary cortex)
and for some CNS structures in zebrafish finding the mammalian counterparts is hard (54, 57).

= Concerning drug discovery the major advantage of medium- to high- throughput screening is
restricted to zebrafish embryos and larvae and excludes adults based on their ‘large’ size (74).
A potential problem here in case of a water-insoluble compound might be the administration of
the drug via water immersion, possibly leading to false-negative screening results (54).

= Zebrafish possess numerous duplicate genes due to a whole-genome duplication that took place
early in the evolution of the teleosts (circa 300 million years ago) (75). These genes, also called
paralogs, may hamper the modeling of human genetic diseases in zebrafish, i.e. when the
paralogs exert a similar function, knockdown of both genes might be necessary to generate a

full loss-of-function phenotype.

4.5 Zebrafish as a model of epileptic seizures and epilepsy

Within the last decade both larval and adult zebrafish have been increasingly used to model epileptic
seizures and epilepsy (53). Each has its own advantages and limitations. Larval zebrafish benefit from
their transparency, small size (amenable to high-throughput screening in a 96-well plate), functional
organs by 4 dpf and the fact that recessive homozygous mutations resulting in embryonic lethality can
be investigated (57). While larval zebrafish are extremely well suited for the investigation of early-onset
(e.g. pediatric) epilepsy, compared to the adults they possess somewhat underdeveloped neural and
endocrine systems and simple locomotor responses (53, 76). Therefore, the use of adults to model more

complex behaviors and endocrine biomarkers, complements the strengths of the larval models (76).

Zebrafish models can be classified as models of epileptic seizures (induced) and epilepsy models
(genetic) (Fig. 11) (77). Similar to rodent models, although typified by a higher throughput, zebrafish
models of induced epileptic seizures are useful for ASD discovery and investigation of ictogenesis.
Given the multiplicity of different human genetic epilepsies, there is a need for genetic zebrafish
epilepsy models that mimic each of the human epilepsies more closely. These genetic models serve to
gain more insights into the process of epilepsy development (i.e. epileptogenesis) and can be

implemented in high-throughput screens for anti-epileptogenic drug discovery (77).
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Studying epileptic seizures or epilepsy in zebrafish involves firstly the assessment of seizure-like
behavior using manual scoring and/or an automated tracking device (e.g. Viewpoint, France). Secondly,
a non-behavioral seizure or epilepsy biomarker is used to confirm that the observed change in behavior
is due to epileptic seizures. To this end, an electrophysiological marker can be used, i.e. local field
potential recordings (LFPs) to investigate the brain activity for the occurrence of epileptiform-like

discharges. Besides a molecular biomarker can be quantified, i.e. detection of expression levels of a

marker of neuronal activation by means of RT-qPCR (real-time quantitative PCR) or WISH (whole-

Zebrafish
models

mount in situ hybridization) (53, 77).

Models of epileptic

Figure 11: Classification of zebrafish models of epileptic seizures and epilepsy. Zebrafish models can be
classified on the one hand into models of epileptic seizures, which are either chemically either hyperthermia
induced. On the other hand, genetic epilepsy models can be generated using transient (morphant) or permanent
(mutant) gene knockdown. From Pitkénen ez al. 2017 Models of Seizures and Epilepsy, 2" edition (77).

4.5.1 Zebrafish seizure models
In zebrafish seizure models, seizures are induced either chemically by the administration of a

proconvulsant, e.g. PTZ either via hyperthermia, which is defined as an elevation of body temperature

(Fig. 11) (77).

The first zebrafish model reported was the larval zebrafish PTZ seizure model in 2005 (78). The authors
showed that, after exposure of 7 dpf larvae to PTZ via water immersion, the larvae display a series of
locomotor behaviors starting with a steep increase in their swimming activity, followed by ‘whirlpool-
like’ circling swim behavior and evolving into clonus-like convulsions resulting in loss of posture.
Moreover, spontaneous epileptiform discharges were obtained from the optic tectum of PTZ-treated
larvae using LFP recordings, validating the behavioral observations. Finally, the seizure activity was
confirmed as well by a threefold upregulation of the expression of c¢-fos (78). This first larval seizure
model paved the way for many more larval and adult models of chemically induced seizures. The high

speed ‘whirlpool-like” movements followed by loss of posture, typically seen after PTZ treatment (78,
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79), are also observed in an adult kainate model (80) and a larval allylglycine model (81). Other types
of models are the larval domoic acid model (82, 83), the larval pilocarpine model (84) and the adult
picrotoxin model (76) that all show more subtle convulsive behaviors such as spasms, twitching, jerking,
tremor and/or loss of posture. In most studies, the focus is on the behavior, i.e. the occurrence of seizures
and to a lesser extent on the investigation of a non-behavioral parameter, i.e. electrophysiological
recordings or a molecular biomarker. However, with regards to the aforementioned models epileptiform
discharges have been shown in case of treatment with PTZ (larval and adult) (78, 79) and allylglycine
(larval) (81). Moreover, upregulation of c-fos has been demonstrated in the larval pilocarpine model
(84). Concerning routes of administration, exposure to a proconvulsant mostly occurs through water

immersion, even though injection into the peritoneum in case of adults is possible (80).

With regards to the chemically induced larval PTZ seizure model, a pharmacological characterization
has been performed by investigating the effects of ASDs on seizure-like behavior and epileptiform
discharges (78, 85). Afrikanova ef al. demonstrated that the effects of 13 ASDs in the larval PTZ seizure
model resulted in a similar response in both the behavioral and electrophysiological assays. Moreover,
a good correlation was obtained between acute PTZ zebrafish and rodent data (85). Futhermore, the
EEG data were found to correlate well with those described by Baraban et al. (78). Taken together, these
observations highlight the potential of the larval PTZ seizure model for ASD discovery.

Besides chemical induction of seizures, hyperthermia can be used as well. In humans, hyperthermia
occurs in case of fever (possibly leading to febrile seizures, mostly in children below 5 years of age) or
when taking a hot water bath. The only zebrafish model of febrile seizures, i.e. hyperthermia-induced
seizures, reported to date was generated by Hunt and colleagues (86). In brief, 3 — 7 dpf larvae were
immobilized in agarose and perfused with water of increasing temperature (whether or not containing a
drug). Simultaneously local field potentials were recorded from the forebrain while the temperature
gradually increased from 22.5 & 0.3°C (room temperature) to 33.5 + 0.3°C, with the first electrographic
seizure occurring at 25.5 + 0.3°C. Since this zebrafish model showed electrographic seizures to be age-
dependent (with a peak at 5 dpf), reproducible, strain-independent and not resulting into death, it is

considered to mimic well key features of human febrile seizures (86).

4.5.2 Genetic zebrafish epilepsy models
A variety of human genetic epilepsies have been successfully modeled using zebrafish (Table 1). Based

on the extent to which a model was characterized, three groups can be considered.

The first group consists of models where or seizures or epileptiform discharges were observed as
biomarkers for epilepsy. Examples are the /gi/a morphant (87) and the kcng3 morphant (88). The

generation of these models was based on the fact that mutations in LG/I and KCNQ3 in humans are
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associated with autosomal dominant partial epilepsy with auditory features (ADPEAF) and benign
familial neonatal convulsion (BFNC), respectively (87, 88). Igila morphants were characterized
morphologically by smaller brains and eyes, reduced body length and abnormal tail shapes. Moreover,
they displayed hyperactivity characterized by circling movements and jerky directional swimming (87).

keng3 morphants displayed abnormal epileptiform discharges (88).

The second group includes models where epilepsy was characterized both by seizures and epileptiform
discharges. Examples are the ocr/l mutant (89), the chd2 mutant (90), the stx/b morphant (52) and the
stxbp1b mutant (91). The ocrll mutant is a model of Lowe syndrome that affects the CNS, eyes and
kidneys. CNS symptoms include intellectual disability and increased susceptibility to fever-induced
seizures. The ocrll zebrafish mutants displayed smaller brains and eyes, a more subtle seizure behavior
typified by twitching and rigor, and sensitivity to heat-induced epileptiform discharges (89). Mutations
in CHD2 have been associated with a Dravet-like syndrome, which is characterized by early-onset fever-
sensitive seizures that are drug-resistant (90). chd2 morphants displayed certain morphological features,
such as pericardial edema, microcephaly, body curvature and lack of swim bladder. Seizures were
observed as whirlpool-like activity, whole body trembling and twitching of the pectoral fin and jaw.
Additionally, epilepsy was confirmed by the presence of epileptiform discharges (90). The stxib
zebrafish morphant is a model for febrile seizures and epilepsy (52). Besides minor morphological
abnormalities (lack of swim bladder, slight tail curvature), seizures consisted of more subtle movements
(pectoral fin fluttering, orofacial movements and myoclonus-like jerks) and spontaneous epileptiform
discharges were shown to be enhanced by hyperthermia (52). Mutations in STXBPI are associated with
different drug-resistant childhood epilepsies (91). The stxbplb zebrafish mutant successfully modeled
epilepsy on the behavioral level by showing a reduced locomotor response and non-behaviorally by the
occurrence of epileptiform discharges (91). Despite differences in seizure behavior, local field potential
recordings revealed epileptiform discharges in all models mentioned, underscoring the validity of

zebrafish in modeling human genetic epilepsies.

The third group of zebrafish epilepsy models brings together those models with a more detailed
characterization of the observed seizures and/or epilepsy by integrating a pharmacological analysis
and/or a transcriptomic approach. Examples are the kcnjl0a morphant (92, 93), the mind bomb mutant
(94), the scnllab morphant (95) and the scnllab mutant (55). The kcnjl0a morphant aims at modeling
EAST (epilepsy, ataxia, sensorineural deafness, tubulopathy) syndrome (92, 93). Seizure behavior was
observed as an increased frequency of spontaneous contractions at the embryonal stage and as circling
behavior and speed bursts at the larval stage (92). Spontaneous epileptiform discharges confirmed the
epileptic nature of this behavior. To provide a first characterization of the pharmacological profile of
this zebrafish EAST model, two ASDs (diazepam and pentobarbitone) were tested, of which only

pentobarbitone successfully suppressed the electrical brain activity (93). The zebrafish mind bomb
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mutant is a model for Angelman syndrome, a genetic disorder that mainly affects the CNS leading to
developmental delay, intellectual disability, motor impairment and epilepsy (94). The mutants were
morphologically characterized by a curled body, small and misshapen brains and smaller eyes.
Moreover, seizures characterized by hyperactive behavior and spontaneous epileptiform discharges
were observed. To better understand the mechanisms/pathways underlying the epileptic phenotype, a
transcriptome analysis was performed, revealing a downregulation of genes involved in GABA-
signaling and an up-regulation of seizure markers (e.g. c-fos) (94). The scnllab morphant and mutant
aim at modeling Dravet syndrome, a drug-resistant debilitating childhood epilepsy syndrome (55, 95).
In both models, epilepsy is characterized by seizures consisting of hyperactivity, whole-body
convulsions and rapid undirected movement and by the presence of epileptiform discharges.
Pharmacological characterization of the scn/lab morphant revealed that only two out of six tested ASDs
(sodium valproate and fenfluramine) could significantly reduce the epileptiform discharges. These
results are in line with findings from the scnllab mutant where 4 out of 11 tested ASDs (valproate,
diazepam, potassium bromide and stiripentol) showed a significant improvement in brain activity (55,
95). These data demonstrate that the zebrafish scnilab model mimics well the drug-resistant profile of
Dravet syndrome. Additionally, a transcriptome analysis was carried out on the scn/lab mutants, but
failed to detect an up-regulation of seizure markers (e.g. bdnf) (55). Finally, this mutant model was used
for drug screening and led to the discovery of clemizole, which provides a proof-of-concept for the

suitability of genetic zebrafish epilepsy models for high-throughput ASD discovery (55).

Table 1: Overview of genetic zebrafish epilepsy models

Model Genetic tool Human Functional target Seizures Non-behavioral Ref.
gene or function epilepsy biomarker
mind bomb retroviral KIAA1323  E3 ubiquitin ligase  yes epileptiform discharges, 94)
mutant insertional TA
mutagenesis
lgila morphant MOs LGII synapse yes, also NI (87)
transmission sensitized to PTZ
keng3 morphant  MOs KCNQ3 K,7.3 channel NI epileptiform discharges (88)
ocrll mutant retroviral OCRLI phosphoinositide 5-  yes sensitized to heat- (89)
insertional phosphatase induced epileptiform
mutagenesis OCRL1 discharges
scnllab mutant ENU SCNIA Nay1.1 channel yes epileptiform discharges, (55)
mutagenesis TA
kenjl0a MOs KCNJI10 K-channel yes epileptiform discharges 92)
morphant 93)
chd2 morphant MOs CHD2 gene transcription yes epileptiform discharges (90)
modification
stx1b morphant ~ MOs STXI1B GABA and yes epileptiform discharges (52)
glutamate release
scnllab MOs SCNIA Nay1.1 channel yes epileptiform discharges 95)
morphant
stxbplb mutant ~ CRISPR/Cas9  STXBPI neurotransmitter not observed epileptiform discharges o1
release

Abbreviations: MOs = morpholinos, ENU = N-ethyl-N-nitrosurea, K,-channel = voltage-gated potassium
channel, Na,-channel = voltage-gated sodium channel, TA = transcriptome analysis, NI = not investigated.

Adapted from Pitkénen ez al. 2017 Models of Seizures and Epilepsy, 2" edition (77)
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Where previously zebrafish mutants were discovered using ENU or proviral-insertional mutagenesis
screens to select mutants with a specific phenotype or behavior (forward genetics), the rise of whole-
exome sequencing (WES) combined with the availability of genome engineering tools opens avenues
for the generation of ‘personalized’ zebrafish models (reverse genetics) (96). As such, a novel candidate
epilepsy gene, identified using WES in a cohort of patients, can be modeled in zebrafish. Subsequently
after validation of behavioral and/or electrophysiological seizure activity, this newly developed genetic
epilepsy model can (i) improve insights into the pathophysiology of epilepsy and (ii) serve in moderate-

to high-throughput screens for novel ‘personalized’ ASDs and anti-epileptogenic drugs (96).

Currently, a wide range of reverse genetic tools is available to obtain efficient knockdown (transient or

permanent) or overexpression of a gene of interest.

Morpholinos (MOs) have been extensively used for the generation of genetic zebrafish epilepsy models
by transiently knocking down the gene of interest (52, 88, 90, 92, 95). MOs are antisense morpholino
oligonucleotides that, when compared to DNA, possess a six-membered morpholine ring instead of the
deoxyribose ring and a non-ionic phosphorodiamidate backbone instead of the anionic phosphodiester
bond. MOs are typically 25 base pairs (bps) in length and bind the RNA of interest via complementary
base pairing with high affinity due to the neutral charged backbone. After microinjection of the fertilised
egg into the yolk at the one- or two-cell stage MOs lead to partial or full gene knockdown by (i)
interfering with the correct splicing of the mRNA (splice-blocking MO) or (ii) inhibiting ribosome
assembly and thus translation-initiation of the mRNA (translation-blocking MO) (57, 97, 98). MOs owe
their popularity to the fact that they are inexpensive and allow a fast investigation of gene function in
normal wild type (WT) larvae. However, more recently MOs were criticized for the induction of possible
off-target effects (99, 100). To respond to this drawback, proper controls such as a second MO targeting
a non-overlapping sequence and/or a mRNA rescue should be included to validate the specificity of the

used MO (57).

In recent years, the general interest has shifted from the MO approach, which resulted in a transient
knockdown of gene expression, to the use of targeted genome editing tools like zinc finger nucleases
(ZFNs) (101, 102) or transcription activator-like effector nucleases (TALENs) (103, 104). Although
these tools have been proven useful in the generation of stable genetic zebrafish models, a newer and
more efficient method of targeted mutagenesis has been developed, namely clustered regulatory
interspaced short palindromic repeats (CRISPR). CRISPR is derived from a defense mechanism of
bacteria using small RNAs guiding the nuclease CRISPR-associated 9 (Cas9) to target invading foreign
DNA (i.e. viruses and plasmids) (105, 106). To obtain targeted mutagenesis in vivo only two components
are needed: a guide RNA (gRNA) designed to bind to a complementary DNA target sequence in the
gene of interest and the nuclease Cas9 that binds to the gRNA (107, 108). At the target site a Cas9-
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mediated double strand break (DSB) will be induced, which subsequently will be repaired by the cell’s
DNA repair mechanisms either by non-homologues end joining (NHEJ) leading to indels either by
homology-directed repair (107). The latter repair mechanism is well suited to introduce a patient-
specific mutation by providing a complementary DNA template harboring this mutation. Co-injection
of the gRNA and Cas9 mRNA into the cytoplasm of the fertilized egg at the one-cell stage leads to the
generation of FO mosaic individuals (107). These fish are raised until adulthood and outcrossed with
WT animals to determine germline transmission in the F1 offspring. Next, F1 adults carrying the same
mutation can be incrossed to obtain F2 homozygotes or further outcrossed with WT to get F2
heterozygotes (in the latter case, the experiments would be performed on the F3 generation). Of interest,
the first genetic zebrafish epilepsy model generated by means of the CRISPR/Cas system was the
homozygous stxbp I mutant reported by Grone et al (91).

In order to overexpress a gene and study its function, the most commonly used method in zebrafish is
the Tol2 method of transgenesis (109, 110). The tools needed are (i) a donor plasmid containing the
Tol2 construct, i.e. a tissue-specific promotor, the gene of interest and a fluorescent tag, flanked by Tol2
sites and (ii) a transposase enzyme that recognizes the Tol2 sites. The transposon-donor plasmid and
transposase mRNA are co-microinjected into the cytoplasm of the fertilized egg at the 1-cell stage.
Subsequently, after translation of the transposase mRNA, this enzyme will cleave the donor plasmid at
the Tol2 sites and integrate the Tol2 construct at a random place into the genome. Successful integration
and thus overexpression of the gene of interest can be verified by visualization of the fluorescent tag in

the transparent embryos/larvae (109, 110).

4.6 Translational Bioinformatics using the zebrafish model

Bioinformatics research aims at processing large amounts of basic biological data (on DNA, RNA,
proteins and small molecules) and subsequently representing them in a comprehensive way.
Translational bioinformatics integrates molecular and clinical (e.g. patients, disease, symptoms)
information working towards an improvement of both clinical care and our understanding of biology or
pathophysiology (111). Due to recent technological advances, i.e. Next Generation Sequencing,
biological data are generated at a high speed underscoring the associated need for user-friendly tools to
structure, analyze and visualize those big data sets (112, 113). Examples of such open access services
for visualization, integration and enrichment of biological information are Cytoscape, BioGPS and
Database for Annotation, Visualization and Integrated Discovery (DAVID) (112). These services
provide tools for the bioinformatics analyses at the genomic, transcriptomic, proteomic and metabolic

levels (112).
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Zebrafish are a good model to study systems biology, which can be defined as “the systematic examining
and understanding of various variables and components making the system (reductionist approach) and
the understanding of the biological system as a whole (holistic approach)” (114, 115). Therefore,
systems biology can be regarded as a sort of data integration approach with information from different
fields. The omics approach with characterization of the model at the levels of genes, mRNA, proteins
and metabolites forms the basis of systems biology (115). In reality, however, often a reductionist
approach is followed using a zebrafish model to whether or not confirm a certain hypothesis by

performing a set of experiments (115).

In general, data management in transcriptomics studies follows a sequence of steps (Fig. 12) (116). First,
a large dataset on gene regulation is obtained via microarray (or any other method used to measure RNA
transcripts). Next, a number of tools are available for data mining (i.e. extract information using
mathematical methods) and cleaning of the data in order to obtain a profile of the differentially expressed
genes (DEGs). Subsequently, clustering of DEGs based on their expression allows visualization of co-
regulated genes. Additionally, by functional clustering of DEGs using gene ontology, pathways involved
in the studied disease process might be identified (116). One of the tools frequently used to test DEGs
for gene ontology and pathway enrichment is DAVID (117). Pathway analysis is one of the major
outputs of bioinformatics at the transcriptomic level, since it provides insight into the pathways

underlying the disease and therefore may help the identification of possible treatment targets (116).

In the field of genetic zebrafish epilepsy models, only two examples have been reported that include
valuable information obtained from a transcriptomic approach, i.e. the scnllab mutant and the mind
bomb mutant (55, 94). The scnllab zebrafish model harbors a mutation in the alpha subunit of the
voltage-gated sodium channel 1.1, leading to a decrease in mRNA expression. The authors hypothesized
this downregulation to be associated with an upregulation of other scn subunits. However, microarray
analysis proved this hypothesis wrong since no differences in expression of the voltage-gated sodium
channel subunits could be detected when comparing WT siblings with scnllab mutants. Although 1099
DEGs were uncovered using bioinformatics, they did not show obvious CNS-related function (55).
Hortopan et al. have demonstrated that the mind bomb zebrafish mutant, which carries a mutation in the
gene encoding the E3 ubiquitin ligase, showed both behavioral and electrographic seizure activity. They
incorporated a transcriptomics approach to unravel the molecular pathways underlying the observed
epileptic phenotype and as such found a downregulation of genes necessary for GABA-mediated

signaling.
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Figure 12: Workflow of data management in transcriptomics studies. Microarrays are used to obtain gene
expression profiles. Subsequently the wealth of data is cleaned and analyzed using online tools (e.g. GeneSpring
offers accessible statistic tools) to result in a list of differentially expressed genes. Next, clustering of genes occurs
based on their expression using hierarchical clustering algorithms or based on biological function using gene
ontology. From Alawieh et al. 2014 Methods in Molecular Biology (116).

These studies show the utility of bioinformatics to extract relevant information from a huge dataset

obtained using transcriptomics. Since zebrafish are often used to model human diseases, insights gained

from transcriptomics might be directly translatable to the clinic (translational bioinformatics).
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Chapter II. Research objectives

Recently, more and more mutations are identified as a cause underlying epilepsy or a syndrome
associated with epilepsy. This is partly due to the emergence of Next-Generation Sequening
technologies that allow fast, high resolution sequencing of the whole genome or exome of patients giving
rise to the identification of de novo mutations. Zebrafish are a tractable genetic organism permitting easy
and fast modeling of a genetic disease in vivo. With regards to genetic epilepsy research in zebrafish,
standardized procedures are available to assess seizure activity on the molecular, behavioral and
electrographic level. Moreover, zebrafish as a simple vertebrate model may provide valuable insights
into the pathogenesis of a disease. Finally, genetic zebrafish models may be included in high-throughput

assays to screen for disease-modifying drugs and as such contribute to a more personalized medicine.

The presented doctoral research focuses on the modeling of two mutations in zebrafish, that are
presumed (FHF'1 gene) or known (7SC2 gene) to give rise to epilepsy or a syndrome-associated epilepsy

in humans.

A variant in the FHF1 gene was identified using whole-exome sequencing (WES) on patients suffering
from severe generalized tonic seizures among other symptoms. Given the need for a fast clinical
diagnosis, i.e. linking a specific gene mutation to a disease phenotype, we aimed at modeling the FHF']

pathogenic variant in zebrafish in order to confirm its role in epileptogenesis (Chapter III).

Tuberous sclerosis complex, caused by pathogenic variants in the 7SCI or TSC2 genes, is an orphan
disease with epilepsy as the most common neurological symptom (90% of patients). Since epilepsy in
two thirds of patients remains uncontrolled, despite proper treatment with ASDs, the need for effective
drugs is high. Recently, mTOR inhibitors have been shown effective in the treatment of TSC-associated
epilepsy. Nonetheless, the side effects related to mTOR treatment necessitate the discovery of new drugs
with a higher tolerability. To this end, animal models are needed to further unravel the pathogenesis of
the disease in the search for new drug targets and/or drug discovery purposes. Therefore, we investigated
an already established, however, not yet functionally characterized fsc2 mutant zebrafish model,
developed by Kim ef al. (118). We aimed to determine whether this zebrafish model serves (i) to further
investigate the patients’ phenotype, (ii) to gain more insights into the pathogenesis of TSC and identify
possible targets for treatment, and (iii) to be pharmacologically validated using an mTOR inhibitor

(Chapter 1V).
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CHAPTER III

Parts of this chapter have been published in the following publication:

“Gain-of-function FHF'[ mutation causes early-onset epileptic

encephalopathy with cerebellar atrophy”



Chapter l11. FHF'] gene

1. Abstract

Objective: Voltage-gated sodium channel (Na,)-encoding genes are among early-onset epileptic
encephalopathies (EOEE) targets, suggesting that other genes encoding Na,-binding proteins, such as
fibroblast growth factor homologues factors (FHFs), may also play roles in these disorders.

Methods: To identify additional genes for EOEE, we performed whole-exome sequencing in a family
quintet with two siblings with a lethal disease characterized by EOEE and cerebellar atrophy. The
pathogenic nature and functional consequences of the identified sequence alteration were investigated
in vivo using zebrafish. To this end, both fhif1b loss-of-function and gain-of-function experiments have
been performed.

Results: A de novo heterozygous missense mutation was identified in the FHF1 gene (FHF1Agr114n,
FHFIBrsyp) in the two affected siblings. Transgenic overexpression of mutant FHF1B in zebrafish
larvae enhanced epileptiform discharges, demonstrating the epileptic potential of this FHFI mutation in
the affected children.

Conclusions: Our data demonstrate that gain-of-function FHF mutations can cause neurologic disorder,

and expand the repertoire of genetic causes (FHF'I) underlying EOEE and cerebellar atrophy.

2. Introduction

Early-onset epileptic encephalopathies (EOEEs) are characterized by progressive diffuse brain
dysfunction with recurrent seizures starting during the neonatal or early infantile periods. These
epilepsies are among the most severe, with the child typically experiencing multiple seizure types which
are often refractory to anti-epileptic drugs, in the setting of developmental delay or regression. Epileptic
encephalopathies can worsen over time, and the epileptic activity itself may contribute to severe
cognitive, neurological and behavioral impairments above and beyond what might be expected from the
underlying pathology alone (119). EOEE represent a broad spectrum of phenotypes that are highly
heterogeneous at the clinical and molecular levels. Whereas a number of genetically determined
(monogenic) forms have been recognized, in clinical practice many cases remain of unknown etiology
(120). Of the genetic mutations known to be linked to EOEE, several are missense mutations in SCN§A4
encoding the alpha pore-forming subunits of the voltage-gated sodium channel Na,1.6 (121-123), with
some of these mutations acting in a gain-of-function manner to enhance sodium channel current (121,
122). So far there had been no report of EOEE caused by mutation of sodium channel-binding proteins,
such as fibroblast growth factor homologous factors (FHFs), although FHF loss-of-function mutations
have been associated with unrelated neurological disorders (spinocerebellar ataxia and Wildervanck
syndrome). We have now identified a new EOEE gene (FHFI) by whole-exome sequencing in a family

quintet with two affected siblings, and we validated the disease-causative nature in vivo using zebrafish.
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3. Methods

3.1  Genetic analysis of the EOEE-affected family

Pathogenic copy number variants were excluded by conventional karyotyping and array comparative
genomic hybridization. DNA of parents, their two affected children, and one unaffected child was
extracted from peripheral blood lymphocytes. All five samples were used for library preparation and
exome enrichment using the TruSeq DNA library prep kit (Illumina, San Diego, CA) and NimbleGen
SeqCap EZ Human Exome Library v3, respectively. Paired-end sequencing (2x100bp) was performed
on the HiSeq 2000 platform (Illumina). Sequence reads were mapped to the human reference genome
(hg19) with BWA and variant calling was performed using the GATK framework (124, 125). Variants
were annotated in Annovar and filtered in Microsoft (Redmond WA) Excel based on inheritance pattern,
location, function and presence in the 1000 Genomes dataset (126). Candidate variants obtained from
exome sequencing were validated using Sanger sequencing. Primers covering all exons and exon-intron
boundaries were designed using Primer3Plus (127). PCR was performed using GoTaq DNA Polymerase
(Promega Corporation, Madison, WI) and products were sequenced on an ABI3130xI sequencer (Life

Technologies, Carlsbad, CA).

3.2 Zebrafish overexpression studies

3.2.1 Zebrafish maintenance and breeding

Adult zebrafish (Danio rerio) of the AB strain (ZIRC) were maintained at 28.5 °C on a 14-hour light/10-
hour dark cycle under standard aquaculture conditions. Embryos were raised in embryo medium,
containing (in mM) 1.5 HEPES, pH 7.6, 17.4 NaCl, 0.21 KCl, 0.12 MgSO, and 0.18 Ca(NO3),, in an
incubator on a 14-hour light/10-hour dark cycle at 28.5 °C.

3.2.2  Overexpression experiments

Wild-type (WT) zebrafish fafib1 cDNA (ENSDART00000090596) under the control of the zebrafish
CNS-specific her4 promoter was cloned into the Tol2 expression vector (gift from G. Weidinger;
University of Ulm, Germany) using Pacl and Nofl sites (WT-fhf1b1-Tol2). The mutation encoding
R56H in zebrafish was cloned into the fAf1b1 sequence via site-directed mutagenesis (primers: table e-
1) (R56H-fhf1b1-Tol2). Empty Tol2 vector expressing the fluorescent reporter mCherry alone was used
as a control (ctrl-Tol2). The overexpression experiment was performed by cytoplasmic microinjection
of 10 pg of WT-fhf1b1-Tol2, RS6H-fhf1b1-Tol2 or ctrl-Tol2 and 50 pg of transposase (1-nl volume)

into embryos at one-cell stage.
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3.2.3 fhfibl mRNA expression analysis

Total RNA from 5 dpf larvae was extracted using TRIzol (Ambion; Thermo Fischer Scientific,
Waltham, MA). Reverse transcription of total RNA to single-stranded cDNA was performed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Measurements
of fhf1b1 mRNA were performed using faf1b1-specific primers (table e-1) combined with SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA) using CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) and analyzed using CFX Manager Software (Bio-Rad). fif1b1 transcripts
were normalized against B-2 microglobulin and B-actin controls (table e-1). The results consist of data
from three separate experiments run in triplicates. Pairwise statistical significance was determined with

Student’s unpaired ¢ test (Prism 6, Graphpad, La Jolla, CA).

3.2.4 Tectal field recordings

Open-field recordings were obtained from zebrafish larval tecta at 5 dpf at room temperature, as
described previously (128). Single recordings were performed for 10 minutes. Spontaneous events were
taken into account when the amplitude exceeded baseline by at least threefold. The analysis of spikes
was carried out using Clampfit 10.2 software (Molecular Devices). The statistical significance between

2 conditions was calculated by Fisher exact test (GraphPad Prism 6).

3.3 Standard protocol approvals, registrations and patient consents

This study was approved by the UZ Leuven institutional review board and written patient informed
consent was obtained. All zebrafish experiments were approved by the KU Leuven Ethics Committee

and the Belgian Federal authority.
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4. Results

4.1 FHFI mutation identified in EOEE with cerebellar atrophy

Whole-exome sequencing was carried out on a family quintet with two affected siblings (EOEE with
cerebellar atrophy) and unaffected parents and sibling, where extensive neurometabolic investigations
and directed mutagenesis analysis of known genes (including STXBPI, KCNQ2, SLC2A1) were all
negative. Exome data analysis identified a heterozygous missense mutation in FHFI on chromosome 3
(NM_021032, 192053223 C>T based on Hgl9, p.R114H in A-isoform, p.R52H in B-isoform; figure
1A). This was the only variant present in the two affected siblings but not in the unaffected sibling, their
parents (pointing towards germline mosaicism), or in normal population databases including 1000
Genomes, the NHLBI Exome Variant Server and the EXaC browser. No other pathogenic mutations
were yielded by filtering variants for recessive (homozygous or compound heterozygous) inheritance
present in both affected individuals and absent in the unaffected sibling. The affected arginine residue
is part of the highly conserved surface region that binds voltage-gated sodium channels (figure 1, B-D)
(129, 130), and the mutation was presumed to be damaging by the PolyPhen-2 and Mutationtaster in-
silico prediction software (Grantham score 29; GERP-score 5.16) (131, 132). A disease-causative nature
of the mutation was further supported by the physiological role of FHF1 in controlling neuronal
excitability (14, 133, 134), the patients’ phenotype being dominated by a hyperexcitable CNS state with

epilepsy/EOEE and cerebellar atrophy assumed secondary to chronic excitotoxicity.
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Figure 1: Heterozygous missense mutation (C > T) in FHFI1 in 2 siblings with early-onset epileptic
encephalopathy (EOEE) with cerebellar atrophy. (A) Whole-exome sequencing on a family quintet with 2
affected siblings (EOEE with cerebellar atrophy) and unaffected parents and sibling identified a heterozygous
missense mutation in FHF1 (p.R114H in A-isoform, p.R52H in B-isoform). (B) Alignment of fibroblast growth
factor homologues factor (FHF) sequences in the region of the mutation. The FHF amino acid sequence
contributing to the f4 and B5 strands and the B4/B5 loop is highly conserved among the 4 FHF core
domains (shaded residues), including the B4/B5 loop arginine (blue) that is mutated to histidine (yellow)
in the affected siblings. (C) Ribbon diagram of the FHF1 core structure (14). The affected arginine
residue side chain (blue) in the f4/B5 loop projects to the protein surface. (D) Ribbon diagram of the
FHF/voltage-gated sodium channel (Nav) interface (126). The FHF B4/B5 loop arginine (blue) interacts
with aspartate and histidine residues (red) in the Nav cytoplasmic tail.
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4.1.1 Clinical phenotype

The proband (female) was born at term (birthweight 2,920 g) as the first child of non-consanguineous
Caucasian parents. It was a spontaneous twin pregnancy with in utero loss of the other fetus around the
end of the first trimester (no medical information available). Tonic seizures developed from the age of
14 days, mostly during sleep. She was a normal neonate prior to the onset of the seizures. There was no
epileptic myoclonus or other seizure types. Very rapidly, a clear encephalopathic EEG developed with
severe background slowing and multifocal epileptic abnormalities. Seizures were tonic, generalized or
focal with a typical ictal EEG pattern of low voltage fast activity (Figure e-1), followed by long
suppression of the background. This evolution resulted in an hypsarrhythmia pattern at the age of 5
months, without clinical epileptic spasms. Her epilepsy proved refractory to multiple anti-epileptic
drugs. She developed profound intellectual disability, acquired microcephaly, axial hypotonia, ataxia
(limbs), severe feeding difficulties necessitating tube feeding, cerebral visual impairment and absent
speech development. Unsupported sitting was achieved at age 24 months, she never came to standing
and walking. Visual evoked potentials were normal at age 4 months; fundoscopy was normal initially
and showed pale optic discs and narrow vessels at age 5 years. Brain MRI was normal at age 5 months,
but showed cerebellar atrophy at age 6 years (figure 2A). The disease course seemed degenerative
(decrease in alertness, general condition and skills, appearance of discomfort and agitation, increase in
epilepsy) prior to death at age 7 years due to status epilepticus. The proband had two younger brothers.
The youngest was healthy, the other showed an identical clinical course as his sister with refractory
epilepsy (onset at age 4 weeks, tonic seizures) with similar seizure semiology and EEG abnormalities,
hypotonia, ataxia, acquired microcephaly, poor visual contact, feeding problems and profound
intellectual disability. Brain MRI was normal at age 2 months but showed cerebellar atrophy at age 3
years (figure 2B). He died at age 3.5 years (cause of death unknown). At the age of 5 years, the father
had one epileptic seizure (unknown whether febrile or not), further family history was negative for

epilepsy and neurodegenerative disease.

Figure 2: Cerebellar atrophy in 2 siblings with a gain-of-function FHFI mutation. MRI of the
brain was normal at infant age in both affected siblings. However, repeat MRI in their further disease
course, which was degenerative, showed the emergence of cerebellar atrophy in both children: (A)
proband at age 6 years: axial and sagittal image show prominent fissures between shrunken cerebellar
folia; (B) younger brother of proband at age 3 years: coronal image shows cerebellar atrophy.
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4.2  WT vs mutated Fhflb in zebrafish

To investigate the pathogenic nature and functional consequences of the patients’ FHF1 R—H mutation
in vivo, a bilateral zebrafish approach was used consisting of both fif71b loss-of-function and gain-of-
function experiments. The approach outlined below, is applicable for the in vivo modeling and

characterization of newly identified candidate-epilepsy genes in general.

Zebrafish have two fhif]1 genes (due to genome duplication), termed fif7a and fhf1b. The A-type protein
isoforms (Fhfla, Fhf1b2) encoded by these two zebrafish genes share 81.8-90.9% identity with human
FHF1A, whereas the B-type protein isoform Fhflbl encoded by an alternatively spliced mRNA from
the zebrafish fhf1b is 84.4% identical to human FHF1B. The zebrafish f4f1b gene expresses both A-
(Fhf1b2) and B-type (Fhf1bl) zebrafish isoforms (figure e-2). The arginine residue mutated in the EOEE
siblings is conserved in zebrafish fif1 orthologs and corresponds to R112 in A-isoform Fhfla, R116 in
A-isoform Fhf1b2, and R56 in B-isoform Fhflbl (figure e-2).

First, we studied the fhf1b expression in different tissues (brain, spinal cord, eye, muscle, intestines,
liver and heart) of adult zebrafish using RT-PCR. fif1b was highly expressed in brain and spinal cord
compared to the other organs and thus proves the validity of our model system to study fhfI-related
neurological deficits. Our findings are in line with expression data obtained from murine tissues, where
fhf1 was expressed predominantly in the developing and mature central nervous system (135). Next,
whole mount in situ hybridization (WISH) was performed on 12 hpf, 1 dpf and 2 dpf embryos to detect
the spatiotemporal expression pattern of fif1b. Unfortunately, the generated antisense probe showed a

non-specific staining.

The first approach used to investigate the function of FHF1 consisted of a morpholino (MO)-mediated
knockdown of the fhf1b gene. This gene leads to two alternatively spliced isoforms fhf1b1 and fhfib2.
To obtain a full knockdown of the fif1b gene, a splice blocking MO was designed to target the exon 3-
intron 3 boundary, a region conserved in both isoforms. Different amounts of fif7b and control MOs
were microinjected into the yolk of 1-2 cell stage embryos. Splice blocking MOs interfere with correct
pre-mRNA processing by inhibiting the binding of splice-regulatory proteins, giving rise to intron-
inclusions or exon-exclusions (136). Here, an exclusion of exon 3 was detected by RT-PCR in the fhf1b-

MO-injected larvae, confirming a sustained knockdown of fhf1b up till 5 dpf.

Morphological assessment was done until 6 dpf and revealed at higher doses (6.75 and 9 ng) the
occurrence of a curved trunk in up to 70% of the fif15-MO-injected larvae. Although this curved trunk
might be a gene-specific effect, it should be noted that body curvature is quite commonly observed as

non-specific phenotype related to the morpholino approach (97). By non-specific activation of p53,
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morpholinos can lead to what is known as “the morpholino phenotype” characterized by, but not limited
to, neuronal cell death, shortened body axis and spinal curvature (137). Moreover, several studies
reported a curved trunk phenotype in zebrafish morphants (138-141), while the corresponding mutants
appeared to be normal, suggesting it to be a non-specific effect of the MOs tested (100). In our case,
since no mutant was available, a p53-MO could have been co-injected together with fhf16-MO to
determine the specificity of this morphological trait. For further experiments the doses used were 6.75
ng and 9 ng, since these did not result in severe toxicity. Head and brain size measurements were
performed at 3 dpf to examine whether the microcephaly phenotype of the children could be mimicked
in zebrafish larvae. To this end, different parameters were measured including head area, brain area and
body length. Our results indicated a consistent reduction in brain size in the fhf1b6-MO-injected larvae
compared to control-MO-injected larvae. In our study, the larvae were imaged from the lateral view
with both eyes perfectly overlapping. Reference points used to ensure a reproducible surface selection
were the otic vesicle and the jaw (head size) or the otic vesicle and the upper lining of the eye (brain
size). Another approach could be to image the larvae from the dorsal view and measure head diameter,
distance between the convex tips of the eye cups or predetermined brain surface area consisting of the
area between the eye cups (142-145). Next, behavioral tracking performed at 4 dpf in both light and
dark conditions failed to detect differences in behavior between fhf1b- and control-MO-injected larvae.
Finally, brain activity assessed by invasive local field potential (LFP) recordings from the optic tectum

of 5 dpf larvae did not reveal any epileptiform activity in the f4f1b-MO-injected larvae.

The second approach consisted of transient overexpression of WT and mutant fhf7b1 (RS6H-fhf1b1) by
microinjecting these mRNAs into the cytoplasm of 1-cell stage embryos. EGFP-mRNA was used as a
control. The full-length fAf1h] mRNA probes were generated by (i) amplification of the full-length
fhflbl cDNA from a cDNA clone using attB;- and attB,-flanked primers, (ii) recombination of the
Gateway attB sites with attP sites of the pDONR221 vector, i.e. BP reaction resulting in pENTR221
insert, (iii) recombination of the Gateway attL sites of the pENTR221 insert with attR sites of the
pCSDest vector, i.e. LR reaction resulting in insertion of the faf1b1 sequence into the final vector, named
pCSFinal, (iv) site-directed mutagenesis using a pair of complementary mutagenic primers bearing the
R56H point mutation to amplify the entire pCSFinal vector to obtain the mutant fif71b1 sequence, and
(v) linearization and transcription of the pCSFinal vectors resulting in the production of WT-fhf1b1
mRNA and R56H-fhf1b] mRNA. At each step of this cloning procedure, generated plasmids were
transformed in E.coli TOP10 cells, plated, purified and sent for sequencing to ensure effective
recombination. Morphological phenotyping revealed severe eye defects ranging from no eyes to
cyclopia and a proboscis-shaped mouth in up to 25% of the WT- and R56H-fhf1b1 overexpression (OE)
larvae, while control larvae developed normally. Finally, some preliminary local field potential
recordings were performed on larval optic tecta at 3 dpf. Unfortunately, no significant epileptiform

activity was detected.
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In our final approach (as described in the published article), Tol2 transgenesis was used to obtain a
more stable overexpression of WT and mutant fhf1b1 (110). Zebrafish fhfib1 was cloned under the
CNS-specific promoter her4 and mCherry was used to identify the embryos with Fhflbl expression
(figure 4A). One-cell stage zebrafish embryos were microinjected with WT and R56H-fhf161-Tol2
overexpression constructs. fhflbI-Tol2-injected larvae did not exhibit any gross dysmorphologies
compared to control larvae (i.e. injected with empty Tol2 vector and expressing mCherry only) (figure
4A). For further experiments, normal looking embryos displaying touch response were selected. To
investigate whether overexpression (OE) of R56H fhf1b1 resulted in abnormal brain activity, we
performed local field potential recordings (128) on larval optic tecta on 5 days post-fertilization WT-
fhf1b1-OE (n=54), RS56H-fhf1b1-OE (n=54) and control larvae (n=40). Recurrent epileptiform
discharges occurred in 50% of R56H-fhf1bh1-OE larvae, which was of significantly greater incidence
than in WT-fhf151-OE and control groups (27.8% and 17.5%, respectively) (figure 4B). Larvae were
classified as having epileptiform activity when the following criteria were met: (i) at least 3 events per
10-minute recording, (ii) duration of the event exceeding 50 ms, and (iii) amplitude of the event
exceeding the baseline by at least threefold. When only the larvae with epileptiform activity were
included, the mean frequency, duration and cumulative duration of events did not significantly differ
among tested groups (figure 4C-E). A similar mean duration indicates that the same type of epileptiform
discharge was observed in the different groups, which has been reported in other models as well, e.g.
the scnillab morphant (95). Real-time qPCR experiments confirmed that both WT and R56H fhfib1
were effectively and equally overexpressed in the OE larvae (figure 4G), confirming that the difference
between the number of seizing fish was a result of the fAf1b1 alteration and not due to the differences in
the mRNA expression. These results demonstrate the epileptic potential of the f4f1b1 mutation in an in
vivo zebrafish model, supporting FHF1 gain-of-function as the disease mechanism in our EOEE patients

with FHFI missense mutation.
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Figure 4: RS6H fhf1b1 overexpression (OE) causes epileptiform discharges in transgenic zebrafish larvae.
(A) The Tol2 system was used to transiently overexpress WT and R56H mutant zebrafish faf161. WT and R56H
zebrafish fhfibl cDNA was expressed under the control of the zebrafish CNS-specific her4 promotor. A
fluorescent reporter mCherry was used to identify larvae with fhifib1 expression. Self-cleaving peptide, P2A,
enabled the separation between fhflbl and mCherry in order to avoid possible disadvantages of a fusion protein.
Representative images of 5 dpf larvae microinjected with zebrafish cDNA encoding WT and mutated fhf7b1,
selected for tectal field recordings and mRNA analysis. Red fluorescence depicts the brain-specific expression of
Fhflb. Scale bar, 500 um. (B) Percentage of larvae with abnormal epileptiform activity after overexpression of
WT and R56H fhf1b1. Overexpression of mutant Fhflb led to a significant increase of the number of larvae with
seizure-like events in comparison to WT-fif151-OE and control larvae (27/54 larvae with RS6H-fhf1b1-OE vs
15/54 larvae with WT-fhf151-OFE and 7/40 control larvae; *p = 0.0293 and **p = 0.0012, respectively, Fisher
exact test). Overexpression of mCherry alone resulted in 17.5% of seizing larvae, which was not statistically
different from 27.8% for WT-fhf1b1-OE larvae (»p = 0.3261, Fisher exact test). (C) Occurrence of epileptiform
events/recording in WT-fhf1b1-OE (5.4 £ 0.9), RS6H-fhf1b1-OE (6.0 + 0.6), and control larvae (4.1 £ 0.4) (p =
0.3237, one-way ANOVA). Results are mean £ SEM. (D) Mean duration of epileptiform events in WT-fhf1b1-
OE (129.4 + 7.1 ms), R56H-fhf1b1-OE (141.9 £ 7.0 ms), and control larvae (148.2 + 16.0 ms) (p = 0.4112, one-
way ANOVA). Results are mean = SEM. (E) Cumulative duration of epileptiform events in WT-fhf1b1-OE (743.6
+ 172.1 ms), R56H-fhf161-OFE (836.5 = 78.3 ms), and control larvae (629.3 £ 102.1 ms) (p = 0.5556, one-way
ANOVA). Results are mean = SEM. (F) Representative spontaneous epileptiform activity recorded from 5 dpf
R56H-fhf1b1-OEF larvae. Top trace represents typical epileptiform pattern as seen in gap-free recordings. Bottom
trace shows high-resolution magnification of the selected epileptiform events. Next to the traces, an agar
immobilized 5 dpf zebrafish with the recording electrode placed in the optic tectum (OT) is shown. FB = forebrain.
(G) fhf1b1 mRNA expression in WT and R56H-fhf1b1-OE larvae. fhf1bl was expressed approximately 3-fold
higher in WT and mutant-OE larvae in comparison to fhf1b1 baseline level in control larvae. **p = 0.0080 WT-
Jfhf1b1-OE vs control; *p = 0.0293 R56H-/hf1b1-OE vs control (2-tailed Student t-test). B-2 microglobulin and
B-actin were used as normalizing controls. Values are mean + SEM (triplicate samples with triplicate qPCR
experiments.
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5. Discussion

The de novo heterozygous missense FHFI mutation identified in 2 siblings, with a lethal disorder
characterized by EOEE and cerebellar atrophy, was the only variant present in the affected siblings but
not in the unaffected family members or in normal population databases, and no other pathogenic

variants were identified.

The zebrafish-based approach underscores the ease with which zebrafish can be genetically manipulated
and their suitability for the fast modeling of newly discovered gene variants. However, it should be
noted that the modeling of FHFI in zebrafish, in particular, was challenging due to the existence of
multiple isoforms and genes. In humans only one FHF'I gene exists that gives rise to two alternatively
spliced isoforms FHF1A4 and FHF1B. Zebrafish possess two genes fhfla and fhfi1b, resulting in three
isoforms of which fhfla and fhf1b2 are A-type isoforms, whereas fhf1b1 is a B-type isoform. Our first
approach, knockdown of the fif1b gene using morpholino oligos, failed to detect any abnormal brain
activity in 5 dpf fhf1b morphants, which could possibly be explained by a compensatory effect of the A-
type isoform fhifla. Next, it was decided to perform mRNA overexpression studies with the B-type
isoform fAf1b1, since in vitro studies (performed by the group of Prof. Goldfarb) had shown a stronger
effect on neural excitation of the human B-type isoform FHFIB compared to FHFIA. Moreover, in
contrast to a MO-mediated knockdown these studies allowed to investigate the specific patients’
mutation by comparing the overexpression of WT-fhfibl to RS56H-fhfibl. Unfortunately, no
epileptiform activity was detected at 3 dpf. A possible reason is that detecting epileptiform activity in
the developing brain can be difficult to interpret, as the brain is only fully functional at 4 dpf (55, 86).
Moreover, fast degradation of 5’capped mRNA in vivo complicates study of the effect after 48 hpf (57,
146, 147). Another drawback of this method is the ubiquitous overexpression of the injected mRNAs
(57). To address these issues, Tol2 transgenesis was used to obtain a sustained CNS-specific
overexpression of WT- and R56H-fif1b1. Using this system, a significantly higher number of R56H-
fhf1b1-OE larvae showed epileptiform activity compared to WT-fhfIbI-OE and control larvae.
Importantly, the 50% of R56H-faf1b1-OE larvae showing abnormal brain activity is most probably an
underestimation due to the presence of endogenously expressed fifibl WT mRNA and the A-type
isoforms fhfla and fhf1b2. Moreover, since the LFP experiments were done directly in the injected
larvae, they may show a mosaic expression pattern that has been frequently described for the founder
generation of transgenic animals (148), which could lead to heterogeneous phenotypes. A possible
limitation of Tol2 transient transgenesis is that Tol2 construct is randomly integrated into the genome,
which might interfere with the expression of the gene in which the construct was inserted; however,

mostly introns are targeted due to their larger cumulative size (149). Nonetheless, Tol2 transgenesis
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proved to be valuable since it allowed us to investigate the effect of the patient-specific mutation in vivo

in a relatively short timeframe.

Cerebellar atrophy, a component of the disease phenotype associated with mutated FHF'I (this report),
has previously been reported in EOEE caused by mutations in several other genes including those
encoding voltage-gated sodium channels such as SCN84 (123, 150, 151). Currently, it is not clear how
mutations in these genes cause brain atrophy, but one possible mechanism is through a hyperexcitotoxic
mechanism. The cerebellar-specific atrophy associated with FHFI mutation mirrors the preferential
cerebellar functional deficit associated with FHFI gene deletion (14) and could reflect preferential

expression of an FHF1 protein isoform compared to other FHFs in this brain region.

Our findings offer a causal link between familial EOEE with cerebellar atrophy and FHFI mutation.
Early-onset epileptic encephalopathies are severe neurological disorders, which in clinical practice often
remain of undetermined etiology. In recent years progress in molecular diagnostics has revealed that a
significant proportion of EOEEs are single-gene disorders. Identification of a causative gene defect is
important for prognostic and genetic counseling, and may also carry treatment implications. The current
study adds FHF'I and altered Na, gating to the list of EOEE genes and mechanisms, and our findings
support the inclusion of FHF genes into the panels of candidate genes used to query the genetic basis of

EOEE in additional affected individuals.
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6. Supplementary information

6.1 Table e-1: Primer sequences of primers used for fhf1b1 site-directed

mutagenesis and primers for real-time qPCR

Primers for zebrafish fhf1b1 site directed mutagenesis:

Primer name Sequence (from 5’ to 3°)
fhf1b1 R56H forward CCGGTGGGTTTGCACGTCGTGGCGATT
fhf1b1 R56H reverse AATCGCCACGACGTGCAAACCCACCGG

Primers for real-time qPCR:

Primer name Sequence (from 5’ to 3°)

fhflbl _E4 forward CCTGGTTCCTCGGACTCAAT
fhflbl _E4 reverse TCAATGGGTCTGGGTACGAA
Bactin I forward CGAGCAGGAGATGGGAACC
Bactin I reverse CAACGGAAACGCTCATTGC
B2m forward GCCTTCACCCCAGAGAAAGG
B2m reverse GCGGTTGGGATTTACATGTTG
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6.2  Figure e-1: Ictal EEG of patient with FHFI mutation

Ictal EEG of a tonic seizure at age 3 months: left centrotemporal ictal onset followed by rapid secondary

generalization. Clinically the seizure started with a cry and tonic flexion of the right arm, followed by a

generalized tonic phase with opistotonus, apnea, desaturation and bradycardia.
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6.3 Figure e-2: Sequence alignment of human FHF1 and zebrafish Fhfl
orthologs

An asterisk (*) indicates a fully conserved residue. A colon (:) indicates strongly similar amino acid
properties and a period (.) weakly similar amino acid properties. The red shading highlights the arginine
(R) substituted in our patients, conserved in zebrafish orthologs. FHF1 sequences taken from Ensemble
database: Homo sapiens FHF1A, ENST00000454309, Homo sapiens FHF1B, ENST00000445105;
Danio rerio Fhfla, ENSDARTO00000028390; Danio rerio Fhflbl, ENSDARTO00000090596; Danio
rerio Fhf1b2, ENSDARTO00000100332. Clustal Omega 1.2.1 used to generate the sequence alignment.

CLUSTAL 0(l.2.1) multiple seguence aligmment

human FHF1a MAAATASSLIRCEROARF SNSDRVSASKRRSSPSEDG———RSLCERHVLGVISEVRICSG
danio Fhfla -MAATASSLIRORROARF SNSDRVSASKRRPSPSEDP-——-RSELCERHFLGVESEVRECSG
danio Fhflb2 MAAATASSLIROFROARF SNSERAATGRRRESSPGREPTGRGSLCERHALFGLFGEVRECSG

human FHF1B
danio Fhflbl

human FEFla RERPVRRRPEPOLEGIVIRLE SQOGYFLOMEPDGTIDGTEDENSDY TLENLIPVGLEVVA
danio Fhfla FFRPVRRRPEPOLEGIVIRLE SQOGEYLOMOPDGSIDGIFKDENSDYTLEFNLIPVGLEVVA
danio Fhflb2 EFRPVRREPEPOLEGIVIRLE SEQGEFYLTMOPDGTISGTREDENSDYTLENLIPVGLEVVA
human FEF1B —————MESRKEPOLEGIVIRLEF SQOOGYFLOMEPDGTIDGTEDENSDY TLEFNLIPVGLEVVA
danio Fhflbl -MESFEDESAFPOLEGIVIRLE SEQGEFYLTMOPDGTISGTEDENSDYTLENLIPVGLEVVA

W FEXEXAEXEKAEXN KA 32 KIAXEXIE F AEXEAAEXREAAEXENAEANLSE
human FHF1la IOGVRASLYVAMNGEGY LY SSDVEF TPECRERESVEENYYVIYSSTLYROOESGRAWEF LGL
danio Fhfla IOGVRACE Y IGMNGEGI LY SSEMIF TPECRERESVEENYYVIYSSTMYROOESGRAWE LGL
danio Fhflb2 IGVRAGLYVAMNGEGI LF SSETF TAFCREF RESVEENYYVIYSSTLYRODEESGRAWELGL
human FEF1B IGVRASLYVAMNGEGY LY SSDVE TPECRERESVEENYYVIYSSTLYRDOESGRAWEFLGL
danio Fhflbl IGVRAGLYVAMNGEGF LF SSETF TAECRF RESVEFENYYVIYSSTLYROEESGRAWELGL

EXEXEE _1K: KEXXT IR 1HE: KFF FEX AT X IR AT X ERA RN IR I XX s EXEXXREXENE

human FEF1A NEEGQIMEGNRVEKTKPSSEFVPRPIEVCMYREPSLHE IGERQGRSRESSGTPTMNGGEV
danio Fhfla TREGOVMEGHNRVERTEPSSEFVPRPIEVCMYREPELHEIFFRO-RERESSGTPTMNGGEV
danio Fhflb2 NFEGIIMEGNRVEKTKPCSEFVPRPIEVCMYFEPSLHDIDERQ-RSRENSGTPTMSTREE
human FHF1B NEEGOIMEGHNRVERTEPSSEEVPEPIEVCMYREPSLEAE IGERQGRSRESSGTPTMRGGEV
danio Fhflbl NREGIIMEGNRVERTEPCSEEFVPRPIEVCMYREPSLHEDIDERQ-RSRENSGTPTMSTREE
dEEE IAXXXAXXETXLESL XXX XXX XA EN ;8% XXX XX E XL *
human FHF1la VMODST—————————
danio Fhfla VHMODST—————————
danio Fhflb2 LNLGWGEGLVNNSAL
human FHF1B VHMODST—————————
danio Fhflbl LNQDSTDHEGS ———

HEd

Percent Identity Matrix - created by Clustal2.l

1: human FHF1lA 100.00 90.87 8l.82 97.79 82.07
2: danio Fhfla 90.87 100.00 81.33 88.33 81.52
3: danio Fhflb2 81.82 81.33 100.00 8l.87 91.01
4: human FHF1B 97.79 88.33 81.67 100.00 84.44
5: danio Fhflbl 82.07 81.52 91.01 84.44 100.00
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Chapter IV. TSC2 gene

1. Abstract

Tuberous sclerosis complex (TSC) is a rare, genetic disease caused by loss-of-function mutations in
either 7SCI or TSC2. Patients with TSC are neurologically characterized by the presence of abnormal
brain structure, intractable epilepsy and TSC-associated neuropsychiatric disorders. Given the lack of
effective long-term treatments for TSC, there is a need to gain greater insight into TSC-related

pathophysiology and to identify and develop new treatments.

In this work, we show that homozygous #sc2”” mutant zebrafish larvae, but not tsc2”" and WT larvae,
display enlarged brains, reduced locomotor behavior and epileptiform discharges at 7dpf. In addition,
we pharmacologically validated the TSC model by demonstrating the dramatic rescue effect of
pericardially injected rapamycin, a well-known mTOR inhibitor, on selected behavioral read-outs and

at the molecular level.

By means of trancriptome profiling we also acquired more insight into the neuropathology of TSC, and
as a result were able to highlight possible new treatment targets. The gene expression profiles of WT
and tsc2"" larvae revealed 117 differentially expressed genes (DEGs), while between WT and #s¢2”
larvae and rsc2"" and #sc¢2” larvae there were 1,414 and 1,079 DEGs, respectively. Pathway enrichment
analysis from the WT and #sc2”” DEGs, identified 14 enriched pathways from the up-regulated genes
and 6 enriched pathways from the down-regulated genes. Moreover, genes related to inflammation and
immune response were up-regulated in the heads of 7sc2” larvae, in line with the findings in human

brain tissue where inflammatory and immune responses appear to be major hallmarks of TSC.

Taken together, our phenotypic, transcriptomic and pharmacological analysis identified the tsc2”
zebrafish as a preclinical model that mirrors well aspects of the human condition and delineated relevant
TSC-related biological pathways. The model may be of value for future TSC-related drug discovery and

development programs.
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2. Introduction

Tuberous sclerosis complex (TSC), also called Bourneville disease/syndrome, is a rare, genetic disease
caused by loss-of-function mutations in either 7SC/ or TSC2. These genes are classified as tumor
suppressor genes that encode hamartin and tuberin, respectively (30, 31). The latter proteins physically
associate together with a third subunit TBC1D7 to form the TSC1-TSC2-TBC1D7 complex (31). This
complex negatively regulates the mTOR pathway since the GTPase activating protein (GAP) activity of
tuberin inactivates Ras homolog enriched in brain (Rheb) kinase, an activator of mTOR (31). Upon
activation, mTOR phosphorylates multiple downstream mediators, of which 40S ribosomal protein S6
kinase (p70S6K) and elF4E-binding protein 1 (4E-BP) are among the best characterized (152, 153).

A prominent characteristic of TSC is the activation of the mTOR pathway followed by the formation of
hamartomatous lesions in multiple organs resulting in dermatological, renal, cardiac, ophthalmic and
pulmonary manifestations (30, 31, 154-156). Besides these non-neurological clinical features, the
central nervous system (CNS) of most patients is affected due to the presence of focal malformations of
cortical development (termed tubers), subependymal nodules, giant cell astrocytomas and white matter
pathology (156). As a result TSC patients commonly present with neurological disorders such as
epilepsy and TSC-associated neuropsychiatric disorders (TAND) including autism and intellectual

disability (30, 31, 154-156).

The mechanism underlying tuber development in TSC remains controversial; accordingly, loss of
heterozygosity (LOH) and second hit mutations in TSC1 and TSC2 in humans are very rare in TSC
cortical tubers (157). However, preclinical data support the role of the TORC1 signaling in epilepsy
development, even in the absence of major brain pathology (158). Moreover, it has been shown that
mTORCI signaling plays a direct role in epilepsy development via induction of functional and
microstructural changes eventually leading to network alterations (158-161). Epilepsy is the most
common neurological manifestation, present in up to 85% of TSC patients (155). The first-line treatment
for seizures in TSC patients consists of anti-epileptic drugs, although two thirds of patients remain

unresponsive to therapy (155).

Given the lack of effective long-term treatments for TSC, there is a need to gain greater insight into
TSC-related pathophysiology. Small animal models like zebrafish can help to speed up our
understanding of the human disease like TSC and to identify and develop new treatments. Zebrafish are
rapidly emerging as a promising small vertebrate animal model for use in biomedical research (162).
Besides their small size, easy maintenance, high fecundity, and ex utero development, they can be easily
modified genetically and implemented as mutant or transgenic fish in medium- to high throughput

platforms to interrogate compound activity (57, 162-165). Moreover, zebrafish show a relatively high
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degree of physiological and genetic similarity to humans (162), for instance genes associated with
human disease have a zebrafish orthologue up to 82% (68). Developing larval zebrafish brain consists
of numerous structures and cell types similar to those found in mammals e.g. the telencephalic
organization, neuronal cell subtypes, and major anatomical structures such as cortex and hippocampus

(73, 166, 167). This emphasizes the relevance of zebrafish as a model for neurological diseases.

Here we show that zsc2” homozygous larvae display neurobehavioral alterations and epileptiform
discharges at 7 days post fertilization (dpf). By means of transcriptome profiling we also acquired more
insight into the neuropathology of TSC, and as a result were able to highlight possible new treatment
targets. In addition, we pharmacologically validated the TSC model by demonstrating the dramatic
rescue effect of pericardially injected rapamycin using genotyping-free assays that possibly can be

deployed in future TSC-relevant drug screens.

3. Methods
3.1 Zebrafish strains

2"*? mutation backcrossed with Tupfel longfin wild type

Zebrafish embryos, heterozygous for the sc
fish, were a generous gift of Malgorzata Wiweger, head of the Zebrafish Core Facility of the
International Institute of Molecular and Cell Biology (Warsaw, Poland). This zebrafish strain has been
generated and characterized previously by the group of K. Ess (118). For experiments, tsc2"?**"*#

(hereafter called tsc27), tsc2"*"" (hereafter called #sc2™") and tsc2"" (hereafter called WT) were used.

3.2 Zebrafish maintenance and breeding

Adult zebrafish were maintained at 28.5°C in UV-sterilized water on a 14h light/10h dark cycle under
standard aquaculture conditions. Fertilized eggs were collected via natural spawning. Embryos and
larvae (ts¢2"”", tsc2"" and tsc2”") were kept in embryo medium, containing 1.5mM HEPES, pH 7.6,
17.4mM NacCl, 0.21mM KCI, 0.12mM MgSO,4 and 0.18mM Ca(NOs), in an incubator on a 14h light/10h
dark cycle at 28.5°C. For all experiments described, larvae at 0-10 dpf were used. All zebrafish
experiments were approved by the Ethics Committee of the University of Leuven (Ethische Commissie
van de KU Leuven, approval number 061/2013) and by the Belgian Federal Department of Public
Health, Food Safety and Environment (Federale Overheidsdienst Volksgezondheid, Veiligheid van de
Voedselketen en Leefmilieu, approval number LA1210199).
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3.3  Genotyping

Zebrafish larvae were lysed at 55°C for 3h followed by 95°C for 10 min using a lysis buffer containing
10 mM Tris-EDTA pHS8, 2 mM EDTA 0.5 M pHS, 0.2% Triton-X-100 and 200 pg/ml Proteinase K in
MilliQ water. The larval lysates served as template for the subsequent PCR in which a 500 bp fragment
was amplified wusing Pfu polymerase (Thermo Scientific) and the following primers:
GTAACACAGAATCAGTGAATCGGA (forward primer) and
CACACACAGAAAACACTTGAAGC (reverse primer). The PCR products were digested with the
HpyCHA4IV restriction enzyme (New England Biolabs) and afterwards visualized on a 2% agarose gel

containing 0.5 pg/ml ethidium bromide.

3.4 Morphological phenotyping

WT, tsc2"" and tsc2” larvae from 3 dpf until 10 dpf were screened for obvious morphological defects
including gross deformation, oedema, apoptosis, lack of swim bladder, abnormalities of head, eye, tail
and fin by visual assessment using a stereo microscope. Moreover, touch response behavior was assessed

and scored positive when the larva displayed a rapid escape response upon tactile stimulation of the tail.

3.5 Survival assay

Larvae were cultured in 200 pl Danieau’s medium in a 96 well plate and followed from 0 dpf until 10

dpf.

3.6 Head and body measurements

Larvae were positioned laterally in 3% methylcellulose on a microscope depression slide. Images were
taken using a Leica MZ 10F fluorescence microscope with a Leica DFC310 FX digital color camera
and Leica Application Suite V3.6 software. The head area and brain area were measured using the
ImagelJ software and normalized against the body length. To ensure a reproducible surface selection, the
following reference points were used: otic vesicle and jaw (head size) or otic vesicle and upper lining

of the eye (brain size).

3.7 Immunohistochemistry

7dpf zebrafish heads were dissected and fixed in 4% PFA/PBS, then transferred to a 30% sucrose/PBS
solution and subsequently embedded in optimum cutting temperature (OCT) compound (AGR1180,
Scigen) and stored at -80°C. Cross sections (10um) of the zebrafish heads, obtained using a Bright
cryostat (OTF5000, Bright Instrument Co Ltd) and collected onto Superfrost Plus microscope slides
(10149870, Thermo Fischer Scientific), were first blocked for 2 hours followed by overnight incubation
with a primary antibody against the phospho-S6 Ribosomal protein (Ser235/236) (#2211, Cell Signaling
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Technology; 1:500), at 4°C. Next, following several rinses slides were incubated with goat anti-rabbit
Alexa Fluor-647 (A-21245, Invitrogen; 1:1000) and counter-stained with DAPI (D1306, Thermo Fisher
Scientific; 1:10000). After rinsing, slides were left to dry and mounted using DPX Mountant (44581,
Sigma). Non-consecutive sections were imaged using a Zeiss Axiolmager microscope, and pictures
taken using the AxioVision sotware and a 20X objective. Exposure time was determined based on the
background present in a slide incubated only with the secondary antibody, and kept constant during

image acquisition. Images were prepared using Fiji ImageJ and mounted with Adobe Photoshop CS6.

3.8 Photomotor response

Protocol was adapted from Copmans and colleagues (168) and based on a study of Kokel ef a/ (169). In
brief, the photomotor response of zebrafish embryos was investigated by automated behavioral tracking
(Zebrabox, Viewpoint) at 32 hpf. Embryos were individually placed in a 96-well plate in embryo
medium at approximately 31 hpf (prim-15 stage), followed by a dark incubation of 50 minutes prior to
tracking, including 20 minutes of habituation in the Zebrabox chamber. Total motion was recorded for
30 seconds at 15 frames per second (fps) in fully dark conditions with a high intensity light pulse (5.2
mW/cm2, 38 000 lux) given at 10 and 20 seconds lasting one second. Raw data of total movement per
well was used and is defined as the sum of all image pixel changes detected during the time interval of
0.067 seconds, corresponding to one frame. Total motion was plotted in function of time and average
motion was plotted per time period. The PMR was divided in 8 time periods: the pre-stimulus phase and
the latency phase were considered as one time period each (PRE; seconds 0-10, L; seconds 10-11), while
the excitatory phase and the refractory phase were divided in three periods each (E1; seconds 11-14, E2;
seconds 14-17, E3; seconds 17-20, R1; seconds 20-22, R2; seconds 22-25, R3; seconds 25-30). Data

were pooled from five independent experiments with 4 to 19 replicate wells per genotype.

3.9 Locomotor behavior

To evaluate the locomotor behavior of 7 dpf WT, #sc2" and zsc2” larvae, an automated tracking device
was used (Zebrabox™, Viewpoint, Lyon, France). Zebrafish larvae were placed in a 24-well plate
containing 400 pl embryo medium per well, followed by an incubation period in the Zebrabox consisting
of 10 min light (0.264mW/cm?, 1983 lux) and 10 min dark respectively. Subsequently, the total
locomotor activity was quantified during a 5 min light and 10 min dark phase using the Zebralab™
software (Viewpoint, Lyon, France). The total movement was expressed in “actinteg” units, which are
defined as the sum of all image pixel changes detected during the time of the tracking experiment. One

experiment consisted of the subsequent tracking of three 24-well plates.
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3.10 Local field potential (LFP) recordings

Local field potential recordings were performed at room temperature on larval optic tecta of 7 dpf WT,
tsc2"" and tsc2”" larvae. Larvae were immobilized in 2% low melting point agarose (Invitrogen). A glass
pipet (the recording electrode), filled with artificial cerebrospinal fluid (124mM NaCl, 2mM KCl, 2mM
MgSO,, 2mM CaCl,, 1.25mM KH,PO,, 26mM NaHCO; and 10mM glucose), was positioned in the
optic tectum using a stereomicroscope. 10-minute recordings were performed in current clamp mode,
low-pass filtered at 1kHz, high-pass filtered at 0.15Hz, digital gain 100 and sampling rate of 10kHz
(EPC 10 USB patch clamp amplifier, HEKA Elektronik Dr. Schulze GmbH, Germany; Kemo VBF §
dual variable filter, Kemo Ltd., United Kingdom). Both the LFP recordings and the analysis were
performed in a blinded manner, since genotyping occurred afterwards. For the analysis of the recordings,

Clampfit 10.2 software (Molecular Devices Corporation, USA) was used.

3.11 Zebrafish RNA extraction

10 heads were pooled in quadruplicate for each condition. RNA was extracted with Trizol at 4°C,
followed by the phenol-chlorophorm extraction and the isopropanol precipitation. After ethanol washes,

the RNA pellet was air-dried and dissolved in nuclease-free water (Fermentas).

3.12 RNA-sequencing of zebrafish samples

RNA concentration and purity were determined spectrophotometrically using the Nanodrop ND-1000
(Nanodrop Technologies) and RNA integrity was assessed using a Bioanalyser 2100 (Agilent). Per
sample, an amount of 500 ng of total RNA was used as input. Using the Illumina TruSeq® Stranded
mRNA Sample Prep Kit (protocol version "Rev.E - October 2013") poly-A containing mRNA molecules
were purified from the total RNA input using poly-T oligo-attached magnetic beads. In a reverse
transcription reaction using random primers, RNA was converted into first strand ¢cDNA and
subsequently converted into double-stranded cDNA in a second strand cDNA synthesis reaction using
DNA Polymerase [ and RNAse H. The cDNA fragments were extended with a single ‘A’ base to the 3’
ends of the blunt-ended cDNA fragments after which multiple indexing adapters were ligated
introducing different barcodes for each sample. Finally, enrichment PCR was carried out to enrich those
DNA fragments that have adapter molecules on both ends and to amplify the amount of DNA in the
library. Sequence-libraries of each sample were equimolarly pooled and sequenced on a NextSeq500 v2

High75 flow-cell.

3.13 Bioinformatics analysis

Read quality was assessed using FastQC v0.11.2 software produced by the Babraham Institute

(Babraham, Cambridgeshire, UK). Trimmomatic v0.36 was used to assess the quality of each read and
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filter reads of low quality (170). Low quality leading and trailing bases were removed from each read.
If any of the reads dropped below 50 nts in length they were excluded.

Reads were aligned to the zebrafish reference genome, GRCz10 using TopHat2 v2.0.13 using the default
settings (171). The aligned reads were then passed to Cufflinks v2.2.1 (172). Cufflinks assembled the
RNA-Seq reads into individual transcripts, along with estimating abundance of each transcript.
Expression levels were calculated as fragments per kilobase of exon per million fragments mapped
(FPKM). The Cufflinks transcript assembly was guided using the zebrafish reference annotation

(GRCz10 v84) downloaded from Ensembl (www.ensembl.org). The transcript assemblies from each

replicate were passed to Cuffmerge, and amalgamated into a single unified transcript catalog (172). The
merged transcript file along with the original alignment files produced where fed to Cuffdiff for
differential expression testing (172). Library sizes were first normalised using the quartile method. The
false discovery rate was controlled for using a Benjamini-Hochberg correction, gene expression changes
with an adjusted p-value<0.05 and an absolute fold-change>2 were considered statistically significant.

A gene was considered expressed if it had an FPKM>1 in at least one condition.

3.14 Protein-coding potential of novel genes

The protein-coding potential of all novel genes was assessed using the coding potential calculator (CPC)
(173). The transcript sequences were extracted from the merged .gtf files as fasta files using the cufflinks
gffread utility, these sequences were then passed to the CPC. CPC assesses protein-coding potential of
a transcript based on six biological meaningful sequence features. Based on these features a protein-
coding potential score is assigned to each transcript, and it is classified as non-coding, non-coding

(weak), coding (weak) or coding.

3.15 Gene ontology and pathway enrichment analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.8

(http://david-d.nciferf.gov) was used to test DEGs for gene ontology and pathway enrichment (117). As
DAVID can only handle annotated genes, the DEG lists were curated to remove all novel genes and
indecisively annotated genes. The enriched GO term list produced by DAVID, was processed using the
‘Enrichment Map’ plugin for Cytoscape (http://www.cytoscape.org/) to produce a visual output of the
text based GO term list (174).

3.16 RT-gPCR validation

One microgram of total RNA was reverse-transcribed into cDNA using oligo dT primers. PCR primers
(Eurogentec, Belgium) were designed using the Universal ProbeLibrary of Roche (https://www.roche-

applied-science.com) on the basis of the reported mRNA sequences in the National Center for
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Biotechnology Information database (NCBI, Bethesda MD, USA). The list of primers and their
sequences are included in Supplementary Table 1. For each PCR, a mastermix was prepared on ice,
containing per sample: 1 pl cDNA, 2.5 ul of 2x SensiFAST™ SYBR Green Reaction Mix (Bioline Inc,
Taunton, MA, USA) and 0.4 uM of both reverse and forward primers. The PCRs were run on a Roche
Lightcycler 480 thermocycler (Roche Applied Science, Basel, Switzerland). Quantification of data was
performed using the computer program LinRegPCR in which linear regression on the Log (fluorescence)
per cycle number data is applied to determine the amplification efficiency per sample (175, 176) and to
determine the starting concentration (Ny) of the product. This Ny value for each specific product was
divided by the geometric mean of the Ny values of reference genes, elongation factor 1 alpha (efla), B
actin 1 and B actin 2 (bactinl, bactin2) and this ratio was compared between WT, #s¢2™ and #s¢2”

larvae.

3.17 Prediction of pharmacological targets for TSC

The human orthologs of the DEGs from the WT and sc2”" transcriptome analysis were identified using
BioMart (177). All duplicate genes were removed then fed into the ‘Drug Gene Interaction Database’
(DGIdb) (178). DGIdb is a web resource that consolidates available data sources describing drug-gene
interactions and gene druggability, it outputs all genes in which some level of evidence exists for a drug-

gene interaction.

3.18 Pharmacological validation

Larvae were micro-injected pericardially (1 nl) at 3 dpf with vehicle, 0.3 mg/kg rapamycin and 1 mg/kg
rapamycin. Rapamycin was dissolved in vehicle (50% DMSO/50% water containing 5% rhodamine B
dextran). Larvae were selected based on their uniformly spread fluorescence and arrayed into 24 well
plates (vehicle, n=38; 0.3 mg/kg rapamycin, n=44; 1 mg/kg rapamycin, n=59). The survival analysis

and locomotor behavior were carried out as described before.

3.19 Western blot

SDS-PAGE and immunoblotting were performed on heads of 7dpf vehicle or rapamycin (1mg/kg)
micro-injected larvae (injected at 3dpf). Therefore, in each condition 10 heads were homogenized in
RIPA buffer supplemented with protease inhibitors. Following the BCA assay, equal amounts (25ug)
of proteins were separated by SDS-PAGE (NuPage System, Invitrogen) using a 4-12% Bis-Tris gel
(Novex, Life Technologies) in MOPS running buffer (Novex, Life Technologies). After wet transfer
(Mini Trans-Blot Cell, Bio-Rad) of the proteins to a nitrocellulose membrane, the membrane was
blocked for 1h at RT in Odyssey blocking buffer (Li-Cor) and subsequently incubated with primary
antibodies against pS6 (1:1000 dilution, Cell Signaling, 2211S), pmTOR (1:1000 dilution, Cell
Signaling, 2971S) and LC3B (1:3000 dilution, Abcam, ab51520) overnight at 4°C and Dylight

59



Chapter IV. TSC2 gene

secondary goat antibody to rabbit IgG (1:10000 dilution, ThermoScientific, 35571) for 1h at room
temperature. A rabbit antibody against GAPDH (1:1000 dilution, Sigma-Aldrich, SAB2701825) was
used as loading control. Proteins were visualized using the Odyssey 2.1 imaging system (Li-Cor). Semi-

quantification was done using Image Studio Lite Ver 5.2.

4. Results

4.1 tsc2 homozygous larvae survive until 9 days post fertilization and

display enlarged brains

The zebrafish strain used in this study is identical to the one used before by the group of K. Ess, who
generated and characterized this mutant line (118). Upon receipt of the heterozygous zsc2”" mutant
zebrafish, we confirmed the phenotype as observed by Kim and colleagues (118). For instance, it was
shown that by 7 dpf the homozygous larvae completely deflated their swim bladders and that they died
by 11 dpf. Here, we provide a more quantitative analysis of the mutant phenotype. A visual inspection
of the wild type (WT), heterozygous (ssc2"") and homozygous (tsc2”) larvae was performed by
following their development from 3 dpfuntil 10 dpf. No obvious differences in appearance such as gross
deformation, oedema or necrosis were detected when the different genotypes were compared (data
shown at 7 dpf, Fig 1, Panel A). Moreover, no significant differences in touch response were observed
(data shown at 7 dpf, Fig 1, Panel B). Swim bladder development, however, was impaired in #s¢2”
larvae. At 7 dpf, a significantly lower percentage of #sc2” larvae inflated their swim bladders when
compared to WT and tsc2™" larvae (» £0.001; tsc2” 10%, n=20; WT 65%, n=78; tsc2™" 55%, n=102)
(data shown at 7 dpf, Fig 1, Panel B). To investigate the viability of larvae, the survival rate curves of
WT, tsc2”" and tsc2” larvae were compared. The curve of the tsc2” larvae significantly differed from
those of WT and #s¢2™ larvae (p < 0.0001, Fig 1, Panel C). At 10 dpf, a significantly higher percentage
of the £sc2” larvae were dead compared to the WT and tsc2* larvae (tch’/ “100%, n=28; WT 7%, n=57;
tsc2"" 16%, n=89). We also confirmed hyperactivation of mTOR in the brains of 7 dpf homozygous
larvae. Phosphorylated ribosomal protein S6 (pS6) is a commonly used marker for mTOR
hyperactivation. In this study, immunohistochemical analysis was used to examine the presence of pS6
in the brains of 7dpf WT, zsc2™" and tsc2”" larvae. We confirmed that the brains of zsc2”" larvae showed
increased pS6 staining when compared to WT and sc2™ larvae who exhibited similar levels of pS6 (Fig
2), as found before by the group of K. Ess (118).

Additionally, to examine whether rsc2” larvae display a macrocephaly and/or megalencephaly
phenotype, both the head and brain area of 7 dpf larvae were measured and normalized to the body
length. Body lengths did not differ significantly between the different groups. Although the head/body

length ratio was not distinct between the different groups (data not shown), the brain/body length ratio
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differed significantly showing that zsc2” larvae had significantly larger brains when compared to WT

and sc2"” siblings (5.5% and 4.2% increase, respectively, Fig 1, Panel D).
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Figure 1: tsc2 homozygous larvae survive until 9 dpf and display enlarged brains. (A) Gross morphology of 7
dpf WT, tsc2™" and tsc2” larvae (scale bar, 1 mm). (B) Percentage of 7 dpf WT (n = 78), ts¢2™ (n = 102) and tsc2”
" (n=20) larvae with developed swim bladder and touch response. (C) Survival rate curves of WT (n = 57), tsc2™"
(n=89) and #sc2”" (n = 28) larvae. (D) Brain/body length ratios of 7 dpf WT (n = 25), #s¢2" (n = 28) and s¢2”" (n
= 46) larvae. Data are expressed as mean = SEM. Statistical analyses: (B — C) Chi square test with Bonferroni
correction for multiple testing, (D) one-way ANOVA (Graphpad Prism 5). **p < 0.01; ***p <0.001.
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Figure 2: Brains of 7dpf #sc2 homozygous larvae show hyperactivation of mTOR. Immunohistochemical analysis
of pS6 presence in the brains of 7dpf WT, zsc2" and tsc2” larvae. Representative cross-sections of the optic tectum
of WT (A-C), tsc2+/- (D-F) and tsc2-/~ (G-I) stained for DAPI (blue) and pS6 (red). Composite pictures (C, F, T)
include tissue autofluorescence (green). Data are representative of at least three different larvae per group. Scale bar,
50um.
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4.2 7 dpf homozygous larvae demonstrate neurobehavioral alterations

To investigate the impact of the zsc2 mutation on behavior, the larval locomotor activity of WT, #s¢2*”
and tsc2”
(PMR) of WT, sc2™"

larvae was evaluated at 32 hours post fertilization (hpf) and 7 dpf. The photomotor responses
and #sc2” embryos were similar in all time periods (Fig 3, Panel A and B). Also
at 7 dpf no significant differences in locomotor behavior were obtained during the light phase. However,
during the dark phases we observed significantly reduced locomotor behavior in #sc2” larvae when

compared to WT and sc2™ siblings (p < 0.001, Dark1 and p < 0.05, Dark2, Fig 3, Panel C and D).
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Figure 3: 7dpf #sc2 homozygous larvae demonstrate neurobehavioral alterations. (A-B) Photomotor response of
32 hpf WT (n=36), 1sc2™" (n=81) and #s¢2”" (n=32) embryos. (A) Total motion. (B) Average motion during different
PMR periods. Data are expressed as mean = SEM. (C-D) Locomotor behavior of 7dpf WT (n=63), ts¢2™ (n=93) and
tsc2”" (n=43). (C) Schematic overview of the protocol used for the evaluation of locomotor behavior at 7 dpf. Red
color indicates the light phases. Grey color indicates the dark phases. (D) Average total movement during the
behavioral tracking. Data are expressed as mean £ SEM. Statistical analyses: (B-D): two-way ANOVA (Graphpad

Prism 5). * p < 0.05; *** p <0.001.

4.3

To investigate the impact of the zsc2 mutation on brain activity, local field potential recordings were

tsc2 homozygous larvae display abnormal brain activity

performed on larval optic tecta of WT, #sc2" and tsc2” larvae at 7 dpf, as represented in Fig 4 (Panel
A). A representative fragment of a 10-minute recording is presented, together with a magnification of
the selected polyspiking discharge. The percentage of larvae with epileptiform activity is shown in Panel
B. A larva was considered to have epileptiform activity when it met the following criteria: (i) duration

of the polyspike exceeding 50 ms and (ii) at least three or more polyspiking discharges per 10-minute
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recording. The incidence of recurrent epileptiform discharges was significantly greater in the rsc2”
larvae when compared to zsc2" and WT larvae (ts¢2” 54%, n=26; tsc2"" 0%, n=12 and WT 0%, n=18).
Epileptiform discharges consisted of polyspiking events that exceeded the amplitude of the baseline by
at least threefold. Significant differences were observed between the groups tested for the mean
frequency (Fig 4, Panel C), mean cumulative duration of seizures per larva (Fig 4, Panel D) and the

mean duration of seizures (Fig 4, Panel E).
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Figure 4: tsc2 homozygous larvae display abnormal brain activity. (A) Positioning of the glass pipet into the optic
tectum (OT) of a 7 dpf larva (scale bar, 125um). (B) Representative fragment of a 10-minute recording (scale bar;
1.5mV — 1 min) of a homozygous larva with enlargement of a polyspiking event (scale bar; 0.5mV — 0.2s). (C) The
percentage of 7 dpf WT (n=18), tsc2”" (n=12) and tsc2”" (n=26) larvae displaying epileptiform activity. (D) The
average number of epileptiform events per 10-minute recording. (E) The average duration of epileptiform events per
10-minute recording. (F) The cumulative duration of epileptiform events per 10-minute recording. (D-F) Data are
expressed as mean = SEM. Statistical analyses: (C) Fisher’s exact test with Bonferroni correction for multiple testing,

4.4  Characterization of the zebrafish transcriptome

RNA-Sequencing (RNA-Seq) was performed on the heads of WT, #s¢2" and tsc2”” zebrafish larvae at
7 dpf. On average ~24 million single-end reads were produced per sample of which over 21 million
passed quality control and filtering. For each sample approximately 88% of the filtered reads aligned
to the zebrafish genome (GRCz10).

Overall, 20,781 genes were expressed in at least one of the three genotypes, 16,874 of these genes were
protein-coding, 156 were long intergenic non-coding RNAs (lincRNAs), 313 were from a variety of
other RNAs species and 3,438 were un-annotated genes (henceforth referred to as novel) (Fig 5, Panel
A). Of the novel genes ~14% were classed as having strong protein-coding potential, the remaining
86% showed none to weak protein-coding potential, and thus could possibly fall into varying classes of
long non-coding RNAs. Further, the novel genes had a greater level of genotype specific expression
than the protein-coding genes (Fig 5, Panel B). While 91% of all protein-coding genes were expressed
in all three genotypes, only 68% of the novel genes were expressed in all three genotypes. Conversely,
much higher percentages of the novel genes were expressed in one or two of the genotypes than the
protein-coding genes. The number of genotypes that each gene was expressed in was dependent on

whether the gene was protein-coding or novel (Chi-squared p-value < 0.00001).

4.4.1 Differentially expressed genes

Unsupervised hierarchical clustering (Manhattan distance) of samples based on the gene expression
profiles revealed two divergent groups (S1 Fig). The biological replicates from the zsc2™ and WT
samples clustered together forming a distinct group from the #s¢2” samples. This grouping was further
reflected in the testing for differentially expressed genes (DEGs). Analysis of the gene expression
profiles of WT and #sc2" revealed 117 DEGs, while between WT and s¢2” and tsc2™ and tsc2” there
were 1,414 and 1,079 DEGs respectively (Fig 5, Panel C and S2 and S3 Figs). The 1,414 DEGs between
WT and zsc2” included 735 genes (179 novel genes) that were down-regulated in #sc2” and 679 genes
(66 novel genes) that were up-regulated in zsc2”". The top 10 up- and down-regulated protein-coding

genes sorted by fold-change are listed in table 1 (S1 Table for complete lists).
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Next, the expression levels of 84 genes related to the mTOR pathway were assessed in the transcriptome

comparison between WT and #sc2” larvae. These 84 genes were selected based on the probes present

on the zebrafish mTOR-pathway Qiagen RT> profiler PCR array (for the full list of genes see S5 Table).

Using the cutoff of absolute fold-change of 2, and a Benjamini-Hochberg (BH) corrected p-value < 0.05

the genes insulin receptor b (-2.2-fold), Ras-related GTP binding Ca (2.1-fold) and vascular endothelial

growth factor Aa (2-fold) were differentially expressed. When the cut-offs were relaxed to all genes

with a BH corrected p-value < 0.05, a further 15 genes were considered differentially expressed (S5

Table). Of the 18 mTOR genes that had perturbed expression 6 were down-regulated and 12 were up-

regulated. Analysis of the expression of tsc2 showed that there was no difference in the expression level

of tsc2 across any of the three genotypes (S4 Fig).

Table 1: The top 10 up- and down-regulated genes sorted by fold change are listed.

Top 10 up-regulated protein-coding genes

Gene ID Ensembl ID Gene Name Chromosom | Fold- Adjusted

e Change p-value
sich211-125e6.5 | S o0 0000000093 1 iona11.125e6.5 Chro onidveto 1 0,001
mfsd9 ENSDARG000000747 major_ fgcilitator superfamily domain Chr9 474 0.001

28 containing 9

isg15 EL\ISDARGOOOOOOS% 1ISG15 ubiquitin-like modifier Chr5 4.14 0.001
MDP1 E(TSDARGOOOOOOSSO si:dkeyp-27c8.2 Chr23 4.05 0.001
slc1a4 ;NSDARGOOOOOOOOE) solute carrier family 1 member 4 Chr13 3.73 0.001
sesn2 EngDARGOOOOOWOO Sestrin 2 Chr19 3.70 0.001
sitch73-236c18.2 | o NSDARCO00001038 g 0075 536018 2 chrt 3.69 0.001
si:ch1073- ENSDARG000001018 .
14009 2 04 Si:ch1073-14009.2 Chr17 3.59 0.001
tenl ENSDARG000000680 | 1ranscoalamin like Chrs 3.55 0.001
CU633981.1 ENSDARG000000903 | 6330811, Chr2 3.52 0.001
Top 10 down-regulated protein-coding genes

Chromosom | Fold- Adjusted
Gene ID Ensembl ID Gene Name o Change p-value
zgc:92137 E:SDARGOOOOOOOSM Z9c:92137 Chr17 -7.71 0.013
si:dkey-117n7.2 §5NSDARG000000931 Si:dkey-117n7.2 Chr4 -6.13 0.001
slc23a3 51NSDARG000000888 Solute carrier family 23, member 3 Chr9 -5.37 0.001
ela2l gsNSDARGOOOOOO567 Elastase 2 like Chr8 -5.12 0.047
griadb ggSDARGOOOOO%% ‘Cftl)utamate receptor, ionotropic, AMPA Chr21 457 0.001
CELA1 (1to ENSDARG000000173 29c:92041 Chr22 451 0.001
many) 14
prss59.1 E:‘SDARGOOOOOO?QZ Protease, serine, 59, tandem duplicate 1 | Chr16 -4.32 0.001
ctrl E(TSDARGOOOOOOGSG Chymotrypsin-like Chr15 -4.19 0.001
ela2 ENSDARGO00000567 | gyagtase 2 Chr8 418 0.001
si:dkey-182g1.10 E;‘SDARGOOOOOOQQE) Si:dkey-182g1.10 Chr22 -3.95 0.001
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4.4.2 RT-qPCR validation of RNA-Seq data

A set of seven genes, complement C1q B chain (c/gb), calcium channel voltage-dependent type alpha
1D subunit (cacnalda), a serpin peptidase inhibitor clade A (alpha-1 antiproteinase, antitrypsin)
member 7 (serpina?7), cathepsin S ortholog2 tandem duplicate 1 (ctss2.1), sodium channel voltage-gated
type 1 like alpha b (scnllab), ribosomal protein S6 kinase polypeptide 5 (rps6ka5) and glycyl-tRNA
synthetase (gars), was selected for validation using RT-qPCR in a cohort of 11 samples (3 WT, 4 #s¢2*"
and 4 tsc2”). The Kruskal-Wallis test revealed significant differences in the median expression levels
of ctss2.1, scnllab, rps6ka5 and gars between the different groups analyzed. Using the Dunn’s post-hoc
test or the Mann-Whitney U test to analyze the differences between individual groups, scnllab and
rps6ka5 were found to be significantly down-regulated in zsc2”” compared to the zsc2" group. On the
other hand, ctss2. 1 was significantly up-regulated in #sc2” compared to WT while gars was up-regulated
in #s¢2”" compared to the zsc2" group. On the whole, the expression pattern of all the genes selected for

validation mirrored the results obtained by RNA sequencing (S5 Fig, S2 Table).

4.4.3 Enriched gene ontology terms and pathways

A gene ontology (GO) enrichment analysis revealed distinct GO terms enriched in the up- and down-
regulated gene lists from the WT and #s¢2” transcriptome analysis (S3 Table). Amongst the up-regulated
genes 16 GO terms were strongly enriched (adjusted p-value<0.05) forming two major clusters (Fig 5,
panel D). The first cluster contained terms related to ligase activity and aminoacylation, terms in the
second cluster pertained to peptidase, hydrolase and lysosome activity. For the down-regulated genes
there was one significant cluster with GO terms related to calcium channels and ions. The only common
enriched GO terms shared by both the up- and down-regulated gene lists were peptidase and hydrolase
activity. While there were more down-regulated genes than up-regulated genes, there were more

significantly enriched GO terms amongst the up-regulated genes.

Pathway analysis identified 14 enriched pathways (p-value < 0.05) from the up-regulated genes (Fig 5,
Panel E). Two interesting pathways amongst this list were lysosome and phagosome. Lysosome, which
also appeared amongst the enriched GO terms, was the most enriched pathway. Further, ~5% of the
significant up-regulated genes were involved in this pathway at various points. Amongst the down-
regulated genes there were 6 enriched pathways (p-value < 0.05) (Fig 5, Panel E). Interesting terms from

this list were the MAPK signaling pathway and the calcium-signaling pathway.
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4.4.4 Genes related to inflammation and immune response differentially expressed in the
zebrafish model
When the GO terms produced from the up-regulated DEGs from fsc2” larvae were combined into
“annotation clusters”, based on similarity of gene lists and functionality, an enriched annotation cluster
that included the GO terms chemokine activity, inflammatory response, chemokine-mediated signaling
pathway, neutrophil chemotaxis, immune response and G-protein coupled receptor signaling pathway
was revealed (Fig 5, Panel F and S4 Table). This annotation cluster of inflammation and immune
response related GO terms was made up of 15 distinct genes, with three genes encoding for various
chemokine ligands represented in all six GO terms. This suggests that the inflammation and immune

. . /-
response are activated in the zsc2” larvae.

4.4.5 Up-regulation of ctss2.1 in the tsc2 homozygous larvae

One particular gene that was strongly up-regulated in #sc2” zebrafish was ctss2.1. From the RNA-Seq
data ctss2.1 was expressed at 6.19 and 7.43 fpkm in the WT and #sc2" zebrafish respectively, in the
tsc2” zebrafish the expression levels increased to 28.11 fpkm. In both cases this increase in expression
was statistically significant (adjusted p-value < 0.002). This result was confirmed with RT-qPCR,
showing a statistically significant increase in ctss2.1 in the #sc2” relative to both the WT and #s¢2™”
zebrafish (S5 Fig). Ctss2.1 was also identified as being involved in immune response in zebrafish (Fig
5, panel F) and in five of the 16 strongly enriched GO clusters from the up-regulated genes (adjusted p-
value < 0.05), including lysosome, hydrolase and peptidase and both of the up-regulated pathways;
lysosome and phagosome. The mammalian ortholog for ctss2.1 is the gene cathespin S (ctss). Ctss is a
lysosomal cysteine proteinase that may participate in the degradation of antigenic proteins to peptides

for presentation on MHC class II molecules (179).

4.4.6 Prediction of pharmacological targets for TSC

To demonstrate the utility of the #sc2” zebrafish in the identification of possible new treatment targets
for TSC, the DEGs from the RNA-Seq comparison between WT and zsc2” zebrafish were subjected to
drug-gene interaction analysis. First, the zebrafish DEGs were converted to their human orthologs; of
the 1,168 annotated DEGs expressed 1,052 distinct human orthologs were identified. Of these 1,052
human orthologs, 216 were associated with various numbers of drug-gene interactions (S5 Table).
Interestingly, for C7SS the human ortholog for ctss2.1 eight different drug-gene interactions were
identified.
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Chapter IV. TSC2 gene

Figure 5: Transcriptional analysis of #sc2 homozygous, tsc2 heterozygous and WT zebrafish. (A) Biotypes of
genes identified as expressed in at least one of the zebrafish genotypes. 81.2% of the expressed genes were protein-
coding genes, 0.8% were lincRNAs, 1.5% belonged to other biotype categories, and 16.5% were previously
unidentified genes and were classed as novel genes. (B) Percentages of novel and protein-coding genes that were
expressed across genotypes. A disproportionally high percentage of novel genes appeared in only 1 (p-value<0.001,
Chi-squared test) and 2 (p-value < 0.001, Chi-squared test) of the genotypes, when compared to the protein-coding
genes. (C) Volcano plot of differentially expressed genes between the wild-type and the zsc2” zebrafish™. 735 genes
were down-regulated and 679 genes were up-regulated. Cut-offs of an absolute fold-change of 2, and a Benjamini-
Hochberg corrected p-value < 0.05 were applied. (D) Gene Ontology (GO) enrichment map from up- and down-
regulated genes when the wild-type were compared to the zsc2”". Each node represents a different GO term, the red
centre of node indicates enrichment in up-regulated genes, the red outside of the node indicates enrichment in down-
regulated genes. The larger the node the greater the number of genes in the enriched GO term. Green connections
indicate common genes shared between the nodes from the up-regulated list. Blue connections indicate common
genes shared between the nodes from the down-regulated list. The thicker the connection the more genes in common.
The more intense the red of the node the lower the p-value. (E) Enriched pathways from differentially expressed
genes when the wild-type was compared to the zsc2”” zebrafish. Enriched pathways from the up-regulated genes are
in red, enriched pathways from the down-regulated genes are in blue. The x-axis is the logl10(1/p-value), n is equal
to the number of genes that appear in each category. (F) Enriched annotation cluster of related GO terms based on
gene list similarities. The differentially expressed genes are listed on the y-axis and the associated GO terms are on
the x-axis. Red indicates that the gene was allocated to the GO term, black indicates that the gene was not. The
majority of these genes and terms are related to inflammatory responses or immune system activation.

4.5 Pharmacological validation

In order to pharmacologically validate the model, we first investigated the effect of rapamycin, that was
pericardially micro-injected (1 nl) at 3 dpf in a non-genotyped mixture of WT, tsc2” and tsc2” larvae
(offspring of heterozygous adults, so theoretically present for 25%, 50% and 25%, respectively) on
survival and locomotor behavior (see above). Rapamycin treatment significantly increased the survival
of the larvae at 10 dpf (100% for 1mg/kg rapamycin (n=59), 93% for 0.3mg/kg rapamycin (n=44) as
compared to 71% for VHC-treated (n=38), Figb Panel A). Furthermore, we observed a statistically
significant rescue of the reduced locomotor behavior in Dark1 with the highest dose of rapamycin (p <
0.001, Dark1 and p < 0.05, Dark2; Fig6 Panel B). Next, we investigated the effect of pericardially micro-
injected rapamycin (1mg/kg) on the levels of phosphorylated mTOR (pmTOR) and phosporylated S6,
both markers of catalytically active mTOR (180), and LC3B-II as a marker of cellular autophagy (181)
(Fig6, Panel C). Rapamycin treatment significantly reduced the elevated pS6 protein levels in the heads
of 7dpf tsc2” larvae to a level comparable to those found in VHC-treated WT and #sc2"™ larvae (Fig6,
Panel D). Moreover, it also normalized the levels of pmTOR that was increased in case of 7dpf tsc2”
larvae (Fig6, Panel E). No statistically significant effect of rapamycin could be observed on the protein

levels of the autophagy marker LC3B-II (Fig6, Panel F).
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Figure 6: Pharmacological validation with rapamycin. (A) Survival rate curves of larvae (mixture of WT, #s¢2™"
and tsc2”") pericardially injected with vehicle (n=38), 0.3 mg/kg rapamycin (n=44) and 1 mg/kg rapamycin (n=59) at
3 dpf. (B) Locomotor behavior of 7 dpf larvae (mixture of WT, #s¢2™ and #s¢2”") pericardially injected with vehicle
(n=38), 0.3 mg/kg rapamycin (n=44) and 1 mg/kg rapamycin (n=59) at 3 dpf. Data are expressed as mean + SEM
(C) Representative blots of the western blot analyses of pS6, pmTOR and LC3B-II. (D-F) Semi-quantification of the
relative densities of pS6 (D), pmTOR (E) and LC3B-II (F) expression normalized against the VHC-treated WT
condition. The relative densities are expressed as mean + SEM (n=3). Statistical analysis: (A) Chi Square test, (B)
two-way ANOVA, (D-F) one-way ANOVA (Graphpad Prism 5). * p <0,05; ** p <0,01; *** p <0,001.
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5. Discussion

In the present study, we performed a phenotypic, transcriptomic and pharmacological analysis of the
tsc2”" zebrafish with the aim of elucidating the underlying mechanisms of TSC pathophysiology.
Patients with TSC are characterized by the presence of abnormal brain structure, intractable epilepsy
and TAND (182). Here we focus on the brain-related pathological aspects of the tsc2” larvae and
correlated the outcome with a transcriptome-based integrated pathway analysis. Behavioral readout tests
were used based on the PMR, touch response and locomotor activity of the embryo’s and larvae. As
innate behavior depends on sensory input, neuronal connectivity of the hindbrain and spinal cord and
multiple neurotransmitter pathways, these assays represent a straightforward way to test the correct

development and function of the nervous system (183-185).

First, we confirmed the up-regulation of mTORC] in the brain of zsc2” larvae at 7 dpf. Further, we
show that the #sc2”" larvae consistently display abnormal local field potentials (LFP) that are associated
with a substantially reduced response of locomotor activity to a light-dark stimulus, as compared to the
tsc2"” and WT larvae. Of interest, the former larvae also displayed a higher occurrence of non-inflated
swim bladders. This situation, however did not affect the outcome of the locomotor assay as a lack of
functional swim bladder results in subtle movements as a consequence of maintaining balance and not
in seizing-like behavior or reduced locomotor activity (95). Moreover, all zs¢2”" larvae showed a normal
touch response at 7dpf, which corroborates the idea that the underlying neural circuitry is intact (186).
Of interest, when investigating the PMR response, a behavior that is used to determine early
neuromodulatory effects, no differences were observed between the 32 hpf, tsc2”, tsc2" and WT
embryos. This outcome likely demonstrates that at least the first two days post fertilization the #s¢2”
larvae behave normally. Possibly, this is the consequence of the presence of maternal zsc2 mRNA in the
early developmental stages (118, 187). Furthermore, #sc2”" larvae also displayed a MEG phenotype at 7
dpf. MEG/HMEG (hemimegalencephaly) has been observed in patients with mutations in multiple
PI3K-AKT-mTOR pathway components (188-190), but also in TSC patients (191-193). Previously
MEG has been reported in mice models in which the T’sc/ or Tsc2 gene was deleted selectively in neural

progenitors (194) or glial fibrillary acidic protein (GFAP)-positive cells (195, 196).

To gain more insight into the molecular basis underlying the major differences observed in the #s¢2”
larvae, we further studied these differences at the transcriptome level. Previously, it has been
demonstrated in human TSC patients that even in the absence of tissue pathology, gross transcriptome
alterations are present (197). In the aforementioned study, up-regulation of genes related to immune
and inflammatory response and down-regulation of genes involved in ion channels were seen. In the

presented study, the #sc2”” larvae had large perturbation of the transcriptome when compared to the WT
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or tsc2"” larvae. Many of the differentially expressed genes were involved in inflammation, immune
response and calcium channels, demonstrating that the #sc2” zebrafish models aspects of the human

TSC condition (197-200).

Calcium signals are vital information carriers and regulators of various biochemical processes in
virtually all cells (201). Nuclear calcium appears to be a master regulator of neuronal gene expression
(202). Malfunctioning of calcium signaling toward and within the cell nucleus may have deleterious
effects leading to cell death (202). In fact, dysfunction of nuclear calcium signaling leads to decreases
in dendrite length and complexity, synapse loss, increased mitochondrial vulnerability,
neurodegeneration, memory impairments, cognitive dysfunction and a decrease in reactive oxygen
species defense (203). While not investigated specifically in TSC, there appears to exist a link between
calcium signaling, astrocytes and neuronal excitability and thus epilepsy (204, 205). Here, there was a
strong down-regulation of genes related to voltage-gated calcium channel activity, voltage-gated
calcium channel complex and calcium ion transmembrane transport, suggesting dysfunction of calcium
ion channels and calcium signaling. This could be directly related to the abnormal brain activity seen
in the #sc2” zebrafish larvae. Investigation of the role of calcium signaling in TSC warrants further

investigation.

Importantly, there was a direct response (up-regulation) of numerous genes associated with
inflammation, inflammatory molecules and immune responses in the tsc2” zebrafish larvae. Similar
responses have been documented throughout the literature in gene expression profiles of both rodent
models of epilepsy and in human epilepsy tissue (206, 207). Further, inflammatory and immune
responses appear to be one of the major hallmarks in human TSC patients (197). The role of the immune
response in zebrafish TSC pathology is highlighted by the up-regulation of the ctss2. 1. The mammalian
ortholog for ctss2.1 is the lysosomal cysteine proteinase ctss. Ctss is expressed throughout the rodent
brain, particularly in microglia and at the subcellular level accumulates in granules, indicating a
lysosomal localization (208). Up-regulation of ctss2.1 may suggest the activation of microglia in the
zebrafish brains, a process seen during epileptogenesis in a mouse model of TSC (209, 210). Ctss also
appears to play a significant role as a regulator of the innate immune response, regulation of interleukin
1 beta (IL1B) release and inflammatory responses (208, 211). Further, increased expression of ctss has
been implicated in Alzheimer’s disease and Down-syndrome, where it appears to localize with tangle-
bearing neurons, astrocytes and senile plaques (212). High expression of ctss has been identified in
human and murine tumors, and selective depletion of ctss impairs angiogenesis and tumor cell
proliferation (209, 210). Ctss has not been investigated in the pathogenesis of TSC, although studies
from other disease contexts demonstrate that it would be relevant. Thus, this finding highlights the
potential of using the zebrafish zsc2” model to identify new genes for therapeutic targeting that are

related to TSC pathology.
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In this study, the #s¢2"” zebrafish larvae were very similar to the WT larvae, both morphologically and
at the transcriptome level. This suggests that inactivation of just one of the zsc2 alleles is not sufficient
to cause any significant pathogenesis. Instead, a biallelic inactivation appears to be a requirement for
mTOR hyper-activation in zebrafish. Significantly, in mice it has been shown that a biallelic deletion of
tscl resulted in activation of the mTOR pathway (158). While loss of heterozygosity (LOH) and second
hit mutations at either the 7SC/ or TSC?2 has been demonstrated in humans in both TSC subependymal
giant cell astrocytomas and tubers (213-215), this model remains controversial and no consensus exists
(157). The morphological and transcriptome changes seen in the zsc2” zebrafish support the idea that at

least in zebrafish inactivation of both zsc2 alleles is a requirement for the hyper-activation of mTOR.

Finally, we were able to demonstrate that rapamycin, a very well-known mTOR inhibitor that together
with its analogue everolimus has been used in humans to treat SEGAs (40), renal angiomyolipomas
(41), pulmonary lymphangioleiomyomatosis (41), facial angiofibromas (42) and epilepsy (43), has a
very dramatic effect on two selected behavioral read-outs (locomotor and survival) of the zsc2 mutant
zebrafish model. Of importance, for that purpose the offspring of heterozygous adults were
pharmacologically treated as a whole. Homozygous sc2” larvae are theoretically present for 25% in
this mixture, and since these larvae show dramatically different results for the selected assays as
compared to the WT and #sc2"” zebrafish larvae, any treatment effect that rescues the homozygous fish
can be observed easily and in a sensitive way. Notably, the methodology described herein does not
necessitate genotyping neither selection of the #sc2” zebrafish larvae, and in this way provides a
straightforward in vivo phenotype-driven screening platform for medium-throughput testing of TSC-

related compounds.

Furthermore, the treatment effects of rapamycin were assessed at the molecular level by means of
western blotting. Rapamycin functions as a mTOR inhibitor by the formation of a complex with FK506
binding protein 12 (FKBP12) and by binding of this complex to the FKBP12-rapamycin binding (FRB)
domain of mTOR (216, 217). It is assumed that rapamycin does not directly inhibit the kinase activity
of mTOR, but more likely acts by blocking interactions with other regulatory proteins (216). Therefore,
it is expected to block the activation of downstream mediators such as p70S6K and consequently to
decrease the level of pS6 (152). Previously it has been shown that mTOR is phosphorylated at Ser2448
by p70S6K and that this phosphorylation is rapamycin-sensitive(180, 218). Our results show indeed that
rapamycin normalizes the hyperactive mTORC]1 signaling in the #sc2”" larvae, as shown by the protein

levels of pS6 and pmTOR.

The effect of rapamycin on autophagy was studied as well, since mTORCI is a potent inhibitor of this
self-degradative process (181). This inhibition occurs by phosphorylation and inactivation of ULK-1 (a

serine/threonine protein kinase) and autophagy-related protein 13 (Atgl3), two components that
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together with FAK family kinase-interacting protein of 200kDa (FIP200) form the ULK 1-Atg13-FIP200
complex, indispensable for the initiation of autophagosome formation (219, 220). To investigate the
effect of rapamycyin treatment on the level of autophagy present in the larval heads, we choose LC3B-
II, an integral component of the autophagosome membrane, as a marker (181, 221). However, as we
only observed a small and statistically not significant decline in LC3B-II present the VHC-treated tsc2

"larvae, we could not demonstrate any effect of rapamycin in these conditions.

Taken together, our phenotypic, transcriptomic and pharmacological analysis identified the fsc2”
zebrafish as a preclinical model that mirrors well aspects of the human condition. This has allowed for
not only the confirmation of TSC related pathology, but also for the identification of novel areas of
investigation, including dysfunction of calcium ion channels and calcium signaling and up-regulation
of ctss2.1. This suggests that the zebrafish model may be an interesting tool for future investigations
with the aim to provide further pathomechanistic insights in TSC. The identification of 216 human
orthologs with possible drug targets, including CTSS demonstrates the potential use of the #s¢2”

zebrafish in the identification of therapeutic treatments.
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6. Supplementary information

6.1 S1 figure: Heatmap of the complete transcriptome profile of each

sequenced replicate

Two distinct clusters, based on the Euclidean distance, were formed, one containing entirely #s¢2”

(blue), the second was made up of both samples from the wild-type (pink) and #sc¢ ™ (green) zebrafish.
Gene expression was the scaled logl 0(FPKM+1).
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6.2  S2 figure: Volcano plot of differentially expressed genes between the tsc2™
and the tsc2” zebrafish

489 genes were down-regulated and 590 genes were up-regulated. Cut-offs of an absolute fold-change

of 2, and a Benjamini-Hochberg corrected p-value < 0.05 were applied.
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6.3  S3 figure: Volcano plot of differentially expressed genes between the wild-
type and the tsc2™" zebrafish

50 genes were down-regulated and 67 genes were up-regulated. Cut-offs of an absolute fold-change of

2, and a Benjamini-Hochberg corrected p-value < 0.05 were applied.
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6.4  S4 figure: The expression of zsc2 in each of the genotypes

There was no difference in tsc2 expression across any of the samples. Expression on the y-axis is FPKM.

Data are expressed as mean = SD.
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6.5 S5 figure: RT-qPCR validation of selected genes

Seven genes were selected from the RNA-Seq for validation. Data are expressed as box and whiskers
plots. The fold-change is relative to the expression of the gene in the wild-type group. The statistical test
used was the Kruskal-Wallis followed by the Dunn’s post-hoc test or the Mann-Whitney U test. The
expression RNA-Seq expression levels are shown in the final panel (labeled RNA-Seq). Overall, the

expression patterns mirrored the results obtained from RNA-Seq.
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6.6

Supplementary tables

Supplementary tables are available online, through the following link:

https://www.sciencedirect.com/science/article/pii/S0969996117302127?via%3Dihub

S1 table:

S2 table:

S3 table:

S4 table:

S5 table:

Up- and down-regulated protein coding genes between WT and sc2” sorted by fold
change

List of RT-qPCR primers used for validation. The forward and reverse primers are
listed, written in 5” to 3’ direction.

GO terms enriched in the up- and down-regulated gene lists from the WT and #s¢2”
transcriptome analysis

List of up-regulated genes from the #sc2” samples belonging to the cluster of
inflammation and immune response related GO terms

List of the expression levels of 84 mTOR-related genes, assessed in the transcriptome

comparison between WT and s¢2” larvae
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1. Challenges in anti-seizure drug discovery

Two induced acute rodent seizure models have been widely used and were recognized as standard
procedures for ASD discovery: the MES test and the PTZ test (45, 222, 223). In brief, the MES test
results in seizure induction by applying a short 60 hz electrical stimulus of 50 mA (for mice) or 150 mA
(for rats) via electrodes to the cornea of the animals (44), whereas chemical induction of seizures is
established by a subcutaneous injection of the pro-convulsant PTZ (224). Despite the successes of ASD
discovery using these animal models, one third of epilepsy patients remains drug-resistant (47, 48, 50).
The problems associated with these simple acute seizure models is that they do not mirror epilepsy,
since seizures are induced in ‘normal’ non-epileptic brains, possibly resulting in false positive and false
negative findings (50, 222). Moreover, it has been argued that the further use of these models would
only give rise to ‘me-too’ drugs and will not facilitate the discovery of drugs that have an effect on drug-
resistant epilepsies (50). One of the major aims of the Epilepsy Therapy Screening Program (ETSP) is
to identify drugs for the treatment of drug-resistant epilepsies. To this end, more complex chronic and
drug-resistant models (e.g. 6 Hz model) were included in the ASD screening process (47, 222, 225). For
ASD testing, the ETSP proposes a battery of rodent and in vitro tests, grouped into an ‘Identification’
and ‘Differentiation phase, where the models of the latter group are more resource-intensive and lower

throughput, e.g. the post-kainic acid status epilepticus rat as a model of chronic epilepsy (47, 225).

Where the rodent models, as proposed by the ETSP, focus on the modeling of different drug-resistant
human seizure types in general, zebrafish as a tractable genetic model organism are increasingly used
to model a specific epileptic syndrome with the associated pathophysiology and drug-resistance of
epilepsy (up to 66% in case of TSC patients). Therefore, the use of these genetic zebrafish epilepsy
models in high-throughput screening would result in a more ‘personalized’ medicine and could

potentially aid the discovery of treatments for drug-resistant epilepsy in general.

1.1 Potential of genetic zebrafish epilepsy models in anti-seizure drug discovery

The scnlLab mutant zebrafish model is the first example of a genetic zebrafish epilepsy model
implemented in high-throughput screening of a repurposed drug library (55). The human ortholog of
scnlLab is the SCNIA gene encoding the alpha subunit of the voltage-gated sodium channel 1.1
(Na,1.1). Mutations in SCNIA have been linked to Dravet syndrome, a drug-resistant epileptic
encephalopathy, starting within the first year of life (226-228). The scnlLab homozygous larvae
showed, when compared to WT and scnlLab heterozygous larvae, a distinct behavior typified by
hyperactivity and whole-body convulsions. In addition to this seizure behavior the larvae also
demonstrated epileptiform discharges, underscoring the relevance of zebrafish in mimicking the Dravet

syndrome-associated epilepsy. High-throughput screening of 320 FDA approved compounds was
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performed in 96-well plates with one larva per well, a starting concentration of 667 uM, and each
compound being tested on a minimum of six homozygous larvae. Screening was based on the locomotor
activity of the larvae (hyperactive seizure behavior), where a compound that was able to reduce the
behavior to the control level was identified as a positive hit. The initial screening revealed 18 hits that
subsequently were retested at three different concentrations. From those, four out of 18 compounds were
efficient in reducing seizure behavior at all tested concentrations and were therefore further investgated
by means of local field potential recordings. Finally, only clemizole sustained both seizure activity tests
and forms the first proof-of-principle of the successful implementation of genetic zebrafish epilepsy

models in drug discovery (55).

1.2 fhf1 mutant zebrafish model

In our research, we investigated the disease-causative nature of a mutation in FHFI. Therefore, we
established an overexpression model of the patients’ FHF I mutation in zebrafish and as such were able
to confirm a causal link between the specific mutation and the early-onset epileptic encephalopathy
(EOEE) with cerebellar atrophy. Of interest, more recently six additional patients have been reported
carrying the exact same mutations in the FHFI gene (229-231). All patients suffer(ed) from an early-
onset intractable epilepsy and most of them also showed a moderate to severe intellectual disability.
However, while in our case the disease course was very progressive and associated with early lethality,

the six more recently identified patients are still alive (229-231) (Fig. 1).

EPILEPSY P3 (11m) | P4 (15y) P6 (16y) | P7 (18y)

Onset before | month

Frequent SE

Response to sodium channel blockers

Response to VNS

DEVELOPMENT

Intellectual disability | death | death | normal moderate | severe I severe moderate moderate

BRAIN MRI

Initially normal

Progressive cortical/cerebellar atrophy

Figure 1: Clinical picture of the 8 reported FHF1 p.R52H patients. Squares: black (true), dark grey (partially
true), light gray (not tested) and white (false/absent). P1-P2 (our study), P3-P4 (215), P5-P7 (214), P8 (216). SE
= status epilepticus, VNS = vagus nerve stimulation. Adapted from Villeneuve et al. 2017 European Journal of
Pediatric Neurology (231).

In the case of our fif1 overexpression larvae, a moderate- to high-throughput ASD screening similar to
the one described by Baraban et al. could be done. To this end, the Tol2-microinjected larvae with bright

red fluorescent brains will have to be raised until adulthood and incrossed to obtain F1 larvae that
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homogenously overexpress the patients’ FHFI mutation in the brain. The generation of this stable
transgenic line will lower the labor-intensivity by eliminating the need for repetitive microinjections.
Moreover, the expression of the transgene is more homogenous in the F1 offspring compared to the
founders (148). Compounds identified in this ‘personalized’ model of intractable epilepsy might as well
be of interest for other drug-resistant epilepsies. A factor that might limit the generation of this line is
that transgenic animals could show an early lethal phenotype. Also, the use of this line for ASD

screening depends on the availability of a good read-out, preferably at the behavioral level.

Of interest, the identification of FHFI as a novel predisposing gene for EOEE in zebrafish is one of the
first examples of rapid bedside-to-bench-to-bedside translational research. With back-to-bedside, we
refer to the importance of a complete diagnosis for the patient and his family. From a pharmacological
point of view, however, there is no translation to the clinic yet. Nevertheless, the search for improved
therapy starts with an improved understanding of the disease. Other examples are the discovery of CHD2
as a novel predisposing gene for an epileptic encephalopathy with generalized seizures, sharing features
with Dravet Syndrome (90) and the identification of STX/B as a novel predisposing gene for fever-
associated epilepsy syndromes (128). These studies demonstrate that modeling of de novo disease-
causative mutations in zebrafish is clinically important for a fast patient diagnosis and genetic
counseling. Moreover, knowing the defected gene might open the opportunity for a more targeted
treatment approach, where known drugs could be used that target the pathway in which the diseased
gene is involved. This approach assumes knowledge of the pathway of the gene of interest and the

availability of drugs that are known to interact with this pathway.

1.3 tsc2 mutant zebrafish model

We demonstrated the validity of the ¢sc2 zebrafish model as a model recapitulating certain brain-related
clinical features of the human disease, i.e. megalencephaly and epileptiform activity associated with a
change in neurobehavior. Other similarities to the human condition are the beneficial effect of rapamycin
treatment and the upregulation of genes related to inflammation and immune response. Additionally,
transcriptome profiling showed the potential of the model (i) to improve understanding of the
pathogenesis and to find novel areas of investigation, i.e. dysfunction of calcium ion channels and
calcium signaling, and (ii) to identify possible drug targets, i.e. upregulation of ctss2./. Although
transcriptomics has proven its utility, one of the downsides is that only gene expression and not post-
translational modifications are detected, meaning that the transcriptomic data should be interpreted with
some caution. Therefore, ideally, in order to fully characterize a model, transcriptome studies should be
complemented with a study of the proteome (identify proteins) and metabolome (link proteins to
metabolic pathways) (115). With regards to ASD discovery, the potential of this model is explored in

detail below.
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1.3.1 Challenges for mutant zebrafish epilepsy models in ASD discovery

The discovery of clemizole as an ASD for treatment of drug-resistant epilepsy in Dravet syndrome using
the scnlLab mutant zebrafish model underscores the relevance of genetic zebrafish epilepsy models in
high-throughput ASD screening. Of importance, only homozygous larvaec were incorporated in the
screening assay, rendering it to be as efficient as possible. The scnlLab homozygotes were characterized
by hyperpigmentation, allowing selection based on their black appearance (55). Other examples of
mutant zebrafish epilepsy models that could be used for ASD screening are the stxbplb and the mind
bomb mutant, showing a reduced locomotor response to a dark-flash and hyperactivity respectively. The
stxbp1b homozygous mutant is characterized by a black appearance, while the mind bomb homozygous
mutants are typified by their deformed heads, smaller eyes and a curled body axis (91, 94). These
morphological features can be used as a selection tool to pick out the homozygous mutants from the
mixture of offspring.

However, not all mutant zebrafish epilepsy models possess an obvious morphological marker that allows
easy selection of the homozygous larvae. This is exemplified by the zsc2 mutant which does not show
gross morphological alterations, although enlarged brains were observed in the homozygous larvae.
However, this morphological difference is too subtle to be visually determined and necessitates brain

size measurements. Therefore, it was considered to be not fit for use as a selection marker.

The question arises whether the zsc2 mutant in particular, and a model without a selection marker in
general, can be used as a high-throughput cost- and time- efficient drug discovery platform. Such a
model necessitates genotyping to select the homozygous larvae. However, ideally genotyping is avoided

because of its labor-intensiveness and associated costs.

Therefore, alternatively, the possibility to use a genotyping-free approach based on a mixture of WT,
heterozygous and homozygous larvae is investigated below. In our thought process, we choose
locomotor behavior as high-throughput readout for screening since it was shown to be reduced in the
homozygous tsc2 larvae following a light-dark switch and in general is altered in the context of epilepsy.
This approach assumes the locomotor activity of the homozygous larvae to be sufficiently distinct to
affect the total behavior of the mixture of WT, heterozygous and homozygous larvae. A compound will
be identified as a positive hit when it rescues the altered movement of the homozygous larvae and thus
increases the total behavior of the mix in case of the #sc2 zebrafish model. First, the required sample
size for this genotyping-free approach is calculated. Second, the costs and benefits of this method are

compared to those associated with genotyping.
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1.3.1.1 Sample size

Based on the drug screening performed by Baraban et al. using the scnlLab model, we conclude that
the number of homozygous animals needed to test 1 compound should at least equal six (55). Assuming
a mendelian distribution of genotypes in the offspring of heterozygous parents, i.e. 25% WT, 50%
heterozygous and 25% homozygous animals, the group size should be 24 larvae in order to have six

homozygotes per treatment.

However, what is the chance of exactly obtaining 25% of homozygotes in a given sample size? This is
where probability calculations come into the picture. And more specifically calculations of
combinations, since the order of selecting the homozygotes has no importance. Assuming 100 embryos
as the total number of offspring (= the population) from heterozygous parents, one can calculate the
probability of obtaining a homozygosity rate of 25% within a specific group size (= sample taken from
the population). The probability of having exactly 25% homozygotes in a group size of 24 embryos, i.e.
six homozygous embryos, is calculated as follows. All favorable combinations are those in which six
homozygotes out of 24 embryos are selected from the population of 100 embryos, thus combinations
that contain six homozygous and 18 non-homozygous embryos. The number of these combinations is
divided by the total number of combinations possible when selecting 24 embryos (sample size) from
100 embryos (population) (Fig. 2). The calculated probability is 0.212 or 21.2%, meaning that when 24
embryos are selected from a population of 100 embryos in which mendelian distribution is assumed,

there is only a 21.2% chance of having six homozygotes within this group size.

25 75

C C

number of favorable combinations 6 18

total number of combinations C 100
24

Figure 2: Example of the probability calculation in a group size of 24 larvae.

These calculations can also be made for other 100+

group sizes: n=12, n=36, n=48, n=60, n=72, & 80

n=84, n=96, n=99 and n=100. The probabilities g‘ 60

of having exactly 25% homozygotes within each E 404

group size are plotted in figure 3. These §- 20+

probabilities decrease to 18.2% in a group of 48 0 A A . A A R, A Y.
larvae, after which the probability increases group size

with increasing group size. Figure 3: The probability of obtaining exactly

25% homozygotes in different group sizes.
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These calculations show that the probabilities of obtaining exactly 25% homozygotes are low, e.g. p =
43.1% for a group size of 96 larvae. Therefore, we choose an interval of 21% to 29% of homoygotes as
an acceptable approximation of the expected 25% and recalculate the probabilities of having between

21% and 29% of homozygotes within each group size (Fig. 4A).

The fact that only natural numbers of embryos are included, results in a correlation that is not perfectly
linear and slightly underestimates the real probability (Fig. 4B). Nevertheless, these results show that
the probability of having between 21% and 29% homozygotes increases with increasing group size. The
chance of having between 21 — 29% homozygotes quadruples from n=24 (21.23%) to n=72 (80.27%).
Based on these results, we would recommend for a genotyping-free assay to use a group size of 72 larvae

to test one compound instead of the 24 suggested earlier.

A
Group size 25% 21% -29% #HOM in 21% - 29% Probability in % (21% - 29%)
n=12 3 2.52 -3.48 3 27.5
n=24 6 5.04 — 6.69 6 21.23
n=36 9 7.56 —10.44 8,9,10 52.89
n=48 12 10.08 — 13.92 11,12,13 51.14
n=60 15 12.06 — 17.40 13, 14, 15, 16, 17 76.18
n=72 18 15.12 —20.88 16,17, 18,19, 20 80.27
n=84 21 17.64 -24.36 | 18,19, 20, 21, 22, 23, 24 97.65
n=96 24 20.16 —27.84 | 21,22, 23, 24, 25, 26, 27 100
B 100+
< 804
g
.,? 60+
E
_g 40+
e
=
2 20+
c 1 1 1 1

r 1T 1 1
o o R @ AV f P

group size

Figure 4: The probability of obtaining homozygotes in an interval of 21% to 29% for different group sizes.
(A) The table shows calculations of 25%, the range 21% - 29%, the number of homozygotes falling in between
the calculated range and the probability of having a % of homozygotes between 21% and 29% for different group
sizes. (B) The probability of obtaining 21% - 29% homozygotes is plotted for each group size. HOM =
homozygotes.
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1.3.1.2 Cost-benefit analysis.: genotyping-free vs genotyping

For screening, larvae are generally arrayed in 96-well plates and behaviorally analyzed using an
automated tracking device. In case of the tsc2 larvae every plate would be tracked twice, a first time to
determine the baseline movement of the larvae (internal controls) and a second time after addition of
the compounds. The protocol to detect locomotor behavior takes 35 minutes. Thus, meaning that 12
runs, i.e. six plates before and after treatment, can be performed daily. This experimental approach is
widely applicable for zebrafish-based screening. Below, the costs and benefits of a genotyping-free
approach are compared to the ones associated with genotyping, assuming the screening of a library of
1,000 compounds.

Genotyping-free approach: n=72

In case of a genotyping-free approach, the group size needs to be increased to enlarge the chance of
having an approximation of 25% homozygotes per group. Based on our probability calculations, a group
size of 72 larvae is considered to be appropriate. In order to screen a library of 1,000 compounds, 72,000
larvae and 125 days or approximately six months are needed. No costs or time related to genotyping

have to be taken into account (Table 2).

Genotyping preceding the screening n=6

Another approach is to determine the genotype upfront and then only use the homozygous larvae for
screening. This could be realized by means of chorion- or tissue-genotyping, an approach that relies on
microfluid technology to extract genetic material from the chorionic fluid or fin tissue without harming
the embryo. Genotyping is performed using PCR amplification and high resolution melt analysis (232).
The preselection of homozygous larvae for screening allows a reduction of the group size to six larvae
per group. This would necessitate the use of only 6,000 homozygous larvae, which equals 63 plates and
11 days to perform the locomotor screening. Nevertheless, to obtain 6,000 homozygotes, genotyping of
more or less 24,000 embryos is needed. The most time-consuming step in this genotyping procedure
will be the extraction of embryonal DNA. An educated estimation of the time and costs linked to the
genotyping-before-screening approach of 24,000 embryos would be 2,250 man hours and 3,000 euros
respectively (Table 2).

The screening approaches are compared in terms of the number of embryos used for screening, the
number of compounds that can be tested daily and the associated workload and costs (Table 2). Clearly,
the method that includes genotyping is associated with a higher cost and workload compared to the
genotyping-free assay. However, the latter one uses much more larvae per group (n=72), meaning that
daily only 8 compounds can be tested, which questions the high-throughputness of this approach. Thus,
in contrast to zebrafish models that contain a selection marker, none of these approaches leads to a high-
throughput time- and cost-efficient screening with genetic zebrafish epilepsy models that lack an

obvious morphological marker. Nevertheless, as soon as advances enable automatized extraction of
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embryonal genetic material, the genotyping approach would be useful, as daily up to 96 compounds can

be tested.

Table 2: Comparison of the different approaches with regards to the number of embryos used for
screening, the number of compounds that can be tested daily, the workload and costs.

# embryos used | # compounds | Workload | Total cost
for screening tested daily (months) (euros)
Genotyping-free (n=72) No costs
72,000 8 6 related to
genotyping
Genotyping preceding the 6,000
screening (n=6) (although 24000 96 9 3000
for genotyping)
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2. Conclusion and future perspectives

With the discovery of clemizole using the scniLab zebrafish mutant, genetic zebrafish epilepsy models
have proven to be very well suited for innovative high-throughput ASD discovery purposes. Similar to
the scnlLab mutant zebrafish larvae, the fAf1 mutant model, which became one of the first examples of
rapid bedside-to-bench-to-bedside translation, can be implemented in high-throughput ASD screening.
While the zebrafish zsc2 mutant model was used primarily to model features of the human disease and
is useful to better understand the pathophysiology and identify possible drug targets, we also reflected
on the potential of this model for high-throughput drug discovery. After comparing two approaches for
screening, we concluded that genetic zebrafish epilepsy models that lack a selection marker like the zsc2
mutant, are not time- and cost-efficient for high-throughput screening. Nonetheless, such models remain
valuable for directed testing of compounds for which evidence exists that they might work in these
models, i.e. by using insights from fundamental research. Moreover, technological advances for
genotyping that reduce the associated labor-intensiveness and costs, could pave the way for these mutant

models to be used as high-throughput ASD discovery platform.

This research provides a proof-of-concept of the translational potential of zebrafish to model human
genetic epilepsies. However, our interest is not limited to the modeling of drug-resistant epilepsy caused
by mutations in specifically 7SC2 or FHF'I. Therefore, we would invest in the generation of a platform
of ‘personalized’ zebrafish models, reflecting the multiplicity of drug-resistant epilepsies. This will
include the modeling of both existing drug-resistant epilepsy syndromes and candidate-epilepsy genes,
discovered by Next-Generation Sequencing. If no zebrafish mutant is commercially available, these
models will be generated using CRISPR/Cas9 methodology. Next, they can serve for fundamental
research aiming at elucidation of the pathophysiology and ASD screening purposes, ideally with the
availability of a morphological marker, rendering genotyping unneeded. With regards to ASD screening,
the developed zebrafish platform can be positioned next to the rodent platform, proposed by the ETSP,
as both aim at identifying treatments with improved efficacy against drug-resistant seizures. Of course,
the success of this approach will rely on the availability of suitable rodent models for further preclinical

drug development.
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