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Chapterl. Introduction
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1.1 Definition and prevalence of epilepsy

>

9Lt SLIa @ & | O0N}YAY RAA&Z2NRSN aryadked B\ I f6dy>L INE)
SLIAESLIO aSAT dNBE OFry 6S RSUYSR Fa I LISNA2ZR 2
YSdzNB Yt | Qo @A @& Xy of ODHREEMME 0  6SO00Ga | LILINRE
62NI R6ARS | YR 2 @S NIontpkcareran SISO dESK Mdyn vMgNBsi i 5y RL
mMmansnann 2F (KSaS INB OKAf RNBy® ¢KS LINBJItSyOS
Tl OG2NE afigeky 2 ¥ah G 200A@1 3 NB dry B3 KA SCEKAH yiiy GIASR/SRYSA
SLIAtSLIAE A4 KAIKSNI omod LISNI manznnnd AYy 26
AyO02YS O02dzy i NASACHSFPPpIMFTNII st BeS M TARGEE K G £ &8 KA 3k
FSYIOfISHa SO @ € ®X HAHMD

1.2 Classification of seizures and the epilepsies
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1.3 Seizure classification
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ILAE 2017 Classification of Seizure Types Expanded Version 1

‘ Focal Onset ] Generalized Onset Unknown Onset
( Impaired 1 ﬂnotor \ /" Motor N
Aware
Awareness tonic-clonic tonic-clonic
clonic epileptic spasms
/Motor Onset \ tonic Non-Motor
automatisms myoclonic |
atonic 2 myoclonic-tonic-clonic \_ behavior arrest J
clonic myoclonic-atonic
epileptic spasms 2 at‘_’l'“c .
hyperkinetic epileptic spasms [ e 13 ]
myoclonic Non-Motor (absence) Unclassified
tonic typical
Non-Motor Onset atypical
i myoclonic
autonomic eyelid myoclonia
behavior arrest \ /
cognitive
emotional 1 Definitions, other seizure types and descriptors are listed in the
\ sensory / accompanying paper and glossary of terms

2 Degree of awareness usually is not specified

[ focal to bilateral tonic-clonic ] 3
Due to inadequate information or inability to place in other categories

Figurel.l: Classification of seizure types by the ILAE.
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1.4 Epilepsy classification
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Seizure types* \

Etiology

Generalized Unknown

e

Structural

Epilepsy types Infectious

X Combined
Focal Generalized Conorilied Unknown
& Focal
—
Epilepsy Syndromes /

Co-morbidities

Figure 12 : Structure of the 2017 ILAE classification of epilepsies.
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1.5 Epilepsy syndromes
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Figure 13. Classification of the 2022 ILAE Epilepsy syndromes by age of onset.
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1.5.1 Epilepsy Diagnosis
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1.6 Aetiology of Epilepsy
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1.6.1 Structural Aetiology
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1.6.2 Genetic Aetiology
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1.6.3 Infectious Aetiology
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1.6.4 Metabolic Aetiology
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1.6.5 Immune Aetiology
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1.7 Genetic Aetiology in Paediatric Epilepsies

1.7.1 Monogenic Epilepsies and DEEs
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1.8 Potassium channel Epilepsies

1.8.1 Potassium ion channels
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Table 1.1: Voltagegated ionchannel Kv family and sufamilies marking the Kv7 family (KCNQ) in
red
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1.8.2 Structure of Kpotassium channels
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Figurel.5. Structure of aKCNQ2 -subunit and formation of heteretetramers.
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1.8.3 Effects oKCNQ2unctional defects
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1.8.4 Genotypephenotype correlation inKCNQzelated epilepsies
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Figure 16: Schematic illustrating the location of pathogenKkCNQZXariants within the
transmembrane protein.
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M 3PPharmacological therapies in Epilepsy ak@NQzelated disorders

1.9.1Anti-seizure therapies
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1.9.2 Precision therapies in Epilepsies
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1.9.3 Treatment and precision therapy RCNQzelated Epilepsy
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1.10In vivoand In vitro models of KCNQ2nutations
1.10.1 Introduction toin vivomodel systems
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1.10.2 Introduction toin vitro model systems

| KAySasS KFYadSNI 28 Ne o6/1ho OStta FINB  02YY
YIETAY3a GKSY ARSIt FT2NJ NBO2Ydw KWAY LIINEND SAY | EING
/1 h OStta KI@ZS 0SSNy dABRIBEFIByIWOSE ad aF2 N R
iSa8yBYREFNIYLF&F®SwHaial d bk yissrs YA ISHE AND 2 3 S NB
dzaAy 3 | /1 h OSt tY/tbah& YIMAEENIEDIHSR WY GKKA A ai
GKFG NBoa3dlFoAYS gFa OFLIofS 2F 2LSYyAy3a GKS YO
/'1h OStf fAyS SELINBaarzy aeadSYIowdndRT RARD2E
It dXdun@amRS FTNRBY RNHZA RA&ZO2SNES /1 h OStft A
LIKSYy 28 ¥ LBAKWSE &idzRe NBONHzZE NBRZIn LMz RPGBEGBRE &
Y/ bk §K23ISYyAO GFENALFY(GIsS wmpyvI yR SELINBaasSR
Nl yaFSOo2yd ¢KSaHa viap§R EK0lzyKSE BELINBaaSR
GAUKDOY | fRwo2MIdddzy A&z AYyONBF&aSR LRGF&aaAdzy Odz
RSLEREINAT a2y d ¢KSe alg y2 arayArAUOlyd OKIFy3S
YSdzN2 y I £ & dzo OSet KAda aNT dzReeO [ if S\R o2 yildK SY RB @02 @S NJ
Gl NAFyGa OFdaAAy3a AyTFlyoafS &aLIAaAYE yR SyOSLKI
6aAittAOKEL® il KISING K SHI/BWRG 2 32 dzaty SENRP B E A DGt B
64dzOK | &  ByZulr 2OREBHRS | NB | fa2 dz&aSR G2 |yl
OFdzaASR o0& | 3ISySea0O0 GFENARFYy(d 2N I 5b9 GKFG
O2dzy GSNLI NI ad | 26SOSNE LINPGSAYyA Y& oF8zy 002

18



SY@ANRYYSyYyG a + NBadAZ G 2F RAALINARaSaA Ay a
AYUiSNI Oe2ya 6AGK RAGSNBYG LINRPGSAyas OSftt dAf |
VSANRP Y6 { FYDAENBG | f dX HAamMy?O

1.11 Use of induced pluripotent stem cells (iPSCs) in modelling epilepsy
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1.11.1 Definition of iIPSCs
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1.11.2 Application of iPSCs
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Figure 18: Schematic illustrating the applications of iPSi€rived neurons.
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1.11.3 iPS@erived neuronal 2D and 3D protocols
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Table 1.3 Literature related to iPSC 2D and 3D neuronal differentiation proto(@ilskin et al., 2022)

Protocol type Cell type Protocoldetails Reference
Cortical neurons ivr\]/rl‘\il;iidounaBMAD (Chamberst al,, 2009
Glutamatergic neurons (Shiet al,, 20123 Shiet al.,, 2012h
GABAergic neurons (Liuet al, 2013a Maroofet al., 2013
Dopaminergic neurons (Krikset al., 2011 Zhanget al, 2019
Small Serotonergic neurons (Luet al,, 2019

molecule  |Hippocampal neurons (Yuet al, 2014 Sarkaret al., 2019

mediated  [Sensory peripheral neurons (Guimarae®t al, 2018
Astrocytes (Krencik and Zhang, 201Guptaet al., 2012 Santoset

al., 2017 Tcwet al,, 2017

(Huet al, 2009 Wanget al,, 2013 Douvarazt al, 2014
Douvaras and Fossati, 2QF5aoet al., 2019

Microglia (Muffat et al., 2016 Abudet al,, 2017
NGN2, WNT/dual

Oligodendrocytes

Glutamatergic neurons (Zhanget al, 2013 Nehmeet al,, 2018

Transcription SMAD inhibition
factor- GABAergic neurons ASCL1 and DLXZ(Sunet al,, 20163 Yanget al., 2017
mediated ASCL1, NURRL, |(Caiazz@t al, 2011 Thekaet al, 2013 Mahajaniet al.,

Dopaminergic neurons

LMX1A or PITX3{2019
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NKX2.2, FEV,
Serotonergic neurons GATA2, LMX1B, | (Vadodarieet al., 2016
ASCL1, NGN2
Motor neurons LHX3, NGN2, ISlj (Gotoet al, 2017
Astrocytes SOX9, NFIB (Canal=t al, 2018
. SOX10, OLIG2, . .
Oligodendrocytes NKX60.2 (Ehrlichet al,, 2017 Pawlowsket al, 2017
Cerebrgl whole brain (Lancasteet al,, 2013 Lancasteket al, 2017
organoids
Cerebrgl whole brain (Liet al, 2017
organoids
Cerebral wholérain
organoids (Quadratoet al., 2017
Cortical organoids (Eirakuet al., 2008
Cortical organoids (Kadoshimat al, 2013 2014
Cortical organoids (Bershteyret al,, 2017
Forebrain organoids (Rigamonteet al,, 2016
Forebrain organoids (Qianet al, 2019
MGE (Xianget al,, 2017
Dorsal, ventral forebrain
assembloids (Bagleyet al, 2017
. Palliatsubpallial .
Organoids assembloids (Bireyet al., 2017
Cortical spheroids (Pasceet al, 2015 Sloaret al, 2017 Pasca, 2019
Corticostriatal assembloids (Miuraet al,, 2020
OllgodenQrocytes co_ntalmn (Madhavaret al, 2018
neurocortical spheroids
Microglia containing
neurocortical spheroids (Songet al, 2019
Midbrain organoids (Joet al,, 2019
Midbrain organoids (Qianet al, 2019
Hypothalamus (Qianet al, 2019
Cerebellum (Mugurumaet al,, 2019
Hippocampus and choroid (Sakaguctet al, 2019
plexus
Blood pram barrier (Bergmanret al,, 2018 Wimmeret al,, 2019
organoids

1.11.4 iPSC modelling in epilepsy related ionannelopathies
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LI Nb Odzft PINF RORAIYY yISIH 2 LIF § KASa | a GKSasSmElFINBRGKS
a2RAdzyY OK#Oy yLEfI® dblFdzyRIYSyidlt NREtS Ay GKS
LINEY2oy3d adJAdzSS U MNRMEE HKIS o imitbdaEd dhdl D {43yd | b |
6SyO2R{ERbwIeL = { My ! NBaLISOa @St ev NB (GKS Y22
OKFyySta FyR FNB I fof2 i 859iiba-Hiiddy {Kdnfv 1S SYLINKSE
SEGSyaArgdSeERyY aii KBNS dEVEDYNBEM OMmb AR &  20FGSR G (KS
YR O2yiNROGdziSa (2 GKS AyAslazy I|yR LINRLI A
SEOAGODORABRSE S | & HFEASNAMKS(RA AYKAOAG2NE ySdzNR
KI ND 2 dgNRbyMatzil s 2y oO0{ mMoHyt 03X Al KIF& 0SSy akKz2gy
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Table 1.4. Available channelopatkgssociated epilepsy iPSC lines (from Simkin et al, 2022)

isogenic control)

Patient or
Gene Mutation Control iPSC | Clinical diagnosis Source Phenotype
line
. Abnormal migration of
(Bireyetal, 2017 interneurons in neural spheroids
Defects in calcium signaling and
activity-dependent gene
expression; abnormal expression
Pati | (Pascztal, 2019 tyrosine hydroxylase; increased
q . :
CACNALQ c.1216G>A; p.G406R | P 2tent mutant (plug i 5o drome production of dopamine and

norepinephrine in cortical neurong

(Kreyet al,, 2013

Dendritic retraction in cortical
neurons

(Yazawet al, 201)

Irregular contraction, calcium
handling, and prolonged APs in
cardiomyocytes

CACNA1QG

€.1216G>A; p.G406R

engineered mutant
(homozygous)

Timothy Syndrome
associated mutation

(Martinezet al.,
2015

No phenotype reported

CACNA1C

Gene knockout

engineered mutant
(homozygous)

CACNAl&nockout

(Deneaultet al,,
2018

Reduced frequency of spontaneo
excitatory postsynaptic currents
(non-significant) in excitatory
neurons

CACNALS

C.4060A>T; p.T1354S

patient mutant

Ataxia; cerebral palsy, han
tremors, developmental
delay

Coriell institute

No phenotype reported

KCNA2

€.869T>G; p.L290R

patient mutant

DEE

(Arbiniet al,, 2020

No phenotype reported

KCNA2

€.890G>A; p.R297Q

patient mutant

DEE

(Schwarzt al,,
2019

No phenotype reported

24



(Schwarzt al,

KCNA2 |c.982G>C; p.L328V |patient mutant DEE 2018 No phenotype reported
KCNA2 |c.1120A>G; p.T374A |patient mutant DEE (Uysalet al, 2019 | No phenotype reported
KCNA2 |c.1214C>T; p.P405L | patient mutant DEE (Gonget al,, 2020 | No phenotype reported
KCNB1 |c.990G>T; p.E330D |patient mutant DEE (Guoet al,, 202) No phenotype reported
. . MyoclonusEpilepsy and (Nengqinget al,,
KCNC1 |c.959G>A; p.R320H [patient mutant Ataxia 2020 No phenotype reported
. ) Myoclonus Epilepsy and | European Bank for
KCNC1 |c.959G>A; p.R320H [patient mutant Ataxia iPSCs (EBISC) No phenotype reported
Patient mutant (Simkinet al
KCNQ2 |c.619C>T; p.R207W | (plus isogenic KCNQ2Zelated DEE 2022 " No phenotype reported
control)
Patient mutant (Simkinet al
KCNQ2 |c.683A>G; p.H228R | (plus isogenic KCNQ2Zelated DEE 2022b) v No phenotype reported
control)
Patient mutant (Simkinet al
KCNQ2 |c.821C>T; p.T274M | (plus isogenic KCNQ2Zelated DEE 20228 " No phenotype reported
control)
Patient mutant (Simkinet al
KCNQ2 |c.1004C>T; p.P335L | (plus isogenic KCNQ2Zelated DEE 2022 N No phenotype reported
control)
Faster AP repolarization; larger
Patient mutant Enhancement of cactunaciated
KCNQ2 |c.1742G>A; p.R581Q | (plus isogenic KCNQ2Zelated DEE (Simkinet al., 2029 - :
potassium channels; overall
control) ; A .
increased bursting in cortical
excitatory neurons
Reduced spontaneous excitatory
engineered mutant (Deneaultet al., postsynaptic current frequencies;
KCNQ2 | Gene knockout (homozygous) KCNQnockout 2018 reduced AP firing in cortical
excitatory neurons
. ) Neonatatonset epilepsy .
KCNQ3 €.1599dup; p.F5341 | patient mutant and nonsyndromic (Longobardiet al., No phenotype reported
fsTerl5 (homozygous) ) L 202])
intellectual disability
Increased sodiuractivated
potassium current; faster AP
. engineered mutant | KCNTZelated epilepsy (Quraishiet al,, repolarization; increased numbery
KCNT1 €.2771C>T; p.P924L (homozygous) associated mutation 2019 of evoked APs and firing rates;
increased bursting in iCell Neuror
(Cellular Dynamics)
Autosomal dominant
LGI1 ¢.1418C>T; p.S473L | patient mutant temporal lobe epilepsy (Tanet al, 2017 No phenotype reported
(ADTLE)
Dravet syndrome associatd Increased sodium current and ratq
SCN1A |c.23del; p.P8H fsTer9] engineered mutant mutationy (Frasieret al, 2018 | of spontaneous contraction in
cardiomyocytes
. . European Bank for
SCN1A |c.314C>T; p.T105I patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
€.323_326dupTGTA; . European Bank for
SCN1A p.I1110V fsTer10 patient mutant Dravetsyndrome iPSCs (EBISC) No phenotype reported
Febrile seizures (FS),
SCN1A |c.434T>C; p.M145T |patient mutant temporal lobe epilepsy (Scaliseet al, 2029 |No phenotype reported
(TLE)
Reduced sodium current, impaire
response to oxidative stress and
(Schusteet al, dysregulated transcriptomic
SCN1A |[c.650C>G; p.T217R | patient mutant Dravet syndrome 20193 Schusteet ysreg P
pathways for chromatin
al., 2019 .
remodeling and neurodevelopmer|
in GABAergic neurons
atient mutant (plus Increased sodium current and rat
SCN1A |c.664C>T; p.R222Ter iF;o enic controI')J Dravet syndrome (Frasieret al., 2018 | of spontaneous contraction in
9 cardiomyocytes
C.730G>T, 735G>T; atient mutant (plus| Ln(ijr?ois?:sﬁ:/aerig; t)t/'r(r)1iSIrr]1eer
SCN1A |736A>T; p.v24aL; |Patent PIUS| pravet syndrome (Maedaet al, 2019 |yeroxylas pL hig
isogenic control) concentrations of secreted
p.K245Ter L .
dopamine in excitatory neurons
atient mutant (plus Increased sodium current and rat
SCN1A |c.965G>T; p.R322I P ; PUS| pravet syndrome (Frasieret al,, 2018 |of spontaneous contraction in
isogenic control) !
cardiomyocytes
Increased sodium currents;
spontaneous bursting; general
SCN1A |[c.975T>A; p.Y325Ter | patient mutant Dravet syndrome (Liuet al, 2013H hyperexcitability in forebraidike

pyramidat and bipolarshaped
neurons
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patient mutant (plus|

Increased sodium current and rat

SCN1A |[c.975T>A; p.Y325Ter isogenic control) Dravet syndrome (Frasieret al., 2019 | of spontaneous contraction in
cardiomyocytes
SCN1A |[c.1112C>T; p.A371V patient mutant (plus Dravet syndrome European Bank for No phenotype reported
’ +P- isogenic control) 4 iPSCs (EBISC) P ype rep
€.1649_1650del; . European Bank for
SCN1A p.550fs * patient mutant Dravet syndrome iPSCs (EBISC) No phenotypereported
. . . hPSC Registry,
SCN1A |[c.2593C>T; p.R865Te| patient mutant Epilepsy INSERM, France No phenotype reported
€.2672delG; ) (Simkinet al.,,
SCN1A p.GBO1EfsTer3 patient mutant Dravet syndrome 2022h No phenotype reported
Reduced sodium current, impaire
response to oxidative stress and
Dravet syndrome with (Schusteet al, dysregulated transcriptomic
SCN1A |c.2965G>C; p.A989P | patient mutant Y 20193 Schusteet | 9YSr9 P
developmental delay pathways for chromatin
al., 2019 .
remodeling and neurodevelopme
in GABAergic neurons
SCN1A [c.3306C>A; p.Y1102T| patient mutant Dravet syndrome (Kimuraet al,, 202Q | No phenotype reported
Reduced sodium curremtensity
¢.3576_3580del; . . o
SCN1A p.11194CfsTer21 patient mutant Dravet syndrome (Kimet al,, 2018 and reduced AP firing in GABAer
neurons
. patient mutant (plus| European Bank for
SCN1A [c.3733C>T; p.R1245T] isogenic control) Dravet syndrome iPSCs (EBISC) No phenotype reported
_patlent_mutant (plus Reduced sodium current and AP
isogeniccontrol) firing in inhibitory neurons;
SCN1A |[c.3809A>C; p.K1270T|and engineered Dravet syndrome (Xieet al., 2020 g Htory -
mutant reduced sodium current in
excitatory neurons
(homozygous)
atient mutant (plus Increased sodium current and ratq
SCN1A |c.3982T>C; p.S1328P ipso enic control;) Dravet syndrome (Frasieret al,, 201§ | of spontaneous contraction in
9 cardiomyocytes
Reduced sodium currents and AP
firing in medial ganglionic
SCN1A |[c.3982T>C; p.S1328P| patient mutant Dravet syndrome (Sunet al,, 20168 | eminencelike inhibitory neurons;
no phenotype detected in
telecephalic excitatory neurons
. Dravet syndrome with European Bank for
*
SCN1A |p.V1352CfsTer5 patient mutant developmental delay iPSCs (EBISC) No phenotype reported
Increased persistent sodium
. . . current; increased spontaneous
SCN1A |c.4243T>A; p.F1415I | patient mutant Dravet syndrome (Jiaoet al,, 2013 and evoked activity in
glutamatergic excitatory neurons
Reduced sodium current density
SCN1A |[c.4261G>T; p.G1421V patient mutant Dravet syndrome (Kimet al,, 2018 and reduced AP firing in GABAer
neurons
€.4522TdelT; . European Bank for
SCN1A p.Y1508fsTerd patient mutant Dravet syndrome iPSCEEBISC) No phenotype reported
SCN1A |c.4573C>T; p.R1525T]| patient mutant Dravet syndrome gzi%aakwt al, No phenotype reported
. (Higurashket al,, L )
SCN1A €.4933C>T; p.R1645T| _patlent_mutant (plus Dravet syndrome 2013 Tanakeet al.,, Reduced AP firing in GABAergic
isogenic control) neurons
2018h
. . European Bank for
SCN1A |[c.5162C>A; p.T1721K patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
. European Bank for
- q
SCN1A |[c.5222G>C; p.C17419 patient mutant Dravet syndrome iPSCs (EBISC) No phenotype reported
Reduced sodium current, impaire
¢.5502_5509dupGCT| Dravet syndrome with (Schusteet al, :jei':gnjgg dot);gr?é:: ?gri?s and
SCN1A |[GAAC; patient mutant developmental delay and | 20193 Schusteet ysreg P
” pathways for chromatin
p.P1837RfsTer24 ataxia al., 20199 .
remodeling and neurodevelopmer
in GABAergic neurons
patient mutant (plus| (Liuet al, 2018 Reduced sodium current and
. isogenic control) Partial epilepsy with febrile| Zhaoet al,, 2020a |reduced AP firing in GABAergic
SCN1A  |c.5768A>G; p.Q1923f andengineered seizures (PEFS+) Zhaoet al, 2020 | neurons, altered postsynaptic
mutant Zhaoet al, 2020¢ | currents
Increased persistent sodium
SCN1A |c.5768A>G; p.Q1923H patient mutant Mild febrile seizures (Jiacet al, 2013 | Curment increased spontaneous
and evoked activity in
glutamatergic excitatory neurons
SCN1A |[c.5768A>G; p.Q1923F engineered mutant rl?qruet\;zitoiyndrome associatq (Chenet al, 2014 | No phenotype reported
SCN1A |Gene knockout engineered mutant | SCN1Anockout (Sharet al.,, 202) No phenotype reported
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Increased sodiurourrents;
spontaneous bursting; general

SCN1A |[c.IVS14+3A>T patient mutant Dravet syndrome (Liuet al, 2013H hyperexcitability in forebraitike
pyramidat and bipolarshaped
neurons

hPSC Registry:
SCN1B |Gene knockout engineered mutant | SCN1Bnockout Beijing Tiantan No phenotype reported
Hospital (BJTTH)
engineered mutant
SCN1B |Geneknockout (heterozygous and | SCN1Bnockout (Tidballet al,, 2017 |No phenotype reported
homozygous)
€.386+2T>C; . . . , .
SCN2A IVS34+2T>C patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported
SCN2A |c.584A>G; p.D195G | patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported
C.605+1G>T; . . . , .

SCN2A IVS5+1G>T patient mutant ASDEpilepsy Simon's Foundation| No phenotype reported

SCN2A |c.788C>T; p.A263V | patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

SCN2A  [c.1283A>T; p.Y428F | patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

SCN2A |c.2566C>T; p.R856Te| patient mutant ASD, Epilepsy (Z%alr;paloet al, No phenotype reported

SCN2A [c.2877C>A; p.C959T¢ patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

€.3464_3468delAACAl _ . . . , .
SCN2A - p.E1155A fsTer2 patient mutant ASD, Epilepsy Simon'sFoundation | No phenotype reported
) . Increased sodium currents, faster
SCN2A  |c.4025T>C; p.L1342P engineered mutant SCNZAeIated epl_lepsy (Queet al, 202) AP repolarization, increased spikg
(heterozygous) associated mutation ;
and bursting frequency
. . ) . European Bank for
SCN2A |c.4264A>G; p.K1422F patient mutant Epileptic encephalopathy iPSCs (EBISC) No phenotype reported
C.4308+1G>A; . . . , .

SCN2A IVS23+1G>A patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

SCN2A |c.4801G>T; p.V1601L| patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

SCN2A |c.4832T>C; p.L1611P| patient mutant ASD, Epilepsy Simon's Foundation No phenotype reported

SCN2A [c.4904G>A; p.R1635( patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

SCN2A [c.4996C>T; p.L1666F| patient mutant ASD, Epilepsy Simon's Foundation| No phenotype reported

SCN2A | Geneknockout engineered mutant | SCN2Anockout (Luetal, 2019 Reduced r)etv_vqu activity in mixeq
excitatory/inhibitory cultures
Reduced spontaneous excitatory

engineered mutant (Deneaultet al,, postsynaptic current frequencies;

SCN2A | Gene knockout (homozygous) SCN2Anockout 2018 reduced AP firing in cortical
excitatory neurons

I Elevated persistent sodium curre

SCN8A |c.4774G>C; p.V1592L patient mutant SCN8Aelated epileptic (Tidballet al,, 202Q |shorter axon initial segment in

encephalopathy - .
cortical excitatory neurons
. . SCNB8Aelated epileptic .
SCNBA [c.5269G>A,; p.V1757I| patient mutant encephalopathy (Tidballet al,, 2029 | No phenotype reported
Increased resurgent sodium
SCN8Aelated epileptic current; shorter axon initial
SCNBA  |c.5276A>G; p.N1759¢ patient mutant |2~ € =0 PIEP (Tidballet al, 2020 |segment; prolonged AP
p pathy repolarization; increased bursting
in cortical excitatory neurons
Elevated persistent sodium currer
i . shorter axon initial segment;
SCNBA [c.5615G>T; p.R1872L] patient mutant SCNgAelated epileptic (Tidballet al,, 202Q | prolonged AP repolarization;
encephalopathy ; S )
increased bursting in cortical
excitatory neurons
engineered mutant
SCN8A | Gene knockout (heterozygous and | SCN8Anockout (Tidballet al,, 2017 | No phenotype reported

homozygous)

1.12 Applications of genediting and iPSCs
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GFNBSGA GKS Ydzit GSR 3ISyS t20dza OFy O2NNBOG
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gAtt 0SS RA&OKEALEABRNIFodzNI KSNJ A Y

1.13 Conclusion
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1.14 Aim of the study
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Chapter 2: Reprogramming @atient-specific fibroblasts into induced
pluripotent stem cells.

2.1 Introduction

2.1.1 Limitations of Use of Embryonic Stem Cells

Embryonic Steriells(ESCsjre selfreplicating cells which are capable of differentiating into
cells from each of the three germ layers (Martin, 1981). These cells are derived from the
inner cell mass of mammalian blastocysts, meaning human embryos are the main source of
obtaininghuman ES cels w A LJLJ2 y  SThis pldrigp®Encyicapability of ES cells makes
them an extremely attractive therapy for a host of diseases. In particular, neurological
diseases where cell sourcing is a huge limitation. However, due to the ethical issues regarding
the use of human embps, coupled with host tissue rejection after transplantation in
patients(Swijnenburg et al., 2008ES cell use has its limitations. In several countries the use
of ES cells in scientific research is illegal. In Ireland, there is currently no regulation for the
dzaS 2F 9{ OStftad hyS ¢gle G2 20SNO2YS (KSa&S
pluripotent stem cells (PSCs) from somatic cells in their body. Perhaps the most important
advantage ofnduced PSC$ASCs) over ES cells is the possibility to use somatic cells from
patients who suffer from genetic disorders, and thus patispecific disese models

(Eggenschwiler et al., 2018.aetzel et al., 2014)

2.1.2 Induced Pluripotent Stem Cells

In 2006, Yamanaka and colleagues showed that they were capable of generating PSCs from
mouse somatic cells by expressing four transcription factors known to play a role in
maintaining pluripotency in ES cedist I { I K I & K A Th8ylcontbifhied the tramsarijotion
factorsoct3/4, sox2 ¢Myc and KH4 with mouse embryonic fibroblasts to generate what are

now commonly known as induced pluripotent stem cells (iPSCs). In the study they
investigated 24 candidate genes using an assay which measured the induction of
pluripotency based on théevel of resistance to G418, as the mouse fibroblasts carried a

i 3S2 FdzAA2y (NI ya3dSy SFbelBas@i celh éxpgresding gede] & A y (i 2
narrowed down the selection of genes to four transcription factofi®ct3/4, sox2 cMyc

and KI#4, based on which genes were critical for generating pluripotent cells based on the
following criteria: colony number, cell morphology, the expression of ES cell marker genes
and their ability to form teratomas. One year later in 2007, aene group of researchers

showed they could generate iPSCs from adult human somatic cells via retroviral transduction
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of the same four transcription factors of OCT3/4, SOX2yc and KH4 (Takahashi et al.,
2007) This discovery opened the door for the field of human iPSC research.

2.1.3 Sources of Induced Pluripotent Stem Cells

Selecting a cell source for generating iPSCs is an important consideration when planning a
study. The most commonly used sources are fibroblasts, keratinocytes, and blod®Raals

et al., 2014)One of the main concerns around selecting the correct source cell is due to the
O2yOSLIE 2F WOLMKRIASYSGAO aSY2NEQ® {SOSNIf add
retaining their initial epigenomes and transcriptomes. This means that any genetic
abnormalities, altered gene copy number or unique DNA methylation signatures present in
the origin cell will be passed onto the iP@@sssein et al., 2011l has also been shown that
certain cell sources favour the differentiation towards one specific lineage of origin over
another, for example, blood ceflerived iPSCs prefer to differentiate into a hematopoietic
lineage, while fibroblastlerived iPSCs nade more effectively differentiated into cells of an
osteogenic lineage than blood celérived iPSC&im et al., 2010)However, this concept

has been disputed in the literature with many researchers showing that if iPSCs are cultured
for long enough, they lose this epigenetic memory, however, somatic mutations may arise

from extensive culture, aniPSCs with <50 passages are recommended for research.

Keratinocytes offer many advantages as a cell source for generating iPSCs. They can be
cultured from hair follicles from both vellus and terminal hair which can be taken from the
scalp, facial hair, eyebrows, and the nose. Theiinwasive process of remimg hair makes
keratinocytes a very attractive cell source compared to other more invasive sources like
blood withdrawal or a skin biopsy. However, this procedure is not completely without
limitations as there is a certain level of expertise needed to negrithe hair correctly. The

hair must be removed with the root still attached and the outer root sheath fully intact in
order to obtain a sufficient number of cells, and children may resist to repeat hair sampling.
Another advantage of keratinocytes is tfaster reprogramming protocgRaab et al., 2014)

It only takes 12 weeks to generate iPSCs compared to thev@eek protocol necessary for

skin fibroblasts. In recent years there has been a steady increase in the number of studies

using keratinocytes over fibroblagiRe et al., 2018)

Since their initial use in 2007, adult fibroblasts are still the most commonly used cells for
reprogramming. A key reason for their popularity is that they are affordable and easy to
culture, having been used extensively in many research fields. Howexemajor drawback

is the invasive procedure required to obtain dermal fibroblasts from the donor. This is done
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by taking a small skin (punch) biopsy usually aroundv8rbto 4mm from the donor(Raab

et al.,, 2014) This may be painful for the patient and usually requires clinically trained
professional to perform the biopsy. Once cultivated, fibroblasts are extremely easy to grow
as they require low serum/medium and proliferate quickly resulting in efficient
reprogamming (StreckfusBomeke et al., 2013)One drawback compared to other cell
sources is that it can take approximately 3 to 5 weeks for stem cell colonies to appear after
reprogramming and reprogramming efficiency is reported to be as low as 0.01% to 0.5%

usingthe four original retroviral vectoréTakahashi et al., 2007)

In this study we used fibroblasts as our cell source and achieved sufficient reprogramming
efficiency using Sendai viral vectors, with stem cell colonies appearing 3 weeks after
reprogramming was initiated. Therefore, there seems to be quite a high |éwarbility
between studies which could depend on the donor, the medium/serum used, reprograming

method, operator technique, and other factobs+ 2 f LI (12 9 BeékbuisfobkEtran nun T

etal., 2021)
A0 g ﬁ -

Skin fibroblasts  Neuralstemcells Ker y Adipose tissue  Blood cells

-derived cells

Oci4, Sox2, Kif4, c-Myc, Nanog, Lin28

Somatic cells

Retrovirus Lentivirus Adenovirus Plasmid Protein

) iPScells

Figure2.1. A summary of somatic celources, reprogramming factors and delivery methods used
to generate induced Pluripotent Stem Cells.

These cell types are reprogrammed into iPSCs by delivering reprogramming factors such as Oct4, Sox2,
KIf4, eMyc, Nanog and Lin28 using different vectors such as Retrovirus, Lentivirus, Adenovirus, Sendai
virus, plasmids, and purifigaroteinso | 'y SéG. F £ ®Z HaAMMO
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2.1.4 Reprogramming methods

The earliest methods of reprogramming involved the use of retroviruses and lentiviruses,
both of which were capable of achieving good reprogramming effici@faik et al., 2008;
Takahashi et al., 2007/However, both of these methods resulted in random integration of
the transgenes into the host genome which could lead to an increase in tumour formation
and mortality in mouse studie@Vu et al., 2014)aising concerns about safety and clinical
translation. To combat these safety concerns, a research group tried to reprogramme mouse
fibroblasts with a nosintegrating adenovirus for the first time in 2008tadtfeld et al., 2008)

This resulted in an extremely low efficiency rate and the researchers speculated that this was
a result of the short expression window of the reprogramming factors, which may have been
insufficient to induce somatic cells into a pluripotent st¢&tadtfeld et al., 2008)This has

led to the use of a Sendai Virus, an RNA virus that does not integrate into the host genome
but is still capable of producing protein at high levels and for a long duration. This means that
iPSCs generated using a Sendai Virus can be easgyftrani SR Ay G2 GKS Of Ay A
presence of any transgenes after several passégesaki et al., 2009}-or this reason, we

chose to reprogramme our dermal fibroblasts with a commercially available Sendai Virus kit.

In 2015, a study compared the reprogramming efficiency of severalimegrating
methods. Using dermal fibroblasts, they compared the reprogramming efficiency of a Sendai
Virus, Nucleofector, the Neon transfection system and Lipofectamine 3000 in 3tdaiésn

They found that the Sendai Virus was the most efficient method resulting in an average of
0.019% efficiency among the 3 lines. Nucleofector was the second most effective method
resulting in 0.012% efficiency followed by the Neon transfection systéth less than
0.001% efficiency. Finally, Lipofectamine 3000 was only capable of reprogramming 1 out of
the 3 patient lines with an efficiency of 0.001%. Despite the difference in efficiency between
the reprogramming methods, it is worth noting that tmesearchers found no significant
difference in iPSC morphology, gene expression of the pluripotency markers, karyotyping

and embryoid body (EB) formatigManzini et al., 2015)

2.1.5 Characterisation of iPSCs

The methods of characterising iPSCs varies greatly between labs, making the availability of
reliable, quality controlled, weltharacterised iPSCs diffic(Btacey et al., 2013n an effort

to standardise protocols and characterisation methods, the European Bank for induced
Pluripotent Stem Cells (EBISC) was generated in 2014. The EBISC is a central repository

whereby they receive IPSCs generated in various laboratorieschahacterise them using
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standardised quality control and quality assurance measures and thdistribute them
internationallyd h Q{ K S S This lisfcubréntlyromyudone for research use, however
standardising iPSC production and characterisation methods in research will help generate
more reliable, reproducible results which in turn will facilitate the translation of iPSC studies

into the clnic.

Firstly, they looked at Mycoplasma screening as the need for Mycoptas@m#@ SC culture

is essential. For this they used a highly sensitive qPCR method to detect Mycoplasma
contamination and found that 5 out of 467 lines were positive for Mycoplasma.rlimber

was present despite the preequirement for iPSCs to be sent to the repository already
O2YyFANNYSR (2 0SS aédO2LXlayYl FNBES® Ly GKS AyAl
8 out of 47 lines had the incorrect cell line iden{iBe Sousa et al., 2017his was linked to

the accidental mixing of cell lines, incorrect labelling, and poor data traceability. Following

these results, the centre provided workshops and training to combat this issue and found

this resulted in a significant reduction in inocect cell line identification for the remainder of

the study.

To analyse differentiation potential, the researchers developed an EB assay, whereby the
IPSCs underwent spontaneous EB differentiation and then expression levels of markers from
each of the 3 germ layers were measured. However, they found that multip liRes failed

this assay on repeated attempts, so opted to use a commercially available kit (StemDiff
Trilineage Differentiation Kit, Stem Cell Technologies, cat #05230) for the remainder of the
study. All lines successfully passed QC controls incllideésywhich had failed in the previous
testsd h Q{ KS I S this wds @ Flindamrental finding from the study, as spontaneous
EB differentiation assays still remain common practice for measuring differentiation

potential in research.

Another important aspect in standardising iPSC characterisation is assessment of the cell

lines for genomic stability. It has been shown that iPSCs are particularly susceptible to
OKFy3aSa Ay GKS 3ISy2YS 20SNIAYS ¢ A (IXKI a0KNRATR 4 2
for such duplications or deletior(¥Veissbein et al., 2014§>banding has been considered

the gold standard for karyotyping, however it has many drawbacks for research laboratories,

such as the need for outsourcing to specialist labs, high cost and slow turnaround time due

to the skilled requirements of the prodere, as well as limitedd S &solution ofo"a 6 =
GKSNBEF2NB 2yfeé 3INRPaa OKNRY2a2YIlf Foy2N¥YIf AG:?
SEIFIYAYl a2y
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Single Nucleotide Polymorphisn8NP) arrays offer a more affordable and accessible
alternative while also yielding higher resolution data, when a large number of iPSC lines are
in need of characterisation. Another method of karyotyping which is used is the KaryoLite
BoBs Kit (PerkinElmeat# 45020010) which can detect gains or losses in all chromosomes

in a single assay. When comparing methods, they found there is significant differences in
sensitivity, resolution, turnaround time, sample requirements arwbkt between each
method. They tested 13 iPSC lines against all methods and only 4 lines yielded consistent
results in all methods. They found the SNP array to be the most effective at detecting
abnormalities, while the KaryoLite was the least sensititewever, they noted that G
banding was more effective at determining genomic stability through the detection of
inversions and translocations. The SNP array has its own limitations: it is oversensitive and
normal population often have copy number varia®iCNVs) from the raw data. It is
therefore essential to filter out small CNVs which are commonly present in most samples of
0KS laales 2 FT@2AR FLtasS FflFNYo tKS aSoz2yl
balanced translocations or inversigras rearrangements do not alter DNA abundance in the
genome or signal intensity on chips. While combining botte@ding and SNP array would

lead to optimal results, the detection method should be chosen based on the main goal of

detection, often due to@source limitations.

If each of the critical release criteria of viability, mycoplasma, STR analysis, gene expression,
are not strictly adhered to, studies using iPSCs can become unreliable, and may lead to
reproducibility issues. These findings highlight extreme importancenwhanning a study

to carefully consider the characterisation methods.

Theaim of the research in thi€hapteris to generate and characterise iPSCs from patients
with KCNQDevelopmental and Epileptic Encephalopathy (DEE) and healthy sibling controls.
In this study we measured pluripotent gene expression using quantitative T and
immunocytochemistry. Differentiation potential was examined by spontaneous
differentiation d EBs. Cell line identity was analysed using STR, while karyotyping was
performed using SNP array. Finally, we used a Mycoplasma PCR kit for the dedadtion

exclusion of any Mycoplasma in our cultures.
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2.2 Materials and Methods
2.2.1. Fibroblast culture

Skin biopsies were collected from lIrish patients witliK@NQzncephalopathy (due to
pathogenic variants) and healthy sibling controls. Sample procedurespeem@med as per

clinical practice in the Clinical Research Facility Galway. This study was ethically approved by
the University of Galway Research Ethics Committee (C.A. 750). Skin biopsies were washed
AYy 5dzZ 6S002Qa tK2aLKI (S FisteF BAaBicR 14190260y v S
containing 5% Penicillin/Streptomycin (Thermo Fisher Scientific 10,000 U/ml, 15140122).
Each 3mm skin biopsies were cut into smaller pieces using a scalpel and placed into several
wells of a @well plate. The biopsies were thdirmly scored into the plastic dish using the

scalpel and left to dry for 2 min to enhance the attachment.

Biopsyderived tissues (skin fibroblasts) were cultured in media containing DMEM High
Glucose GlutaMAX (Thermo Fisher Scientific, 319681), 10% Fetal Bovine Serum
(FBS)(Sigmaldrich, 12106C), 1% Penicillin/Streptomycin and 1%eassential amineacids
(Invitrogen, 1514a122) at 3%C at 5% COMedia was changed every3days and fibroblasts
were passaged with TrypsiEDTA (0.25%) (Thermo Fisher Scientific, 25200056) exéery 5
days. Fibroblasts were frozen in 90% FBS and 10% Dimethyl sulfoxide (SBig&@Aldrich,
D1435).

Table 2.1 Source Information of patient and control fibroblasts

Patient ID Age Affected Gene, Gender cDNA change| Protein change, | Clinical Phenotype
Inheritance location in KCNQ2
subunit
EP2001 5 Proband KCNQZ2de novo | Male c.881C>T p.Ala294Val KCNQDEE
only (A294V) in S6
EP2C001 15 Brother Control Male N/A N/A N/A
EP2002 4 Proband KCNQZ2de novo | Female c.783A>C p.Phe261Leu KCNQDEE
only (F261L) in pore
forming region
between S5 and S6
EP2C002 4 Brother Control Male N/A N/A N/A
EP2003 5 Proband KCNQZ2de novo | Female €.638C>T p.Arg213GIn (R213Q| KCNQDEE
only in S4
EP2CO003 21 Brother Control Male N/A N/A N/A
EP2004 7 Proband KCNQZ2de novo | Female C.793G>A p.Ala265Thr KCNQDEE
only (A265T) in pore
forming region
between S5 and S6
EP2C004 12 Sister Control Female N/A N/A N/A
Abbreviations:EP representd SLIA f SLJaeé LINRP2SOG¢é¢ FyR / F2NJ O2yGNRt al yLxr S OfF
not applicable
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2.2.2 Derivation of iPSCs using a Sendai Virus Reprogramming kit

The iPSCs were generated using the CytoiitiRS 2.0 Sendai Reprogramming kit (Thermo

Fisher Scientific, A1651 Figure 2.2hows a summary of the reprogramming protocol.

Plate transduced cells

Perform on vitronectin-coated
transduction culture dishes
Replace spent Switchto
Plate Change medium Essential 8 Emerging iPSC colonies ready for transfer
cells medium Medium colonies k
1 1 | ] 1 | ! ] ] /L |
I T T I T T I I I 7/ 1
Day: -2 0o 1 2 4 6 7 8 12 3 -4 weeks
Fibroblast Medium Essential 8™ Medium

Figure 2.2. A brief schematic illustrating the Sendai virus reprogramming protocol used to
generate iPSCs from fibroblasts

Details expanded in below text.

2.2.2.1 Reprogramming protocol
Step 1: Day2 (Platingfibroblasts)

Fibroblasts were plated into 2 wells on av@ll plate containing fibroblast medium, so that

cells are approximately 600% confluent at day O.
Step 2: Day 0 (Perform Transduction)

Fibroblasts were transduced using the CytoTwnesprogramming vectors at their
appropriate multiplicity of infection (MOI). One well of fibroblasts were detached using
0.05% TrypsHEDTA and incubated at room temperature. The cells were counted on a
haemocytometer using Trypan blue (Thermo Fisher 8ien15250061) to determine
live/dead ratio. The volume of each virus to be added was calculated using the following

calculation:

MOI [CIU/cell] x number of cells
titer of virus [CIU/mL] x 10-3 (mL/uL]

Volume of virus [pL) =

The recommended MOI for KOS,-Mgc and hKlf4¢containing virus was 5, 5 and 3,
respectively. The appropriate volume of each virus was added to 1ml of warm fibroblast
medium in the second well on thewgell plate. The cells were incubated overnight ate37

at 5% Co
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Step3: Day 1 (Replace medium and culture cells)

24 hours after transduction, the medium was replaced with fresh fibroblast medium. The

cells were cultured for 6 more days, and the medium was changed every other day.
Step 4: Day 7 (Plate transduced cells on Gelirecoated dishes)

Tissue culture dishes were coated using GeltrdXDEM-ree, hESQualified, Reduced
Growth Factor Basement Membrane Matrix (Thermo Fisher Scientific, A1413302) by adding
1ml of 1% Geltrex into each well of a 6 well plate and incubating atd&7for at least 1

hour. The transduced cells were dissociated using 0.05% T4paiA. Cells were passaged
into the Geltrem coated plates at varying quantities (2.5X16x1d, 7.5x10, 1x10) and

incubated overnight.
Step 5: Day 8 to 28 (Feed and monitor the cells)

Fibroblast medium was replaced with Essential Bledium (Thermo FisheBcientific,
A1517001) and E8 medium was refreshed every other day. Between three and four weeks
after transduction, colonies emerged from the culture and were large enough to select for
transfer. Individual round and compact colonies were passaged byisgrdgem from the
culture dish using a 2@Q0 pipette and transferred into a new Geltnexcoated well of a 6

well plate. Colonies were cultured in Essential Medium for up to 8 days and were then
expanded and cryopreserved as required. iPSCs were froz€®0% KnockOut Serum
Replacement (KOSR) (Thermo Fisher Scientific, 10828028) and 10% DMSO.

2.2.3 IPSC culture
2.2.3.1 Geltrex Coating protocol

A 5mL bottle of Geltrex LDEWree hESQualified Reduced Growth Factor Basement
Membrane Matrix (Thermo Fisher Scientific, A1413302) was thawed overnigt®a€ 2The
thawed Geltrex solution was then diluted in a 1:1 ratio with cold Knocko@MEM/F12
(Thermo Fisher Scientific, 12660012). The solution was then aliquoted into 1ml vials on ice
and was stored in the20°C freezer. To generate a working solution used for coating, 1ml
aliquots were thawed and diluted in 50ml of KnockouMEM/F12, making d@otal 1:100
dilution. 1ml of 1% Geltrex solution was added to each well of a 6 well plate and incubated

at 374C for at least 1 hour.
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2.2.3.2 Passaging iPSCs

iPSCs are passaged every 8ays, or once the cells reach approximately 80% confluency.
Before passaging, any differentiated cells are removed by scraping with a 1ml pipette. iPSC
colonies are then passaged using Gentle Cell Dissociation Reagent (GEDRLED
Technologies, 100485). 1ml of GCDR was added to each well of a 6 well plate and cells were
incubated at room temperature under an inverted microscope. Colonies were monitored
and once holes began to form, GCDR was removed from the cells aada@gmlith Essential

81 Medium. The plate was then tapped harshly to detach cells from the surface of the plate,

and cells were then transferred into a new Gelutesoated plate.

2.2.4lmmunocytochemistry

Cells for staining were seeded in 8 well glass chamber slides (Ibidi, 80807). Cells were washed
using PBS and fixed with 4% Paraformaldehyde (Santa Cruz,- ¥%B2p for 15 to 20
minutes at room temperature. Cells were washed 3 times with PBS. Thenwes#s
permeabilized with 0.3% Tritort200 (Sigma) in PBS for 15 min. Cells were washed 3 times
with PBS. Next, the cells were blocked with 1% Bovine Serum Albumin (BSA)(Sigma, A3608)
and 0.1% Triton-400 in PBS for 1 hour. Primary antibodies outlinethble 2.2vere diluted

in blocking buffer and added to the cells. Cells were incubated overnighdgCatThe next

day, cells were washed 3 times with PBS. Secondary antibodies and Hoechst nuclear dye
were diluted in blocking buffer and added in the appropriate dilutions as outlinddlite

2.3. Cells were incubated for 45 minutes at room temperature. Cells were washed 3 times

with PBS. Chambers were stored in the darkgat #r microscopic analysis.

Table 2.2. List of primary antibodies used

Name Manufacturer Species Dilution Cat no.
Oct4 Cell Signalling Technology | Rabbit 1:500 2840
Sox2 Cell Signalling Technology | Rabbit 1:500 3579
Nanog Cell Signalling Technology | Rabbit 1:500 4903
SSEA4 CellSignalling Technology | Mouse 1:500 4755
Tral81 Cell Signalling Technology | Mouse 1:500 4745
Tral60 Cell Signalling Technology | Mouse 1:500 4746
Tujl Abcam Mouse 1:500 ab78078
SMA Cell Marque Corp Mouse 1:500 202 M96
AFP Sigma Aldrich Mouse 1:200 A8452
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Table 2.3. List of secondary antibodies used

Name Manufacturer Species Dilution Cat no.
AF488 AntRabbit| Cell Signalling Goat 1:1000 4412
IgG Technology

AF555 AntMouse | Cell Signalling Goat 1:1000 4409
IgG Technology

Hoechst  Nuclea| Cell Signalling N/A 1:2000 4082
stain Technology

2.2.5. Quantitative Reverse Transcription Polymerase Chain ReactiommBfR)

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, 74104) following the

YI ydzF I O dzZNB ND a

AYyaiaNyuzOGAz2yao

whb!

LJdzNAR G @

NanoDrop 2000 UV.uty of RNA was transcribed into complementary DNA (cDNA) using the

SensiFASYT cDNA synthesis kit (BiolineBIGc p np n 0
instructions. Samples were run using the StepOne Plus Real Time PCR System with Fast
SYBR Green Master Mix (Applied Biosystems;@8l-55). Primers used are listed Trable

2.4. The resulting cycle threshold (ct) values were normalised to GAPDH expression. The

relative quantities of mMRNA expression were calculated as béltfuging the average dCt

value of a fibroblast line.

Table 2.4. List of RFPCR and PCR primers used

F 002 NRA Y3

Target C2NB I NRVOPQ WSOSNBSV OpQ

SeVv GGATCACTAGGTGATATCGA( ACCAGACAAGAGTTTAAGAGATATGT
KOS ATGCACCGCTACGACGTGAG| ACCTTGACAATCCTGATGTGG
KLF4 TTCCTGCATGCCAGAGGAGC| AATGTATCGAAGGTGCTCAA
GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA
OCT4 AACTTCACTGCACTGTACTCQ CACCCTTTGTGTTCCCAATTCC
SOX2 AGACTTCACATGTCCCAGCA( CGGGTTTTCTCCATGCTGTTTC
NANOG ATAACCTTGGCTGCCGTCTC | AGCCTCCCAATCCCAAACAA
KCNQ?2 variant | GCTCACTCGCTGATACTTCC | GTCATCAGGACACGTAGCTA
c.881C>T

KCNQ?2 variant | GGTCACTGCCTGGTACATCG| ATAATCGGGACACGGAGCAG
C.783A>C

KCNQ?2 variant | GACATCATGGTGCTCATCGC | GAGGCTCGTTCACACCTGAT
.638C>T
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KCNQ2 variant | GGTCACTGCCTGGTACATCG| ATAATCGGGACACGGAGCAG
C.793G>A

2.2.6. In vitrodifferentiation into each of three germ layers

IPSCs were plated onto a lesdherence 6 well plate which was rinsed with sadherence

solution (Stem Cell, cat # 07010) and were incubated at 37°C/5%8 Rresulting embryoid

bodies (EBs) were cultured for 5 to 7 days in DMEM high glucose (Gibco, cat#11965092)
supplemented with 20% Knockeaut Serum Replacement (Gibco, cat# 10828028), 1% L
Glutamine (Gibco, cat # 25030081), 1% MEEAA Solution (Gibcoat# 11140050), 1%

Antibiotic! YiAY&@O02GA 0O o0DA0O23I Oeréaptoethepal (Giboogatt 0 | Y R
M6250). EBs were transferred to Geltrexoated 8well glass chambers (lbidi) to allow
spontaneous differentiation. Media was changed every other day for 3 to 4 weeks. EBs were

a0 AYSR GAGK | yiAo2RA-SMA (lhedddérmy)and TUIC tectodeBnf R2 RS |

to identify tissues from each gerlayer.

2.2.7. Single Nucleotide Polymorphism (SNP) analysis

Genomic DNA was extracted from iPSCs using the DIBéasy and Tissue kit (Qiagen, cat
#69506). DNA was then loaded on a 1.5% agarose gel for DNA purity and measured on
NanoDrop to determine quantity. The 990 k SNP array for karyotyping was performed at
Beijing Hyslar Biotech (Beijing, China). Data waysedlwith Axiom Analysis Suite (Thermo

Fisher, USA), and log2 ratio was generated to detect copy number variations (CNVs).

2.2.8. Mycoplasma PCR

iPSCs were kept in culture until at least 80% confluency was reached. 1 ml of supernatant

was transferred to a microcentrifuge tube. The supernatant was centrifuged at 500 x g for 5

min to remove cellular debris. The supernatant was transferred to a né& twhich was

centrifuged again at 14,000 x g for 15 min. The supernatant was discarded, and the pellet

was resuspended in 100ul of DNA free water. Once samples were prepared, the PCR was
LISNF2NYSR dzaAy3d t NRBY21AYySQa tCmo10¥@d0idig a Y I
02 YIFydzFlI OGdzZNENRE AyaiaNdHzOGA2yad hyOS GKS t/ w

electrophoresis, and the gel was imaged.

2.2.9. Fingerprinting
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Genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen) and analysed using
Cell Line authentication service by Eurofins Genomics (Germany). This cell line authentication
service tests 16 different Short Tandem Repeat (STR) markers on diféhremosome

(TPOX, D2S1338, D3S1358, FGA, D5S818, CSF1PO, D7S820, D8S1179, THO1, VWA, D13S317,
D16S539, D18S51, D195S433, D21S11, AMEL).

2.3 Results

2.3.1 Generation of fibroblasts frotKCNQZDEBpatients and healthy sibling
controls

Four patients wittKCNQZDEEand four healthy control donors were recruited for the study.
The pathogeniK CNQZariants of each patient can be foundTiable 2.1 Skin biopsies from
each donor were plated into 6 well culture dishes and fibroblasts were allowed to expand
from the biopsy over the following-2 weeks. As early as 6 days after plating, fibroblasts can
be seen emerging from the biopg¥igure 2.3) Approximately 2 weeks after plating,
fibroblasts were passaged using 0.25%Trypsin and expandeg5rildsks up until passage

8 (Figure 2.3) Fibroblasts were cryopreserved in 90% FBS and 10% DMSO.
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Figure 2.3. Images of fibroblasts emerging from skin biopsy

(A) Image taken 6 days after biopsy was plat@®).Image taken 12 days after biopsy was plat@z).
Fibroblasts aftePassage one an®)Fibroblasts after passage two. Magnification 5X. Scale bar is 100
UM.

42



All Fibroblast lines underwent a PCR for the detection of Mycoplasma. PCR products were
then loaded onto a 1.5% Agarose gel to visualise resulégime 2.4 all fibroblast lines were
negative for the presence of mycoplasma. The internal control band of 479bp was present in

each of four fibroblast lines, confirming the success of the PCR reaction.

Figure 2.4. Representative Gel Electrophoresis result of Mycoplasma PCR test.

From left to right; positive control for mycoplasma (288 bp) and for PCR reaction (479bp), 100bp DNA
ladder, negative control and four separate fibroblast samples from 4 patient donors. The PCR internal
control band is 479bp and positive mycoplasma coriewid is 288bp. Positive controls were provided

by the kit and the negative control was RNase free water. The DNA templates were extracted from
fibroblast culture media taken from each fibroblast cell line. All samples were negative for
mycoplasma contamation.

2.3.2 Generation of induced pluripotent stem cells

A Sendai Virus containing the four Yamanaka transcription fa€t@E4, SOX2, KlLdt c-
MYCwas used to reprogramme fibroblasts into iPSCs. At approximately 10 days post
transduction, small colonies could be seen form(iRigure 2.5) These colonies were allowed

to expand until they were large enough to be passaged from the plate. To allow the colonies
to grow, surrounding fibroblasts were scraped from the plate usingl &2 Care was taken

to ensure that no colonies merged during this stage so onblesicolonies were chosen for

passaging. The colonies were passaged using the cut and paste method at about 3 to 4 weeks
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after transduction. Selected colonies had a distinclikes morphology of defined edges,
round borders, a large nuclei/cytoplasm ratio, and tightly packed coldRigsire 2.5)iPSC

lines were expanded and frozen in 90% KrogkSerum Replacement and 10% DMSO.

Figure 2.5Representative images of induced pluripotent stem cell generation from fibroblasts
using a Sendai virus.

(A) Image of iPSC colony emerging from fibroblasts 10 days post transdu@jpimage of iPSC
colony 15 days post transductiofC)Image of iPSC colony after first passage from the reprogramming
plate. (D) Image of iPSCs after second passage. Magnification is 10X. Scale bpMs 100

Three stable iPSC lines were generated from each donor fibroblast line. Information
regarding iPSC lines can be found Tiable 2.5 All generated iPSC lines were fully

characterised in detail as required for the registration of iPSC lines.

Table 2.5. IPSC lines generated fred@NQ2atients and healthy controls

Family ID Mutation Cell lines
Family 1 EP2001 c.881C>T; p294V | C4, C5, C8
EP2C001 Sibling Control Cl1,C2,C4
Family 2 EP2002 c.783A>C; p261L | C1,C2, C3
EP2C002 Sibling Control C5, C6, C7
Family 3 EP2003 €.638C>T; R213Q | C2,C3,C4
EP2C003 Sibling Control C1,C2,C4
Family 4 EP2004 C.793G>A; p265T | C1,C7,C8
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EP2C004 Sibling Control C2,C4,C5h

2.3.3Characterisation of iPSC lines
2.3.3.1 Alkaline Phosphatase Staining

Alkaline Phosphatase (AP) is a hydrolase enzyme responsible for dephosphorylating
molecules such as nucleotides, proteins, and alkaloids under alkaline conditions, and is highly
expressed in undifferentiated pluripotent ESCs, iP& well as tumour cells. AP staining, a
very simple and quick method, is used to confirm the undifferentiated status of cells in a
red/purple colour, whereas negative cells remain white. All iPSC colonies were positively
stained for AP which was indicatég the red/purple colour seen iRigure 2.6 A negative

result for AP staining in differentiated cells would be colourless.

A

Figure 2.6. Representative images of Alkaline Phosphatase staining of iPSC colcnies.

Images were taken of alkaline phosphatase staining of EP2001 C4 (A) and EP2C001 C1 (B). Both cell
lines were positive for Alkaline phosphatase stainMggnification of (A) 5X and (B) 10X. Scale bar =
100uM.

2.3.3.2 Confirmation of transgen&ee status of iPSC lines

Although the Sendai Virus used to reprogramme the iPSCs is -ntegnating virus,
transgenes may persist in the cells for several passages after reprogramming. To ensure all
iPSC lines were negative for any transgenes which were introduced during i@progrg,

we performed a RPCR using cDNA from the iPSC lines and checked for the presence of the
transgeneXKOS, G1YC, KLFdnd SeVPCR products were then analysed on an agarose gel

to visualise results. At passage 15, each cell line was negative fqurésence of all

transgenes used during reprogrammifigigure 2.7)
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Positive ctrl
Negative ctrl
EP2003 C2
EP2003 C3
EP2003 C4
Positive ctrl
Negative ctrl
EP2C003 C1
EP2C003 C2
EP2C003 C4

Ladder
Ladder

KOS (Sendai) 528 bp

C-myc (Sendai) 532 bp

KLF4 (Sendai) 410 bp

SeV (Sendai) 181 bp

GAPDH (Sendai) 206 bp

Figure 2.7 Representative result of gelectrophoresis of transgene fredPCR.

DNA was extracted from the cells at passage 15 and underwent PCR to test for the presence of
transgenes KOS;MYC, KLF4 and SeV. GAPDH was used as a positive control. DNA taken from cells
immediately afterreprogrammingwas used as a positive control. Normal fibroblasts were used as a
negative control. All cell lines at passage 15 were negative for the presence of all transgenes used in
the transduction process. Results shown are from EP2R23Qpand EP2C003.

2.3.3.3 Single Nucleotide Polymorphism (SNP) analysis revealed that no major
chromosomal abnormalities were introduced to the cell lines during

reprogramming

All iPSC lines were analysed on a 990k SNP array using genomic DNA extracted from each line
at passage 15. Data was then analysed using Axion Analysis Suite (ThermoFisher, USA) and
standardised with an internal control of 95 samples. Data is presentedgisratios which

can detect CNVs specific to individual samples. For each iPSC line, the log2 ratios of the SNP
analysis revealed that no major chromosomal abnormalities were found to be introduced

during reprogramming and cells have a normal karyotffigure 2.8)
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Figure 2.8. Representative image of result for Single Nucleotide Polymorphism karyotyning.

Log 2 ratio results of SNP analysis for the iPSC line EERRD3Q)C1. No karyotypic abnormalities
were found in any of the cell lines. The gaps are the regions which have no SNP present in the chips.

2.3.3.4 Cell Line Authentication of iPSC lines confirms their identical identity to
parent fibroblast line

To confirm the parental identity of fibroblast lines to the generated iPSC lines, genomic DNA
was extracted from the iPSCs at passage 10, and cells underwent cell line authentication tests
by Eurofins Genomics. Sixteen different STR genomic loci werefiathpind compared
between the parent fibroblast line and the three generated iPSC lines from each donor. As
shown inFigure 2.9 all sixteen loci were identical between original fibroblasts and derived

iPSC lines confirming their genomic identity.
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Client Sample Name EP2003 C1 EP2003 C3 EP2003 C4 F.EP2003
Sample Code CL00001536 CL00001537 CL00001538 CL00002216
D8S1179 15,17 15.17 15,17 15,17
D21S11 30,30 30,30 30,30 30,30
D7S820 8.9 8.9 8.9 8,9
CSF1PO 10,11 10,11 10,11 10,11
D3S1358 16,17 16,17 16,17 16,17
THO1 N 4 (& § 74 4 7.7
D13S317 11,11 11,11 11,11 11,11
D16S539 11,12 11,12 11,12 11,12
D2S1338 23,24 23,24 23,24 2324
D19S433 13,13 13,13 13,13 13,13

vWA 16.18 16.18 16.18 16,18
TPOX 8,11 8,11 8,11 8,11
D18S51 12,15 12,15 12,15 12,15
AMEL XX XX XX XX
D5S818 11,11 11,11 11,11 11,11
FGA 22,24 22,24 22.24 22,24

Figure 2.9Representative image of Short Tandem Repeat Analysis.

16 different STR loci were analysed by Eurofins genomics for the number of repeats in each STR. All
iPSC lines from EP20(R213Q)EP2003 C1, EP2003 C3, EP2003 C4) contain the same numbers of
repeats in 16 STR loci as the fibroblast line F.EP2003.

2.3.3.5PSC lines contain high levels of pluripotency markers OCT4, SOX2 and
NANOG

To measure the expression of the pluripotency markers OCT4, SOX2 and NANOG, we
performed gRIPCR using RNA extracted from the iPSC lines at passage 12. There is a
significant increase in the expression of the pluripotency markers OCT4, S8@XRANOG

in iPSCs compared to fibroblast lingBigure 2.10) Data is presented as relative mRNA
expression of iPSCs normalised to the level of gene expression in the parent fibroblast line
using the delta delta CT method. GAPDH was used as the housekeeping gene. Experiments

were performed in biological and techaidriplicates.
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Figure 2.10: Representative image of BPCR results of relative mRNA expression levels of
pluripotent genes in patient and control iPSCs.

(A) RelativemRNA expression of the pluripotent gen@€T4S0OX2and NANOGnN the KCNQDEE

lines EP2003 C2, EP2003 C3, EP2003 C4 compared to parental fibroblast line HEFR&@Sve

MRNA expression of the pluripotent gen@CT4 SOX2and NANOGIn the healthy control lines

EP2C003 C1, EP2C003 C2, EP2C003 C4 compared to parental fibroblast line F.EP2C003. GAPDH was
used as the houskeeping gene. The fold change of gene expression in iPSCs was presented in Log10

in relation to that of the parentifibroblast line. The data are from three repeated experiments and
presented as Mean + SEM.

2.3.3.6 iPSCs are positive for undifferentiated stem cell markers by
immunocytochemistry

iPSCs were stained for the nuclear pluripotency mar&X20CT4and NANOGand the
cell surface markersRA1-81, TRA1-60 and SSEA#y immunocytochemistry at passage 10.

All cell lines were positive for each of these markers as seEigure 2.11As iPSC colonies

grow outwards from their edges, staining is often higher in these areas as s€2@T4,
NANOGNdSSEA4

Figure 2.11 Representative image of immunocytochemistry staining of iPSC lines for pluripotency
markers.

EP2002 C1 colonies were positively stained for the pluripotent ma&@is2, OCTHANOG, TRAL
81, TRAB0and SSEA4AMagnification is 10X. Scale bar = 18D

2.3.3.7 iIPSCs are capable of spontaneously forming cells from three germ layers
through Embryoid Body formation

An important characteristic of iPSCs is their ability to differentiate into any of three germ
layers. To determine whether our iPSCs were capable of differentiating into cells from each

of the three germ layers, Embryoid Bodies (EBs) were generated fiRSCs in suspension
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culture, and they were allowed to attach and spontaneously differentiate in a culture dish
for 3 to 4 weeks. Cells were then fixed and stained using immunocytochemistry for a marker
from each of the three germ layers: alpfetoprotein (AFP) for EndoderrBeta Ill Tubulin
(TUJ1) for Ectoderm and smooth muscle actin (SMA) for Mesoderm. As can belSgenan

2.12 cells were capable of forming each of these germ layers in different parts of the EB

cultures.

Figure 2.12 Representative image of immunocytochemistry staining of iPSC lines for the three
germ layer markers after spontaneous differentiatior.

EBs were allowed to spontaneously differentiate for 4 weeks. Cells were then fixed and stained. Above
our representative images of cells from EP2004 C1 from the three germ layers; the endoderm,
ectoderm and mesoderm stained with alpfetoprotein (AFP), Ba Il Tubulin (TUJ1) and smooth
muscle actin (SMA), respectively. All lines were positive for markers for each germ layer. Magnification
is 10X. Scale bar = 10M.

2.3.3.8 All iPSCs were negative for the presence of Mycoplasma

A common problem that is encountered when culturing iPSCs is the presence of Mycoplasma
contamination in cultures. As Mycoplasma cannot be seen with the naked eye, all cell lines
were tested for Mycoplasma contamination after thawing cells from» bN prior to
cryopreservation. For testing, the culture medium was collected from the cells when they
reached at least 80% confluency to ensure any potential contamination would be detected.
DNA were extracted from particles in the culture medium, PCR ocaa$ed out with a
commercial mycoplasma amplification kit under standard conditions and P@Rcpsavere
subsequently electrophoresed on a 1.5% agarose gel. All cell lines were found to be negative
for the presence of Mycoplasm&igure 2.13) The positive control was provided with the

Mycoplasma detection kit (Promokine) and water was used as a negative control.
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Figure 2.13 Representative image of Mycoplasma PCR result after gel electropho:esis.

From left to right; mycoplasma positive control, 100bp DNA ladder, negative control and four separate
samples of fibroblast and derived iPSC lines. PCR internal control band is 479bp and positive control
band is 270bp. Positive control was provided by kiteand negative control was RNase free water.

The samples were culture media taken from each iPSC cell line. All samples were negative for
mycoplasma contamination.

2.3.3.9 Sanger sequencing confirms mutationKENQZDEE patientderived
iPSCs

To ensure thiKCNQDEE related variants/mutations were present in the patient fibroblasts

and generated iPSCs, DNA was extracted from the cells and underwent PCR with primers
designed specifically to flank the target regions (Primer information is provideabile 2.4.

The PCR product was then purified and sent for Sanger sequencing by Eurofins Genomics.
Figure 2144 K2 g4 GKS LINBaSyOS 2F GKS YdzilGA2y YI N
fibroblast line F.EP2003 and the iPSCs EP2003 C1, EP2003 C3 and EP2003 C4. The presence
of the double peaks (A in green and G in black) indicates it is a heterozygous mutation with

a wild type G and a mutant A. Conversely, there is an absence of a mutation seen in the
healthy control fibroblast line F.EP2C003 and the iPSCs EP2C003 C1, EP2C003 C2 and
EP2C003 C4, which are homozygous for G on the respective nuclépde oy ® ¢ KS t /
LB RdzOGa ¢SNB aSldzZSYyOSR 6AGK I NBGOSNES LINAYSI

51



&AAMA&MMA& °

¢ 6ce 666 FEP2003 MAMMAMAAAF'EPZCOO3
A ."GG ACCGEG i:G(‘;GG A

o e MAL\LMAMAM

GLGGGG"-

MM EP2003 C3 MAMAMAAMA
' EP2C003 C2
'S_:A 6 6 g EP2003C4 MMM[ EP2C003 C4

™1 G GGGG‘

EP2C003 C1

Figure 2.14 Representative image of Sanger Sequencing results to confirm the presence of
mutation (KCNQZDEE lines) and the absence of mutation (healthy control lines).

(A) The presence of the mutation is confirmed in the Fibroblast line F.EP2003 and all derived iPSC
lines, which is heterozygous for A (green) and G (bléBKThe absence of the mutation is confirmed

in the healthy control fibroblast line F.EP2C003 and all derived iPSC lines which is homozygous for G
(black). R represents nucleotides for A and G. The sequencing was carried out with a reverse primer,
and theKCNQ2nutation in this patient was confirmedto@ ®c oy / H ¢ @

2.4 Discussion

{AYyOS GKS RAAO2OSNE 2F At {/ & 7T NRNahakhierad.y a&azyYl
2007) the field of stem cell technology has progressed rapidly. iPSCs are of particular interest

for neuronal disorders. Their applications can be divided into 2 main groups: cell replacement
GKSNI LIRS gKAOK Aa GDSNE A YLR NIHNJGIA A2 YROAE 2RNERESHN
secondly, disease modelling of monogenic disorders including those which give rise to
epilepsy and the developmental and epileptic encephalopathies (DEES) including those due

to pathogenic variants iIKCNQAKCNQDEE) the commonegause of genetic neonatal
epilepsy(Yang et al., 2016)This in turn allows the exploration of novel drug screening

approaches for patients in human cblised models.

In this study, we have generated and characterised 24 human iPSC lines, including 12 lines
from healthy controls and 12 lines from epilepsy patients carrying KCNQ2 pathogenic
variants including ¢.638C>T (p.R213Q), c¢.783A>C (p.F261L); ¢.793G>A (p.A265T) and
€.881C>T (p.A294V), respectively. In patients WI@NQDEE, the genotypphenotype

correlation is not fully understood bulisease severity largely correlates to key hotspots

52



(location) of the pathogenic variant/mutation within the gene (and corresponding KENQ2
protein). Below is a table generated on the UniProt website which shows which regions are

located within each functional domain in the protdifable 2.6)

Table 2.6: Functional domains witiCNQ2ransmembrane protein

Domain Region Function

Topological domain | 1-91 Cytoplasmic
Transmembrane 92-112 Helical; Segment S1
Topological domain | 113122 Extracellular
Transmembrane 123143 Helical; Segment S2
Topological domain | 144-166 Cytoplasmic
Transmembrane 167-187 Helical; Segment S3
Topological domain | 188195 Extracellular
Transmembrane 196-218 Helical; Voltagesensor; Segment S4
Topological domain | 219231 Cytoplasmic
Transmembrane 232-252 Helical; Segment S5
Topological domain | 253264 Extracellular
Intramembrane 265285 Poreforming; Segment H5
Topological domain | 286-291 Extracellular
Transmembrane 292-312 Helical; Segment S6
Topological domain | 313-872 Cytoplasmic

Modified residue 5 Phosphoserine

Modified residue 11 Phosphotyrosine

Modified residue 15 Phosphoserine

Modified residue 52 Phosphoserine; by PKA1 Publicatid
Modified residue 217 Phosphothreoninel Publication
Modified residue 466 Phosphoserine

Modified residue 466 Phosphoserine

Modified residue 468 Phosphoserine

Modified residue 472 Phosphoserine

Modified residue 476 Phosphoserine

Modified residue 476 Phosphoserine

Modified residue 478 Phosphoserine

Modified residue 507 Phosphoserine

Modified residue 672 Phosphoserine

Modified residue 801 Phosphoserine

Modified residue 803 Phosphoserine

In Figure 2.15 knownKCNQZariants are marked next to their corresponding functional
domain. Mutations marked in red are associated WKICNQzenign familial neonatal
convulsions (a milder epilepsy phenotype now also known adigeiéd familial neonatal
epilepsy) and variant markers in black are associated with the severe seizures and brain

developmental disordeKCNQzDevelopmental and Epileptic encephalopathy ([DEE) et
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al., 2022) Three out of four of the variants used in this study are recorded here (R213Q,
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Table 2.7 Summary of iPSferived neuronal models iKCNQZDEE
KCNQZariant | Domain | Somatic cell Reprogramming| Reference
method

(Q204)
R581Q

C helix

Patient

cells

peripheral
blood mononuclear

CytoTunePS
2.0 Sendai

(Simkin et al.

2021)

iso- Q204

Isogenic
CRISPR/CAS9

by

(Simkin et al.
2021)

voltage-sensing domain

pore domain

p-Ala253Thr
P-Asn2585:

pGly189Val
Thilldlle & P p-Ala265Val p.Thr276lle
P Thelldala pAmiSer PASP2S9GYY p.Len268Phe PLhr277lle
PGuLL9GLy b Al16Val PASP259GIu p.Trp270Arg P.GI275Cys DL
p.Ser122Leu p.GIy281Arg l:.
13 122 57 . ot
2 s T | =
PoLeul07Phe
Glul30Ly +
<2 bp-yall7sLed 4
2 143 57| + 218 232
e bSeItibro
pHis228GIn
P.GIu2314sp
DASLHGIS D pASP212Gly
[3 . D el Cys PATEI3GIN
pGIy1S9Arg Arg
P.GI159GI PATS2SGly
Arg210Cys ka7
PMet1The P PIysS3TTerm
pMet1Val
p-SersTern 3
33
pArgs4IGly -
NH2 P-MetSdoval

p-Ala265Thr p-Gly271Val P»G‘h'zsl(}lu
p.Ala265Pro p.Thr274Met P-GIy281Trp

P-1y
Pr

s p.Tyr2844sp

. GIy290Ser p.Arg291Ser
P. GIy290Asp p.Arg291Gly

.| Extracellular

6

PAIZSTIYD  p ArgS60Trp

26 Camodulin (CaM)
s ~ el

Camodulin (CaM

m  DP-ProséiSer

P -
PArgSSATrp D-ASPS63GIn

292 pal29sGly
pAla294Val

P er
p-Phed0SLen
PAIa306Thr
A6Vl
p-Pro308Leu

312 P-Ala309Val

333

Pp-Argdd§Tern
Pp-Alas01Pro
P.Glus1SAsp

Pp-Pros61Leu

plless2Phe
D-ArgS88Ser
PpLeS92Met

p-Arg§7iSer

Figure 2.15. Mutations in KCNQ?2 are grouped according to their functional doma:n.

Mutations marked in red are associated WKCNQzenign familial neonatal convulsions
and mutations in black are associated WRENQZDEHK]I .-C. Lee et al., 2022)

iPSCs can now be generated from a variety of different somatic cell sources including dermal

fibroblasts(Yu et al., 2007 keratinocytegPiao et al., 2014 )blood cell{Kim et al., 2016)
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and other cell typegZhou et al., 2012)As previously mentioned, it has been debated in the
literature how much of an impact somatic cell source has on iPSC generation. Here, we report
the use of dermal fibroblasts as a somatic cell source for the generation of iPSCs. We
achieved a 100% sucaesate of isolating fibroblasts from skin biopsies and no repeat
biopsies were required. Fibroblasts began to emerge from the biopsies after 1 week in
culture and were ready for passaging after approximately 2 weeks in culture. All fibroblasts

were confirmed to be negative for Mycoplasma by PCR.

In this study we chose to reprogramme our Fibroblasts using a Sendai Virus. The main reason

for this decision was because the Sendai Virus is amtegrating virus, meaning it cannot

integrate into the host genomé¢Fusaki et al., 2000) L i Qa 2yfe& OF LIk ofS 2
exogenous transgenes, resulting in no random insertional mutagenesis which substantially
decreases the risk of tumorigenicity or genomic disrup{iiacArthur et al., 2012)Sendai

+ANHz2z A& | NBALANI G2NEBE OANHzaA 2F Y2dzaS IyR NI
an enveloped virus of 15850nm in diameter made up of a single RNA chain (15,384 bases)

AYy GKS YAydza aSyasSo L GQaofcltydeshy afiacteng to siglicF SOG A Y
acid receptors on the cell surfa¢€han et al., 20095ince SeV vectors are in the form of a
aAy3atsS OKFAY wb! X A0Qa y2i L2aairotsS G2 AyidS3
of any important genes as mammals including human do not have reverse transcriptase

gene. Importantly, the gene encoditige Fusion protein is removed from the Sendai Virus
reprogramming kit, rendering the virus incapalblieproducingany infectious particles. The

LI dzZNA LR GSy 08 (N ya3aSySa |NBE (GNIyaONAROGSR dzaAy
gene which works by splitting the viral RNA into daughter cells during proliferation. To allow

the vector to be removed from the cellsfter passaging, functional variants such as

temperature sensitivity have been inserted into the SeV vector.

For these reasons, SeV has become a very popular choice of reprogramming method used to
generate iPSCs. In this study we used the CytoTune 2.0 Sendai Virus Reprogramming Kit. We
found that the efficiency of transduction was sufficient for ample colonycsiele. Colonies

were ready to be passaged43weeks post viral transduction. However, we did find some
variability in the number of passages required to achieve complete removal of all transgenes
(KOS c-MYC, KLF4nd SeV. In 50% of donors (4/8), all limevere transgene free after
passage 10. For two of the donors, they were transgene free after passage 12 while for the
remaining 2 donors they achieved a transgene free status at passage 15. These results appear

consistent with other report¢Kudva et al., 2012)
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In this study, 24 iPSC lines were generated and fully characterised. To confirm the
pluripotency of the IiPSCs, cells were stained for Alkaline Phospha(as)
immunocytochemistry staining of pluripotency markers and finally quantitativ® @R of
pluripotency markers. All cells stained for AP were positive, which is indicative of a
pluripotent state (Figure 2.6) However, the importance of AP activity for pluripotent cells
still remains generally uncleér~ G S ¥ { 2 @1t . Fér this tedsdnywe wlich notpeérform AP

staining on all iPSC lines, as it was not deemed to provide any additional information.

To effectively demonstrate that our iPSCs were pluripotent, we measured the expression of
3 known pluripotency marker§§ANOG, OCBhdSOXdy RTgPCR, stained for pluripotency
markers by immunocytochemistry and showed their capacity to differentiate into cells from
each of the three germ layer&igure 2.12) We showed that there was over a 1ffd
increase in the expression of each pluripotency marker relative to the parent fibroblasts
(Figure 2.10) There was some variability between lines from the satonor which was
expected as iPSCs are known to have heteroge(iejigala et al., 2016Also, there was less
expression oNANOGompared toOCT4and SOX2vhich has been reported in other iPSC

lines(Navarro et al., 2012)

Simultaneously, we demonstrated that our iPSCs expressed the cell surface n&8k#4,
TRA1-81 and TRA1-60 and nuclear marker®CT4, SOXéhd NANOGFigure 2.11) These
markers are all commonly used markers to confirm pluripotency in embryonic/induced
pluripotent stem cell§Rodda et al., 2005Y he borders of the iPSC colonies often had higher
expression of these markers which may be due to the iPSC colonies growing outward from
their edges, meaning proliferative cells would be on the border of the coldWiesmflash

et al., 2014)

For a cell to be truly pluripotent, it must be able to differentiate into cells from each of the 3
germ layers ectodermmesoderm,and endoderm(Hadjantonakis, 2014)n this study, we
showed that through the formation of Embryoid Bodies (EBs), our iPSCs were capable of
forming cells from each of these germ layers. EBs are multicellular aggregates that were
spontaneously generated from iPSCs when grown in suspefi$iese suspensions contain
cells from each of the germ layers and it is thought that they somewhat recapitulate
development in the early embryGuo et al., 2020Here, we showed that our EBs formed
cells of the ectodermmesoderm,and endoderm by staining with-lll Tubulin (TUJ1),
smooth muscle actin (SMAYnd alpha fetoprotein (AFPjespectively(Figure 2.12) This

approach offers many advantages over the teratoma assay, which was traditionally used to
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demonstrate pluripotency by injecting iPSCs into an immoompromised mouse and
testing for their ability to form a teratoma containing cells from each of the germ layers. The
tri-lineage differentiation assay used here is less costly, -tiovesuming, andlabour

intensive(Nelakanti et al., 2015)

Genomic integrity of iPSCs is crucial for both research and clinical appliq@lortani et

al., 2016) There is multiple opportunities to introduce genetic alteratiares, during the
NBLINEINFYYAYT 2F &a2YIFIGAO OStfasx RdNAy3I OSt ¢
imperative to assess the genomic integrity of iPSCs to ensure that cells are an exact copy of
parent cells. In this study we chose to analyse our eglbgies using SNP arrays due to its

higher resolution and computational accessibility. Compared-tm@&ling, which is still the

most commonly used technique for assessing genomic lgiabBENP analysis has a
significantly higher resolution, covering every 3kb of the genome on averag& § SNB 2y 9
[ 2 NRA y 3 Beverah saudiés in recent years have shown that when compared with SNP
arrays, Gbanding was unable to detect as many genetic abnormalitigs Q! y i 2y A2 S
2017) However, one downside of the SNP array is its inability to detect translocations or
inversions(Monzon et al., 2008)On the other hand, SNP arrays also cause challenges
0SOFdza8S 2F GKSANI KAIK RSINBS 2F aSyairidrdaiec
essential to sieve through the data for any artifacts which may have been introduced by
technical errors. Sue regions such as Gich telomeres or centromeres, may have little or

no SNPs. To combat this, an internal control is generated with most of the samples analysed

on the same chip, which can be applied to remove some of the common CNVs on the majority

of the samples, which may have been caused by small differences in DNA contents during
processing. As a positive control we used the SNP array to confirm chromosomal deletions

in other disease models in our laboratory i.&NRXN1ldeletions patients with autism

spectrum disorder. In this study, the SNP array found no gross chromosomal abnormalities

in KCNQDEE and control lines.

To confirm the identity of our iPSCs, we performed short tandem repeat (STR) analysis
(Figure 2.9) STRs are short, simple repeats of sequences that involve a repetitive unit that
can be used to identify if cell lines are closely related. This type of genetic fingerprinting is
commonly used in forensics to identify missing pers@igner et al., 2020)If a cell is
derived from another cell, both cells should have identical STR profiles. The next closest
match will be a sibling, but since they only share half their DNA from 2 parents with extensive
recombination during gamete formation, the amount ofatohes they will have on STR

analysis can vargZaken et al., 2013Here, we confirmed that all generated iPSCs have
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identical STR profiles to their parental fibroblast line, but they differ between different

donors.

Genetic or presumed genetic epilepsies represent the cause of epilepsy in ovef 68%es

(Mullen et al., 2018)Within this group are hundreds of monogenic disorders, the genes of
which encode important cellular processes and functions, mostly the sodium and potassium

ion channel epilepsies, which play a pivotal role action potential generat@rguction,

and repolarisation(Khamdiyeva et al., 20215ome common ion channel genes (when
dysfunctional) causing epilepsy &8€N1A, SCN2A, SCN8A, KCNQ2, KCNQ3, KCNA2, KCNT1,
CLCNL(Weckhuysen et al., 201Roryo et al., 201'AVang et al., 201 7Stewart et al., 2023;

Arbini et al., 2020)In this study we recruited 4 patients with missense pathogenic variants
intheKCNQASY S® ¢2 O2yFANY (KA&X 6S &SIdzSYyOSR 5b!
Sequencing. We designed primers specific to each patient which flanked the mutation site
and sequenced approx. 400bp region. Our results confirmed the presence of the mutation i

each patient cell line and the absence of the mutation in the paired sibling control line.

Contamination of cells by pathogens is a huge problem in cell culture. Unlike bacteria, fungi
or viruses, mycoplasma can easily go undetected in cell culture if not routinely monitored.
Larger pathogens like fungi or bacteria cause changes to the ceiteoftedium which are
visible to the naked eye including media turbidity, visjd¢hogensand cell deati{Mirjalili

et al., 2005)Due to their small size (i1 ¢ 0.8uM), and the ability of cells to survive during
infection, mycoplasma is a silent yet detrimental form of contamination in cell cul8ugita

et al., 2021) iPSCs infected with mycoplasma may have altered gene expression, growth
factors,andion channels among other thingsh f | IS ANHE S S (iPridr o feeEzing n mp 0
and after thawing our iPSCs, we performed a routine-B&¥ed mycoplasma test to ensure
cells were free of any mycoplasma contamination. All cell lines used in the experimentation
of this project were confirmed to be mycoplasma freetloe entirety of the projec{Figure

2.13) However, other cells in our laboratory that tested positive for mycoplasma were
destroyed immediately as mycoplasma treatment options were shown to be unsuccessful in

our laboratory in the past.

In summary, we have generated and characterised fully 24 iPSC lines from 4 patient donors
who have pathogenic variants IKCNQZc.881C>T,c.783A>C, c.638C>T, ¢.793G>A) and 4
sibling controls. These cell lines were novel and invaluable resources for researching not only
epilepsy but also the role dCNQ2n early brain developmentVe used a proportion of

these cell lines to model disease in vitro by differentiation into excitatory cortical neurons in
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Chapter 4 Due to time constraints, we chose to study 3 outtlud 4 pathogenic variants

based on their prevalence and severity.

2.5 Supplementary datéo Chapter 2

n EP2001C4 EP2001C5 EP2001C8 ___EP2C001C1 EP2C001C2 EP2C001C4

b

02C1 _ EP2002C2 EP2002C3 _EP2C002C5

o TN

EP2003C3
/.J B

a3

Figure S2.1. Morphology of iPSC linez.

Images were taken under light microscope at passage 4. All iPSC lines showed noilikald@8Dies
with tightly packed colonies, defineztiges,and round borders. Total magnification is 10x. Scale bar
is 100uM.

EP200

EP2001 C4

1C8 EP2C001 C1 EP2C001 C2 EP2C001 C4

~ EP2C002 C7
h..‘

IPSC lines from donors EP2001, EP2C001, EP2002 and EP2C002 were positive for Alkaline phosphatase
staining. Alkaline Phosphatase staining was not performed for the remaining donors as it is no longer
required as a technique in characterising iPSC lingal Wagnification is 5x. Scale bar is 100.

EP2002 C1 EP2002 C2 EP2002 C3
: - P pe—

9 =
" ’
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Figure S2.2. Alkaline Phosphatase staining of iPSC lines.
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EP2003 C3 EP2003 C1

EP2003 C4

EP2C003 C2  EP2C003 C1

EP2C003 C4

EP2C004 c2 EP2004 C8 EP2004 C7 EP2004 C1

EP2C004 C4

EP2C004 C5

Figure S2.3. Immunocytochemistry analysis of undifferentiated stem cell markers OCT4, SOX2,
NANOG, SSEA4, TR&1 and TRA-60.

All Cell lines from EP2001, EP2C001, EP2002, EP2C002, EP2003, EP2C003, EP2004 and EP2C004 were
positive for all markers. Total magnification is 20X. Scale bar gNI00
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Figure S2.4. Immunocytochemistry analysis of markers from the 3 germ lavers.
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All'iPSC lines were positive for the markers AFP, SMA artl Tothl magnification is 20x. Scale bar
= 100uM.
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Figure S2.5. RGPCR results showing expression of pluripotency markers OCT4, SOX2 and NANOG
in iPSC lines.
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Figure S2.6. RPCR resultshowthe absence of any transgenes in the iPB@s.

All cell lines were negative for the presence of the transgét@S, &1YC, KLFand SeVcDNA taken
from cells 24 hour after transduction was used as a positive control. cDNA from fibroblasts were used

as a negative control. GAPDH was the hetessping gene used as an internal control.
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Figure S2.7. Sanger Sequencing Chromatograms from all iPSC lines.

The mutation of each patient fibroblast line was confirmed as well as in all the derived iPSC lines. The
absence of the mutation in the healthy control fibroblast line was confirmed as well as in all the
derived iPSC lines. The Red boxes highlight theotidés of interest.
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Figure S2.8. Mycoplasma PCR results for all iPSC lines.

Cell culture supernatant was collected from each IPSC line and underwent PCR for the detection of
Mycoplasma. PCR products were electrophoresed on an agarose gel. All cell lines were negative for
the presence of mycoplasma. Positive control is lyophiliegdoplasma product provided by the Kkit,
ladder is 100bp DNA ladder, negative control is water.
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