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1. What are the epilepsies..? (causes, types, genetics of)

2. Clinical indications for genomic diagnostic testing...and associated yield
3. Some examples of precision medicine in the epilepsies
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- 8 S B TR SR e The epilepsies..

Unprovokedsiures - - - y

= Provoked seizures
Epilepsy

= S@jZUrE Mimics

..... are characterised by recurrent
unprovoked seizures...... affect all
age groups ...... often of unknown

may have significant consequences
in terms of adverse educational, ...
psychosocial functioning, and
physical morbidity (and potential
mortality), especially in the one third
of patients with drug-resistant
disease.

Unadjusted incidence per 100,000 population

5-9  10-14 15-24 25-34 35-44 45-54 55-64 65-74 75-84
Age group (years)



Classification and causes of epilepsy

Seizure types*

Generalized Unknown
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Epilepsy types
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Focal epilepsies (FE)
Generalised epilepsies (GGE)
Developmental and epileptic
encephalopathies (DEE)




The epilepsies have a spectrum of genetic architectures..

Multifactorial epilepsies
(inc GGE and focal..)

1 v

single gene
epilepsies

AN
( Genetic ): ;( Acquired )

Modified from Hildebrand et al ) Med Genetics, 2013

epilepsies with a
4= Major acquired cause
trauma, hypoxia,

vascular etc.
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Clinical indications for genomic diagnostic testing..




rief history of gene discovery in the epilepsies

Gene-disease validity
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Clinical indications for diagnostic genetic

testing in the epilepsies..

= |_Epilepsia
* From clinical experience & gene T T e
discove ry: Overall 103 32310 23.7% (22%-26%)
] ) By disorder ASD 14 1530 17.1% (11%-25%)
* Strong family history i 7 2793 20.0% Q2%-21%)
. . . D 21 2863 28.2% (22%-35%)
* Neonatal or infantile seizures By seizure type  FE 15 1944 15.8% (10%-24%)
. . GE 7 1258 24.3% (18%-32%)
* Developmental and eplleptlc GE & FE 59 26 888 24.8% (22%-28%)
encep halo P athies By disorder Epilepsy 8 1224 9.3% (4%-23%) —
subtype without ID
° Ep||epsy pIUS Other ASD withID 7 591 24.6% (18%-32%)
or DD
neurodevelopmental comorbidities Epilepsy with 15 1290 27.9% (24%-33%) ———
D
° Rece nt systematic reViEW: By other DEEs WS 16 768 19.3% (14%—26%)
Other DEEs 8 232 38.8% (23%-57%)
“strongly recommend that individuals with e ° o i e
; ) ) Childhood 3 171 14.7% (4-42%)
unexplained epilepsy be offered genetic Neomatal/ 13 986 29.3% (23%-36%) 4————
. . . . . ” . Infantile
testing, without limitation of age”.. Smith v——— ” 25 66 TR
et al, 2022 J Genetic Couns teholosy g8 36 3720 27.3% (24%-31%)

Table from Stefanski et al 2021 Epilepsia:



Epilepsy genes.. by yield.. From >25,000 individuals

Genes in descending order
[He——— '||||I||||||||||||||“

SCN1A
KCNQ2
SCN2A
PRRT2
CDKLS
MECP2
PCDH19
STXBP1
POLG
SLC2A1
SCN8A
TSC2
DEPDC5
UBE3A
TPP1
SYNGAP1
ALDH7A1
KCNT1
GRIN2A
GABRG2
FOXG1
CHD2
TsC1
GABRA1
SCN9A
MBD5
TBC1D24
TCF4
2EB2
ARX
CLN3
BRAT1
PNKP
PPT1
PIGO
1QSEC2
szT2
CACNA1A.
CLNS
PIGN
FRRS1L
ADSL
SPATAS
SLC6A1
EPM2A
WWOX
PNPO
NPRL3
KIAA2022
CNTNAP2
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Some examples of precision medicine in the epilepsies..




Epilepsia Open®
FULL-LENGTH ORIGINAL RESEARCH

TSC, DEPDC5, NPRL2/3
* Everolimus, cann

SCN1A Possible precision medicine implications from genetic testing

" Loss-offunction:  yging combined detection of sequence and intragenic copy

*  Gain-of-function: number variants in a large cohort with childhood epilepsy

e, L-serine, dextromethorphan

Neurology trial)

e Gain-of-function: Rebecca Truty' | NilaPati> | Raman Sankar’ | Joseph Sullivan® | John Millichap* |

+ Loss-of-function: Gemma Carvill® | Ali Entezam' | Edward D. Esplin' | Amy Fuller' | Michelle Hogue' | ), levetiracetam

SCNSA Britt Johnson' | Amirah Khouzam' | Yuya Kobayashi' | Rachel Lewis' |
e  Gain-of-function: Keith Nykamp' | Darlene Riethmaier' | Jody Westbrook! | Michelle Zeman' | yridoxine
riluzole Robert L. Nussbaum™® | Swaroop Aradhya'
SLC2A1 (GLUT1 def)
- Ketogenicdiet .." the testing had possible precision medicine implications in 33%
KCNQ2 of individuals who received definitive diagnostic results”
. Los.s—of—functi‘on: retifga.binef sodium channel blocker +  CHRNA2, CHRNA4, CHRNB2
*  Gain-of-function: amitriptyline «  Transdermal nicotine
PRRT2

* KCN2A

*  Carbamazepine (drug of choice) e 4-aminopyridine {fampridine)



Everolimus: a therapy for the GATOR1-related

epilepsies? a case series/open label observational stud
e lpatienta ____________|patient2 ___________[patient3 ___________ [patienta _______§

Epilepsy type Sleep-related hypermotor Sleep-related hypermotor Frontal lobe epilepsy Sleep-related hypermotor‘\“‘“‘“ 1 é‘mporal\l\obe epilepsy
epilepsy epilepsy epilepsy

Duration of treatment 31 months 12 months 12 months 7 months 27 months

Everolimus dose at last review YT 10mg 10mg 12.5mg 15mg
Everolimus level at last review JEFI7]8 5.1ng/mL 8.9ng/mL 4.2ng/mL 6.2ng/mL

86 11 7.66 49.66 18.33
36 4.33 2.66 51.33 16.66
treatment
21.66 3.66 1.5 61.5 11.83
treatment
14.58 2.83 1.08 = 11.91
treatment
treatment

MMSF at last review on 12.03 __2._&13_________]_93_________3237____ 10.29

treatment ___———"__ --_-——_--

Monthly seizure burden 86.1% 74.3% 85.9% No reduction 43.9% - ~4

reduction -~ (26% increase in seizure -
-——-—_______________________“W_-_—_————

LCE D T NG YA Stomatitis (mild) Stomatitis (moderate), low  Stomatitis (mild), acneiform  Stomatitis (severe) High cholesterol and

events mood and insomnia rash (mild) triglycerides

(moderate)

Everolimus retention Yes No (stopped after 12 months Yes No (stopped after 7 months  Yes
due to adverse events) due to lack of efficacy)
Stopgain Frameshift deletion Deletion Splicing Missense

I |
Maloney et al, under revision, EJN UL




Example of treatment response..

Patient 1 (50 yrs old, seizures since teenager) DEPDC5 ¢.3436C>T (p.GIn1146*)

Treatment started
with everofimus 11; 2

\
: i i
Number of \
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experienced by

ST y \ 1 [ 2
Genetic diognosis v | |
atient, per \

P ¢ : showing DEPOCS- 15

mon refoted genetic Y

epiiepsy
- |
B 2 e o
July 2019 Sept 2009 Dec 2009 Miech 2020 e 2020 Sept 2020 Sept 2021 Sapt 2022

Time




Pharmacogenomics in epilepsy..

Drug____lGene Juicle __ec ancesty ______ciniclstous?

Carbamazepine HLA-B  *15:02 SIS/TEN Han/SE Asian FDA recommended
Phenytoin HLA-B  *15:02 SJS/TEN Han/SE Asian FDA warning
Oxcarbazepine HLA-B  *15:02 SIS/TEN Han/SE Asian FDA warning
Carbamazepine HLA-A  *3101 SJS/TEN, MPE, and DRESS European, Japanese, Korean FDA warning
Carbamazepine HLA-B  *57:01 SJS/TEN EU More data required
Phenytoin CYP2C9 *3 SJS/TEN/DRESS Han, Thai, European (FDA warning)
Aromatic AEDs IKZF1  rs4917014  SCAR European More data required
Carbamazepine ALK rs187926838 SCAR European More data required
Phenytoin CFHR rs78238784 MPE European More data required

Levetiracetam PRS various psychosis European More data required
JUIUY TTEUTU
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Latest (germline) gene discovery efforts



New gene discovery effort for DEE/epilepsy + ID .“ w“'m‘,{llwﬂ"—fﬁ%tl}’r%@»

®o|@-c[o.
Congenica

Enabling genomic medicine

Cohorts

EGI |29
UDN |9

0 200 400 600 800 1000 1200
No of Trios

DDD=Deciphering Developmental Disorders

Epi4K=Epi4K data

GEL=Genomics England

LH=Lighthouse

CSER=HudsonAlpha Institute for Biotechnology Clinical Sequencing Exploratory Research (CSER)
EGI=Epilepsy Genetics Initiative

UDN=Undiagnosed Diseases Network



_ ilter il future,
De novo variants were processed and filtered .‘ WU NEUr

ACTGTTCGATCCCGTACGTAGGAAAGCTTAGCTCGC

_ Filter 2: Include those that are not seen/ultra rare in
"normal" control groups (GnomAD Non-Neuro /

Epi25 Browser)

TACGACGGTAA

TCGAGT Filter 4: Inspect for true variants using IGV

ACTG



Gene-based burden test of LoF and damaging " Ml future

missense DNVs by DeNovoWEST VAW neuro

1)Initial run using

DNVs input:
Synonymous
Missense 2) Genes
Nonsynonymous nominally
enriched by
DNVs 3) Bonferroni-
(P <0.001) corrected for no of
genes (n=18,762*2 Novel
tests per gene) Genes
New threshold : 4) Check for the brain
p<133x10-6 expression (GTEX)

and supporting
evidence




We identified 14 genes that reached exome-wide

significance for enrichment of damaging DNVs

Link to epilepsy ESHG 2023/Glasgow

@ novel
@ emerging

| 3
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_

—
N

- Log transform (Pvalue)
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GWAS in the epilepsies — ‘ILAE3’ Study Design

Main Analyses

Focal 16,384
Generalized 7,407
All Epilepsies 29,944
Controls 52,538
Sub-analyses

Childhood Absence Epilepsy 1,072
Juvenile Absence Epilepsy 671
Juvenile Myoclonic Epilepsy 1,813
Generalised Tonic-Clonic Seizures 499
Focal Epilepsy, Lesion Negative 6,367
Focal Epilepsy, Hippocampal 1,375
Sclerosis

Focal Epilepsy, Other Lesion 4,661

ILAE Consortium on Complex Epilepsies

HPC @ Uni.lu

il High Performance Computing in Lxembourg

’’’’’’’

Uni Lux Epi25

Imputation: Sanger Imputation Server, Haplotype Reference Consortium (release 1.1), 4.9m SNPs

Association: GLM (SAIGE)



—logy, (p)

—logy, (P)

—logy, (p)

" ILAE2, Nature Comms 2018

] : All Epilepsies

10 - i n=15,212

ol 291.51 16qj2|

6

4

5.

° 1 2 3 4 5 6 7 8 9 10 1 12 13 14 1516 1718 20 22 X
Chromosome

- Focal Epilepsy

n=9,671

13 14 15 16 17 18

1 2 3 4 5 6 T 8 9 10 11 12
Chromosome

Generalised epilepsy
n:3,769 PNPO GRIK1

20 22 X

2p16.1 KCNN2

GABRA2 ATXN1
'

STAT4 < 6q22.33
; PCDH7

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Chromosome

20 22 X

ILAE3, Nat Gen. 2023 (under revision)
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J0g10(P)

10g10(P)

10910(P)

Genome-wide meta-analysis of over 29,000 people

with epilepsy ...

BCLITA

All epilepsy

SCN1A

KCNIP2

BCLITA

KoNN2

GRIK1

FAMIGAS

ARMGEF 15
s API01

TMPRSS15

Nature Genetics, in revision — manuscript on MedBioArchives

Phenotype

All
epilepsy

GGE

|22q13.32]
| 2p16.1

CAE

IJME

Locus

| 2p16.1

2q24.3

9q21.13 |

10q24.32
1q43

2p16.1
2q12.1
2q24.3
2q32.2

3p21.31
4pl15.1
5q922.3
5q31.2
6q22.33
7p14.1
992132

10q24.32
12q13.13 |
16p13.3 |

17p13.1
17q21.32

21q21.1
21q922.1

4p12

8q23.1

16p11.2

Novel /
Replication

‘Rephcanon

Replication
Novel
Novel

Replication

|Replication

Novel

:Rephcanon
‘Replxcanon
3p223 |

Novel
Novel

|Replication
‘Rephcanon

Novel

| Replication

Novel
Novel
Novel
Novel
Novel
Novel

:Rephcanon
19p133 |

Novel
Novel
Replication
Novel

| Replication

Replication

Novel

Replication

Lead SNP
(A1:A2)

[rs13032423 (AG)|
1559237858 (T:C) |

rs4744696 (A:G)

rs3740422 (C:G) |

rs876793 (T:C)

rs11688767 (AT) |
| 1562151809 (T:C)

rs11890028 (T:G)
rs6721964 (A:G)
rs9861238 (A:G)
15739431 (A:G)

rs1463849 (AG) |

rs4596374 (T:C)
rs2905552 (C:G)

rs13219424 (T:C) | 0.29 |
[0.26

rs37276 (T:G)
rs2780103 (T:C)
rs11191156 (A:G)

rs4762030 (T:G) |
rs62014006 (T:G) |

rs2585398 (A:C)
rs16955463 (T:G)
rs75483641 (T:C)
rs1487946 (A:G)

17277479 (A:G) |
| 5469999 (A:G)

rs12185644 (A:C)

rs17537141 (T:C) |
153019359 (T:C)

rs1046276 (T:C)

Freql Z-score P-value

0.82
033

0.67

0.43
0.72

066 |

| 041
| 0.84
059

055 |

0.48
0.29

0.26
0.67
0.02

0.53
0.25
0.14
0.59

031
0.70

0.41

0.35

053]
0.23

053 |

0.47 |

036 |

085 |

7.04 |
-6.89
-5.74

6.04

-5.95

9.38
6.77
5.63

-6.18
-6.42

6.23

-6.59
-6.98
-6.33
-5.49
-5.69
-6.93
-7.55

6.17
5.88

-6.37
-5.97
-6.22

5.47

-6.82
-6.32
-7.12
-5.47

-5.55

6.19

1.85€-12 |
5.746E-12

9.694E-09
1.517€-09

2.644E-09

| 65821 |
[1277611 ]

1.728E-08
6.542E-10

| 1.333€-10

4.822E-10

| 4377611 |
| 2.906€-12

2.492E-10
3.872E-08

1.288E-08 |

4.342E-12
4.409E-14
6.90E-10

| 4.223¢-09 |
1.842€-10

2.3-09
4.852E-10

4.409E-08 |

8.935E-12

| 2.647€-10 |

1.04€-12

4.626-08 |

2.89E-08

6.05€-10

Total

Gene

Missense
TWAS
SMR
MAGMA
PoPS
Brain exp
brain-coX
KO mouse
[ AED target
| Monogenic

BCL11A |
SCN1A
RORB
KCNIP2
RYR2
CHRM3
BCL11A
POU3F3
scnia R
Gls |4
| stac | 2
cacnazo2 [EH
PCOH7 | 3
KCNN2
SPOCK1
PTPRK
suGCT
RMI1
KCNIP2
SCN8A
RBFOX1
ARHGEF15
CDK5RAP3
AP3D1
TMPRSS15
GRIK1
FAM19A5
BCL11A
GABRA2
RSPO2
| T™MEM74
s |8
CACNA1l _|'S




Drug repurposing..

Predicting the relative efficacy of drugs against a di

by estimating:

Drugs’ relative ability to affect disease-protein function:
Function Modulation (FM) score

Drugs’ relative ability to affect disease-protein abundance:
Abundance Correction (AC) score

i

i

Premise
A drug is more likely to affect a disease if it has a stronger
effect on the function of proteins more strongly associated

Premise
A drug is more likely to be effective for a disease ifit is
better able to correct abnormalities in protein abundance

with the di underlying the di
! !
Concept Concept

If Drug D affects the function of three proteins Py, P, & P,
the FM score for Drug D =

{ (strength of protein P4's association with the disease)
x

(strength of Drug D’s effect on the function of protein Py) }
derived from drug-target affinity data
+

{ (strength of protein P,'s association with the disease)
x

(strength of Drug D’s effect on the function of protein P,) }

i,

{ (strength of protein P5's association with the disease)
x

(strength of Drug D's effect on the function of protein Pj) }

The AC score for Drug D =

{ the (dis)similarity between
changes in protein abundance underlying the Disease
and

changes in protein abundance caused by Drug D }

The AC score ranges between +1 and -1, where
+1 means that the disease-causing and drug-induced
changes in protein abundance are exactly the same, and

-1 means that they are diametrically opposite.

Function and Abundance Modulation (FAM) score

Method: Mirza et al, Brain Communications 2021

current ASMs ranked higher than
expected by chance (p < 1x107)

For GGE, broad-spectrum ASMs more
effective than narrow-spectrum
antiseizure drugs (p < 1x1079),




Application of PRS to the epilepsies




Polygenic risk scores (PRS) and the epilepsies

Genetic generalized epilepsy




PRS as a predictor of LEV-induced psychosis

* Hypothesis: do people experiencing LEV-psychosis have higher PRS
for schizophrenia than LEV tolerant individuals?

» Cases: LEV-treated, psychosis as a side-effect (n=37)
* ADR within 6 months of commencing drug treatment
* Led to a dose reduction or withdrawal of drug treatment
* Symptoms stop after dose reduction / withdrawal
* Not attributable to another cause (e.g. underlying psychiatric illness)

 Controls: LEV-treated, no side-effects (n=902)

PRS alleles for SCZ selected from: Ripke et al Nature 2014 Campbell et al, Epilepsia, 2022




LEV PRS

Predicting LEV-psychosis Case:Control Status

S
[ |
@
:
37 920
>
2o
=
=
vl
=
83 Lees Lpr Doestimate | _se L on | osxa | _p | &2 |
s¢z 05 -0.4866 0.1881 13.2 9.2000<->19.159 0.0059 0.04
™~
o ] Area Under Curve:
@ SCZ PRS:0.6449
@ PCs + Sex:0.5731
=]
S

1.0 0.8 0.6 0.4 0.2 0.0
Specificity

Campbell et al, Epilepsia, 2022




Combining common & rare: Do cases of epileptic

encephalopathy carry a genomic burden for epilepsy?

DEE

Microarray +

1,094 163 931 210
exome
Partner’s Biobank 0 0 0 19,762 Controls only Microarray
266 44 77 0 DEEs Microarray +
exome
m 0 0 0 15,717 Controls only Microarray
CENet 171 40 86 0 DEE WGS + microarray
Canadian Controls 0 0 0 6,901 Controls only Microarray
_ 897 152 245 0 Seizures + ID Microarray +
exome
UK Biobank 0 0 0 400,835 Controls only Microarray
Epilepsy + ID Exome (trios) +
Irish Lighthouse 82 29 53 0 microarray
(probands)
Irish Controls 0 0 0 2,404 Controls only Microarray
I 249 32 217 1,931 ApllcEy-- (v WGS
controls
2,759 460 2,109 447,760

Cambell et al, ebiomedicine, 2022




Epilepsy-related PRS in the epileptic encephalopathies

A: All Epilepsy PRS
Epi25 (DEE) Hr—
Epi4K (DEE) —-—-
CENet (DEE) —

DDD (epi + ID) 5 2

Irish Lighthouse (epi + ID)
GEL (epi + ID) :

——

0.15[0.08, 0.23]
0.11 [-0.01, 0.24)
0.16 [-0.02, 0.34]
0.11[0.06, 0.16]
0.49[0.26, 0.72]
0.47[0.33, 0.61]

FE Model | -

T I T T T 1
-0.2 02 04 06 08

0
Log Odds Ratio

0.16 [0.12, 0.20]
p<0.0001

Cambell et al, ebiomedicine, 2022

B: Focal Epilepsy PRS

Epi25 (DEE) -
EpidK (DEE) e
CENet (DEE) e
DDD (epi + ID) -

Irish Lighthouse (epi + ID)
GEL (epi + D)

0.11[0.04, 0.18]
0.07 [-0.05, 0.19]
0.07 [-0.11, 0.25]
0.12[0.07, 0.18]
0.57 [ 0.34, 0.80]
0.45[0.31, 0.59]

C: GGE PRS
Epi25 (DEE) -
Epi4K (DEE) e
CENet (DEE) e e
DDD (epi + D) +

Irish Lighthouse (epi + ID) ——

GEL (epi + ID) ‘

——

0.18 0.1, 0.25]
0.20[0.07, 0.32]
0.22 [ 0.04, 0.40]

-0.03 [-0.08, 0.03]
-0.10 [-0.32, 0.13]

0.09 [-0.04, 0.22)

FE Model D -
|—i—v—|—|—\
02 0 02 04 06 08
Log Odds Ratio

0.15[0.11,0.19]
p<0.0001

FE Model .

r T W‘ T 1
04 -02 0.4

0 0.2
Log Odds Ratio

0.07[0.03,0.11]
p=0.0002




If we stratify by screen +ive vs —ive..

A All Epilepsy PRS B Fooal PRS c GGE PRS
& N &
o LQ-QQp o
Screen-Negative vs. Controls —e— Sereen-Negative vs. Controls . Screen-Negative vs. Controls ——
o @D\ o
o® ES o
Screen-Positive vs. Controls | S | Screen-Positive vs. Controls ——— Screen-Pasitive vs. Controls L
ok &
o we qu”b?’
Screen-Positive vs. Screen-Negative 1 Screen-Positive vs. Screen-Negative o Screen-Positive vs. Screen-Negative e
0.2 0.1 0.0 0.1 0.2 0.3 -0.2 0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 00 0.1 02 03
Log Odds Ratio Log Odds Ratio Log Odds Ratio

Cambell et al, ebiomedicine, 2022




Conclusions

e Pathogenic variants in hundreds of genes can cause monogenic
epilepsies
* Yield depends on epilepsy type (DEE = 30-40%)
* Some diagnosis will have treatment implications..

* Rare variant and GWAS studies are delineating genetic
architecture & pointing to drug targets
* There is genetic continuity between common and rare forms of epilepsy.
* “Monogenic” forms appear to have a polygenic component..
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Marie Sklodowska-Curie COFUND: Pre-notification of call
Neurolnsight - Advanced Skills for Data Analytics in Neurological Diseases

Call 3 for proposals opens 1t August 2023 and will close on 31 October 2023

* 2 year Postdoctoral Fellowships (Marie Sklodowska-Curie), part-funded

by Science Foundation Ireland ExprESSionS of interest to:
Based in one of 8 Irish universities neu rOinSight@ rcsi.ie
* 16 positions available! (50+ supervisors to choose from) ) .
o . WWW.neuroinsight.eu
*  Opportunity for industry/clinical placements
* Comprehensive training and career development programme @ neu rOi nSIghtE U

*  Proposals invited across four domains:

Advanced Patient

Ethnographics _ Analytics Genomics Impact

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Sktodowska-Curie grant agreement No 101034252
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