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Neurology, London, UK Precision medicine in the epilepsies has gathered much attention, especially with
“Chalfont Centre for Epilepsy, Bucks, UK gene discovery pushing forward new understanding of disease biology. Several
targeted treatments are emerging, some with considerable sophistication and indi-
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not find their way to broader scrutiny. Precision medicine is not a new concept: It has

typically considered to be driven in an individual by a single genetic variant. Often
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other factors that might influence the clinical presentation represent complexities that

incompletely explained. There is a need for more comprehensive evaluation and a
more rigorous framework, bringing together information that is both necessary and
sufficient to explain clinical presentation and clinical responses to precision treat-
ment in a precision approach that considers the full picture not only of the effects of
a single variant, but also of its genomic and other measurable environment, within
the context of the whole person. As we may be on the brink of a treatment revolution,
progress must be considered and reasoned: One possible framework is proposed for

the evaluation of precision treatments.
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1 | INTRODUCTION There have been well-documented,” and occasionally re-

markable,’ examples of the success of PM in the epilepsies.
Precision medicine (PM) has been defined as an approach Dramatic progress in the field has been empowered by re-
that uses a person's genetics, environment, and lifestyle to markable achievements in epilepsy genetics.4 The applica-
help determine the best approach to prevent or treat disease.’ tion of genetics has identified the cause of many severe,
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*LEpilepsia
often treatment-resistant, human epilepsies, and generated
a paradigm for PM stretching from genetic discovery, to in
vitro and in vivo models, through rational drug selection, re-
purposing, or discovery, to clinical trials or PM use in peo-
ple with epilepsies due to mutations in the gene in question
(Figure 1 and http://epilepsygenetics.net/2014/06/11/preci
sion-medicine-in-genetic-epilepsies-three-criteria-to-consi
der/#more-3125). In other instances, genetic discovery has
explained why some therapies may be more effective than
others, or has demonstrated how a treatment used before iden-
tification of the cause of a disease may be typically rebranded
as a PM.” The potential of PM seems huge. Enthusiasm for
PM is apparent and understandable: We would all like to pro-
vide rational effective care for each individual person with
epilepsy.

The aim of PM is treatment of epilepsies in humans,
rather than PM solutions to engineered or spontaneous ep-
ilepsies in model systems. Across human disease, PM has
typically been driven by discovery and progress in genetics
as the contemporary enabling instrument. But whether we
consider the field today, or whatever form it will take in the
future as new areas of understanding are brought into man-
agement strategies, PM, as best clinical practice, has always
been to offer individualized treatment, employing the best
available tools and understanding of disease biology: As Sir
William Gowers said: “Strive by every method you can think
of to gain the utmost certainty attainable.....whether the di-
agnosis of a disease or the action of a drug; or at least, relent-
lessly expose, and candidly admit to yourselves, the degree
of uncertainty.” PM is not a new idea—it is a new label for
a longstanding idea, given a tremendous boost and direction
by genetics. But, echoing Gowers, although there have been
some most welcome advances in treatment of some epilep-
sies, the whole picture is more complex, and there are lessons
to be learned from failures of the current approach to PM.

PM as now conceived is transformational. Such paradigm
shifts in scientific thinking typically require the wider com-
munity of stakeholders to revise their own thinking.6 Unless
this happens, the full potential of novel ideas can remain
unrealized. Equally, investing PM with unrealistic expecta-
tions risks generating disappointment and disengagement.
Progress in science and its dissemination are subject to trend
and popular excitement as is any other field of human en-
deavour. We may expect our research to be grounded in fact,
but there is a crisis of reproducibility across science.” The
selection of areas receiving editorial attention is also to an
extent arbitrary, whereas many other factors influence publi-
cation, including its economics.® The rise and fall of interest
in previous apparent revolutions in epilepsy bears witness to
the idea that a particular excitement may be only a passing
fashion.” PM perhaps gets closer to disease biology than any
other previous movement in the epilepsies, but if it is truly
to change the way we think about epilepsy, clarity is needed

Key Points

e Precision medicine, empowered by genetics, has
produced important benefits, and holds much
promise for future treatment advances.

e Precision medicine approaches are not always
available, and not always successful: Failures and
problems need to be evaluated and reported.

e Complexities in precision medicine need to be ac-
knowledged and addressed looking beyond single
genetic variants and presumed pathophysiology.

e A framework is needed for precision medicine,
with proof that treatment is actually addressing
the presumed epileptogenic pathophysiology.

about what PM is and how it should be developed: Some
thoughts are presented here.

2 | PRECISION MEDICINE AND
THE PIVOT OF GENETICS

As the putative genetic causes of more and more, especially
rare, epilepsies have been identified, hope has grown that ad-
ditional rational therapies will emerge.lo Genetic discovery sets
the direction for selected or engineered solutions. Thus if a par-
ticular epilepsy is shown to be due to pathogenic variants in a
gene encoding an ion channel, for example, the well-trodden
pathway is to determine whether a particular phenotype is due
to loss- or gain-of-function of the encoded mutant protein, and
then to identify a treatment that can reverse this proximal func-
tional consequence.'' Such a treatment may be an antiseizure
drug already known to have the desired effect on the channel in
question,12 or a repurposed drug (such as 4-aminopyridine use
in epilepsy due to gain-of-function mutations in KCNA2"); or
it may be that a new treatment needs invention. These strate-
gies can take considerable time and effort to accomplish, with
notable complexity possible even for a single mutation in one
gene.'*!> Moreover, finding a mutation does not necessar-
ily mean it is the cause of the patient's epilepsy, even with in
vitro evidence that there is a change in channel physiology:
Additional evidence may be required, such as segregation of the
variant within a family (Figure 2). If the pathogenic variant is in
a gene encoding part of a metabolic or vitamin-related pathway,
for example, then there may be apparently simple treatments
that can replace what is missing or bypass the relevant step(s) in
the pathway (for example, in epilepsies due to mutations in the
gene GAMT). In other instances, there may not yet be an obvi-
ous immediate treatment option (for example, epilepsies due to
mutations in the genes PURA, CHD2, and many others).
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FIGURE 1 Typical current PM scenarios. The same color scheme is used throughout for each of the steps crystalized in this figure. A,

The idealized paradigm, with a linear progression from clinical description of an epilepsy, to determination of its genetic cause, a definition of

necessary and sufficient disease mechanisms, establishing the basis of a rational treatment, subsequent clinical trials, licensing, and seizure-free

outcomes with improvements of comorbidities. B, Realization of the paradigm in tuberous sclerosis. It is worth noting the actual timeline, which

is not depicted linearly. Also noteworthy is that although everolimus is licensed for use for seizures in tuberous sclerosis, the necessary funding

mechanisms are not always in place. C, Application of the linear paradigm in Dravet syndrome due to mutations in SCN/A. The pathophysiology

of Dravet syndrome has been shown to be more complex than originally reported, but the reasoned strategy of avoidance of sodium channel—

blocking antiseizure drugs is still typical practice, with published, although not from formal trials, evidence of benefit.***® Agents for which

randomized controlled trials have been undertaken in Dravet syndrome, such as stiripentol, cannabidiol, and fenfluramine, are not PM within

the draft framework outlined at the end of this document. D, The paradigm in GLUT1 deficiency syndrome. Ketogenic dietary therapy (KD)

was instituted in people with the clinical syndrome on biochemical grounds before discovery of the genetic cause. KD is considered standard

treatment for GLUT1 deficiency disorder, although there have been no randomized controlled trials. Its frequently quoted position as a PM has

been reconsidered.®> Abbreviations: EU, European Union; KD, ketogenic diet; PM precision medicine; RCT, randomized-controlled trial; SEGA,

subependymal giant cell astrocytoma

Journals publish gene discoveries regularly. They also
prefer to report success: Publication bias is well-studied and
longstanding, especially in clinical trials. 1617 Bor researchers,
there is also pressure to publish, a phenomenon across sci-
ence.'® These pressures have an impact on the development
and popularization of PM. A search under “precision medi-
cine epilepsy review” in PubMed on 30th January 2020 gen-
erated 65 references on a conservative evaluation, a number
far exceeding the actual number of PM available currently in
the epilepsies. Most such reviews focus on the role of genet-
ics (the author accepts responsibility for two of these).

Reports of gene discoveries, and of PM approaches that
work and bring about sometimes dramatic outcomes, are
naturally engaging, usually high-profile, and drive the field
forward. Failure of PM is less often reported, but may feature
in a second wave of negative or cautionary reports following
early data and initial clinical promise, with increasing watch-
fulness expressed by many succeeding studies (see Table 1

for the use of quinidine in epilepsies due to gain-of-func-
tion mutations in KCNT1 as an example). Initial success and
bias against publication of negative outcomes, can lead to a
perception that PM is both often feasible and truly precise,
constituting incisive and much-desired “magic bullet(s).”
One view of PM, arising through successes driven by genetic
discovery, is that we simply need to be able to bring together
the right group of experts with sufficient funding and mo-
tivation to pass in linear fashion from genetic discovery to
precise treatment (Figure 1). This can work, but the situation
is often more nuanced. Overall, these concerns make PM a
more complex undertaking than may currently seem the case,
and take us beyond genetics, or at least a single variant, alone.
It is worth remembering also that genetics has often focused
on tractable syndromes and favorite phenotypes; until more
recently, it has rarely been applied to the less-defined epilep-
sies, or systematically for everyone with epilepsy attending
clinics, without some form of selection bias.
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FIGURE 2 Anexample of complexity and potentially misleading genetic information. The proband had severe treatment-resistant right
occipital lobe epilepsy, referred on a combination of five antiseizure drugs, including three sodium channel-blocking drugs. His epilepsy was life-
threatening, with recurrent episodes of generalized tonic-clonic status epilepticus, including an episode with acute renal failure. High-resolution
brain magnetic resonance imaging (MRI) was unremarkable. He had a personal and family history of febrile seizures in his sister and mother.

At the time of referral, only single gene testing was available; gene panel, exome, and genome sequence were available, and neither ExAC nor
gnomAD were in existence. In view of the history in the proband and nuclear family, SCNIA was Sanger sequenced in the nuclear family. The
heterozygous missense mutation (+ in A, dotted oval) ¢.1804G>A, p.Glu602Lys was identified in the proband, his mother, and sister, and not in the
asymptomatic father. Current evaluation shows that the variant absent from gnomAD, has a CADD score of 13, and a REVEL (https://sites.google.
com/site/revelgenomics/) score of 0.399: 75.4% of disease-causing variants, and only 10.9% of neutral variants have a REVEL score of >0.5;
variants proven to have a functional consequence, as the gold standard measure of pathogenicity had CADD scores >20 and REVEL scores >0.7
in a recent study of clinical prediction of the effect of variants in SCNIA.* On bioinformatic grounds, this variant would be considered unlikely

to be deleterious. These measures were unavailable at the time the proband was seen. Functional testing of the variant in vitro showed loss-of-
function (B; Ref.69). At this point, the full pedigree (C, blue rectangle) became available through the proband's maternal grandmother. The SCN/A
variant found in the proband was absent in the maternal grandmother, from whom a family history of right occipital lobe epilepsy (filled symbols)
or migraine, inconsistently lateralized, without features of seizures (dotted symbols) was obtained. It emerged that a distant relative (dotted arrow)
had had a right occipital lobectomy elsewhere with full control of generalized tonic-clonic seizures, and the identification of a dysembryoplastic
neuroepithelial tumor on histological examination (D). Pre-surgical evaluation was then undertaken in the proband, with confirmation from
intracranial electroencephalography (EEG) (E) of mesial right occipital lobe seizure onset: The electrode track is visible—seizure onset was from
contacts colored red. Having regularly experienced ictal and postictal hemianopia, and with the knowledge of benefit from surgery in the distant
relative, the patient selected an occipital lobectomy, and has been free of all seizures for over 10 years, except during one episode of diarrhea.

He has a fixed right homonymous hemianopia and remains on the five antiseizure drugs on which he was referred, not wishing to come off any.
Histology of the resection specimen was unremarkable: There was no evidence of a dysembryoplastic neuroepithelial tumour (F). Although the
SCNIA variant identified causes loss-of-function in vitro, it is not the cause of the familial epilepsy shared by the proband; it may be responsible for
the nuclear familial febrile seizures, but had only that information been acted upon (eg, with withdrawal of the sodium channel-blocking antiseizure
drugs), it seems unlikely that he would have become seizure-free, as he had a cluster of generalized tonic-clonic seizures during the episode of
diarrhea some years after surgery. The genetic cause of the epilepsy in the family has not yet been identified, despite exome sequencing of several
family members

3 | COMPLEXITY A single pathogenic variant in a single gene may ini-

tiate a disease process. Such a disease process in a person
Trying a PM approach can sometimes prove more complex takes place in the context of the rest of that person's whole
in reality than might have been anticipated. Efforts to under- genome, with all its other variations and dynamicity of reg-
stand why are rarely reported. ulation and expression in both normal (eg, developmental)


https://sites.google.com/site/revelgenomics/
https://sites.google.com/site/revelgenomics/

;
3
7
@B
L
aB
Ll

SISODIYA

(sonunuo)))

Juaujearn Q) uo A[enrur
K[uo asuodsar [ea1ur[d Inq ‘OpeyO0[q ONIA UT PAIBIA

. 'SY[SII OBIPILD 9[qRIOPISU0D (M Pa[dnod 9AT)o0)jouL
9q 03 A1 ST HTLINQYV Ul aurprumb jo osn s3so33ns
[eLn STy ‘[ews ysnoyyy  (FTANAV) Asdofido
9qO[ [2IUOI] [EUINJOOU JUBUIWOS [RWOSOINE [IIM
S103eUQ9) PUE S)[NPE UI AOBDIJJO MOYS JOU PIP dUIPIUINQ),,

.SAINZIas
SIY [OI}U0D PINOJ JIP JTUAF0)aY Jou auIpruinb JIIaN],,

sdr] )09 ‘spuey Jo UOTIRIO[OISIP YSIM[g

.paddo)s sem surprurnb 9uowdoosap
PUE SINZIOS UT JUSWAOIdWIT [EWIUTW USALD),,

Jrsuoneinu T INDY Aq Posned owoIPuAS ISOA PIM
syuaned ur poydwaye oq pinoys Adeoyy,, surpruind)™
1093J0 10J
papaau 9q Aew ) YIIM UOHRIIUL JAI[IBI Jey) PaIsa3sng

Ksdoyida ur sarderay) pejasie) A[eonouss jo uonenead
[eorurpo pue juawdo[aAdp oy Joj widipered [enusjod
Mau e arensn[[l A[IeI[o saop auipruinb ‘ourprumnb
JO J1jouRq [eDIUI[O [eNIUBISQNS JO BIPI o) J10ddns

0} 1eadde 10U Op BIEP PIATWI] JUILIND AY) YSNOYV,,

¢

Jsiuaned [SJINIA Ul suoneinwr Suneanoe [ INDS

JO uonouUNySAp ) 10vINUNOD A[[eo1jIoads 03 se13ejens
[eorSojooewreyd parofrey-adAjouad om) s3so33ns jnsar,,
.[pokeop A[e1oAas paurewas sey juawdooAap

JI9Y puE ‘WOpPaaTj 2INZI1as )o[dwod AR A[[enIul Jou
p1p Juaned oy ‘eurprumnb yim juswasoidwr onewrel(,,

uonemnw JoH [INDY
01 anp sarsdoqida 10J A ' 99 WS ) 1ey) [esodoiq

uoneinur Joy
LINDY 10§ judunea) suiprumb jo jxoddns [e1RAQ

JJoueq ON
..S9INZIaS UT UOIONPAI PAIBIA],,

1jouaq ON

1jousq oN

1jouaq ON

1jouaq ON
Q91J-INZI1aS

jou Inq  swiseds ondoqids, ur uononpar y0g<

1jauaq ON

Kouanbaiy aInzres ur uononpar %08

1jouaq oN

SJUQLIND [QUURYD UI UOHONPIY

oW § 10} 991J-9INZIdS

Pa1s9) suonenw [[e Joj apmjduwe juarno
a3e1oAe Jo O J/rowr O0¢ £q Y00[q JuBdIFIUSIS

(O) durprumb 03 asuodsay

968N “V<LL8IT
ATOSH *D<L¥0ST
IPLTT 'V <D0T8™

00S6Y 'V <D68C
D86 “L<DT8LT™D

:A[rwrey ouo woiy sjuaned AL

H0LTO *D<D8080

Jd09LI *L<V8LTTD

ATS9D “L<DGS61d

08THY 'V <DE/TID

N6 -D<DL88I™
H96LA D<L98€ETO

A9ITSIN *D<VIPST
S88TD 'V<DT98™

O8THY 'V<DE/TI™D
(TPT6d) L<DILLT™

(LYE6Y) V<D008T 2 “(OSTHY)

V<DE8TI (D876 1<ITYLTD

‘(H96LA) D<198£T 2 “(OS6£H)
V<DEHLT (1968IN) V<DSITD

(s)uonenpy

(uoneinw 7 JNDY ynMm
21 Jo) syuaned a1y,

syuaned xI§

juoned auQ

juaned auQ

juaned auQ

juaned auQ

syuaned om [,

OI)IA UI PIIPNIS SJUBLIBA
om} Inq ‘ouipruinb ym
parean syuoned oN

juoned auQ

Qurprurnb
J0 109132 jo yodar 111}
—parpms syuaned oN

O PIM pajedd) syudneq

qurpruinb JAJ 9aneInd oY) Yiim JUSWIELAT) JUSIMISPUN OYM SUOTJBINW UONOUNJ-JO-UreS 77NN YIM sased paysrqnd Jo morady

¢810C [B 19
ange oA

1¢810T [¢ 10 US[IN

(¢810T [? 10 ueepe iy

5L 10 [& 10 Jowmeg
1gL 10T [€ 39 Bjonng

02910€ T8 12 Suoy)

6.ST0T 839 NeYIA

¢/ 910T [ 19 0ZZ1Y

,,P10T [2 30 uopreag

o,P10T I8 30 UeSIIIN

Jaquinu
PUB 834 QUIIJY

I HTdV.L



SISODIYA

®

‘L Epilepsia

sonunuo
( ueo) . 'sarsdoqida

220} 1130 Yiim sjuanjed 10 [RIO1JOULQ 94 Jou Kb
ouIprumnb ‘10AMOY ‘QUOIPUAS IS\ PUe SAINIH PIm
sjuaned owos 10§ uondo jusuneon Jurstwoid e se | O

. QUWODINO [[BIIA0 AJIPOW UED 1By}
J[qereA  se uonenrur aurprumb je oFe, 110ddns jou op
BIEp N0 ‘sasayjodAy snoraaid 03 jsenuod uy -odKjouayd
[BOTUT[D A} UT PAJOU 1M S)I9JJ0 SUIAJIPOUI-ISBISIP

ou ‘[ouueyd d13o0[oyjed ay) Jo Funagie) Alres idsa(y,,

.Ayedoreydoous [eyuswdororap

QI9AQS UONs Ul asn auIpiuinb 0} pajeroosse AfIqerrea

SE [[oMm SB SYSLI 90NPal pue A9ed1jJo [edrur[do oziundo

0] ‘UOTIEN[BAD UIOJNO PUB ‘SANI[EPOW JUIUIEI)

suiprumb quounmnioar juaned 10y [050j01d SNSUASUOD
B [SI[qBIS? 0] POPA2U 2B SAPMNIS IJUON[NIA],,

SUCHBINUI [ INIY
0) pajefax Aouejur ur Asdoyrde [eooy SunersStu ym
syuaned 7 ur 9A1)093J9 jou sem aurprumnb ‘Ajeyeunjiojup),,

osuodsar

Sunoayje o[qerrea o[qissod e se o3k J0J [01U0D Jey)

suoneInw uonouny-jo-ures [ LNDY YA UIP[IYd ut

Koeoryye aurprumb jo sarpnys pajonuods aanoadsord jo
Qouewroyrad j1oddns sSurpury pauonuaw-aA0qe Y],

uonejnur JoH
LINDY 103 judunea) auiprumb jo jxoddns [e1AQ

Kouanbaiy a1nz1os ur uonoNpPaI % 1°¢7
Aouonbaiy a1nzias ur 9seaIour %7

Kouanbaij aInz1as ur UONINPaI %1 Y

Kouonboiy a1nzres ur uononpal %0)9<

[Adeiay) Suump Aj110A9s pue
Kouanbaiy ainzres ur sagueyd JUBIIJIUSIS ON],,

uononpalI %68<

189q
J& uononpal %6 9smood jusunean xordwo))

1jouaq ON

Ppayoral asop Ja31e) a10joq uonesuojoid 1,0

1jauq ON

parels Jou dn-mo[[o} JO UOIRIND $QIOADS
SS9 puB ‘9,0G< Aq paonpar Kouanbaiy anzrog

1jouaq oN

(O) durprumb 03 asuodsay

OYLYd "L<D0TP1™d
S88TD 'V<DT98™
LYE6V "V <D008T

O8THY ‘V<DESTI

O8THY "V<D €8T19
A9TSIN -D<V 9pS™
ad6STV V<D I9LL™

0SSIed -DOVISPISII-61¥91

ME68H "V<OLLITD

00$6¥ “V<D6YST
(O s pajean sjuaned om) yorym
PajeIs J0u) T9pEd *D<DIYENT D

LyE6V "V<D008T?
HYLYd “V<DITpI

086¢Y 'V<DEFI T

L<DEC6C™
HyLYd “'V<DITrI o

(s)uoneiniy

sjuaned anoq

syuaned anoq

ATIALEE
TWOYYSO X

28102 €39 stunN

sjuaned omJ, 4810 [€ 12 Bud[Iq
O Pim
parean syuaned om, 15810 [& 10 03
0g810C 832
syuoned doIy], Inouepqy
O PIM pajead) sjudned Jaquinu
PUB 834 QUIIJY
(ponunuo)d) T ATAV.L



lepsia—-

Epi

SISODIYA

(sanunuo))

[evqreqoudyd yim

uonoeIoyur jueysodwr "+ QUIpIUIND YIIM JOT[QI JOUTIA" ",

.sorde1ay) [oAou asay jo 1oedwir 9y) SSIsse

A19Anoadsoid 0) papaau aIe SALNSITAI IAJUDNNW dFIeT,,

[Asdoqida

pae[aI-7INDY Wi syuaned oy uondo onnadelay e se
PAISPISU0D 3q p[noys duIprumb 03 sardeIsy) SANRUIdE,,
.parerar oq jou Aew dsuodsar pue Jusw)ear) Jo Sunwry,,

819930 opIs 10§ Suriojruow

J[IYM S[OAQ] WNIAS dZIwIxew o) yoroidde paseq
-10o0301d ® 35933ns om ‘vone[ndod sy ur juounean
surpruinb Sunenmur uoyp “Ayredoreydaous ondopide
pate[aI-7 INDY P sjuanjed pajoofas UT 9[qRUOSEAI ST

qurprunb Jo [e1n e Jo SYSLI pue sjjouaq [enusjod oy Jo

uoneIdpISuod [npysnoyy ‘orjoid 10939 apis paroxduwut

ue s padofaaap st Aderay) uorstoard e mup),,

Adeiay)

qurpruinb jo Aoeo1jjo oY) pue SI0}0BJ JUIOUIN[JUI AY)

uaamjaq diysuone[ar oy AJnuapt 0) pawrojrad aq

PINOYSs (1LD¥) S[EL) PI[[0NUO0D PIZIWOPURI ‘Y)I0JIOUSH

‘Kdexayy aurpruinb jo Kovoryye oy ur ojo1 v Aeyd

[re Aew Ainfur reuoansu Jord pue ‘Aderay) jo o5e

uonenmul ‘odXjouayd Asdoqrds oy, “s1030ey ofdnnuw £q
pasuanyjur oq Aewr aurpruinb Jo 109330 onnaderay -,

uoyeInW J0)

LINDY 103 judunea) suiprumb jo jxoddns [e1AQ

«P §'¢ noqe

u00q sey juaned SIY) J0J WOPIIIJ INZIAS JO

porxad 1s93u0[ ay) ‘awr) J9A0 duIpmuinb jo
S[OAQ] POO[q pue sasop Jursearour Ndsa(,,

uononpaI %0¢

uononpar %08

uoneqradexo AINZeg

POUISIOM IO JO9JJO OU ‘UONONPAI AINZIAS
%06 > pey syuaned 1910 [y ‘uononpax

aInzias %(S < pey syudned 19710 omJ,
%0G< Jo asuodsar paureisns

B )IM ‘OW | < WOPAIJ 2INZ1ds A[eniuf
%06 < Jo asuodsar paureisns

B )IM ‘OW | < WOPIIJ 2INZ1ds A[[eniuf

oW ¢ < WOP3IJ 2InZIas YIm juaned AuQ

%6/ Kq paonpal saInzies o1uo) Jo Aouanbarg

(O) aurprumb 03 dsuodsay

[ooueoryIugis

umouun jo juerrea] dnpgg/nog

“tLoid-d (g1dnpy81T 0L1T 0 pue
[orusgoyed] Mosey “1<D9901 2
LyE6V 'V<D008T

00S6Y *V<D6#8C

08THd “V<DEYTI D

[Z1 yuaned] DOS6Y SV<D6+8T
[9 Juoned] S196Y ‘V<DI188C D

[¢ wuoned] STE6A “D<LS6LT™D

a1oy

PaISI] s1opuodsar 9o1j-0InzIes ATuo
——S[IeIop [[NJ 10} ¢ S]qE} JIal} 99§

D60TY “1<D579d
(Syuoneny

juaned ouQ «610T 812 Kasseq

swuaned om, 16610T 1230 [ned

juaned suQ 610 1832 eneq
2010C 812
syuaned AjuomJ, pre1e3zing
jusned suQ 16610C [8 19 BIf
O PIM pajead) sjudned Jaquinu
PUB 834 QUAIJY
(penunuo)) T HTIV.L



* LEpilepsia

(Continued)

TABLE 1

Overall support of quinidine treatment for KCNT1

GoF mutation

Reference year and

number

Response to quinidine (Q)

Patients treated with Q Mutation(s)

“The poor prognosis of this developmental epileptic

No “improvement in seizures frequency or

c.1283G>A; R428Q
¢.1420C>T; R474C
c.1421G>A; R474H

Three patients (first

Kuchenbuch

SISODIYA

encephalopathy requires an urgent development of

neurodevelopment”

two reported again in
Barcia et al 2019)*

etal 2019

trials that should be used early at onset as the early

control of seizures might improve the prognosis but

should also be tested at later stages as epilepsy remains

active in the chronic phase of this syndrome”

14 patients experienced at least a 50%

42 patients in total

Summary

reduction in frequency of at least one type

of seizure for a period of time (not always

specified)

and response (eg, compensatory) programs.'®' Moreover,
by the time a disease is manifest and a molecular genetic di-
agnosis established, the pathogenic variant in question will
have been active (or active and then quiescent) for some time.
If the gene in question is involved in processes of develop-
ment, 222
may have occurred™—as may have irreversible changes and
some degree of functional compensation. Thus some rare
severe epilepsies have been characterized as developmental,
and not just epileptic encephalopathies,26 including some ion
channelopathies,27 with complexity beyond initial conceptu-
alization.?®! Discovery of a molecular genetic cause for a
type of epilepsy, and determination of the molecular genetic
cause of an individual's epilepsy, has been heralded as the
end of the diagnostic odyssey.32 It is also the start of another,
different, set of journeys and questions, which are likely to be
complex, and for most of which we have not yet scoped out
the landscape and may not yet have the tools to navigate33 34,
in this context, the GLUT1 deficiency syndrome, for which
ketogenic dietary treatments are often considered precision
medicine, has been thoughtfully reconsidered.*

In our current paradigm, the necessary first step after
gene discovery is to secure functional evidence that the pu-
tatively pathogenic variants identified in the gene have a
consequence. This proof can be as parsimonious as showing
that the variants cause loss- or gain-of-function in vitro or
in vivo, or alter gene expression, or cause a malformation.
A valuable publication is likely to result, probably proving
of high utility as others find that their patients carry vari-
ants in the same gene. A key difficulty is that in most sub-
sequently reported cases, functional work is not performed,
and pathogenicity is assumed. Although this approach may
be valid in some instances, and, for example, in silico pre-
dictions may have been devised to serve as a proxy,36 the
lack of functional information may be critical’’—or it may
be performed and be potentially misleading (Figure 2).
Moreover, the reductionist approaches typically adopted in
functional work cannot replicate the human condition in
all its complexity. Thus, for example, the same mutation,
sometimes with a proven functional consequence in vitro,

then many fundamental organisational changes

may cause quite different clinical phenotypes, or some-
times no phenotype at all.*® One implication of PM must
be that, we should, for example, seek out the mechanisms
that lead a pathogenic variant segregating in a kindred to
cause a mild epilepsy (eg, GEFS+, genetic epilepsy with
febrile seizures+) in one individual, and a severe epilepsy
(eg, Dravet syndrome) in a relative (COL4A[-related dis-
order is another example).*”** Mosaicism may sometimes
provide a credible explanatory mechanism.*' Additional
influential genetic variants may also exist that modify a
phenotype,4244 or that cause what is in fact a digenic4549
phenotype; presumably oligogenic phenotypesso also exist
in epilepsy. Human epilepsies, especially those that are
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Clinical Discovery of genetic | | Definition of Establishing Trials in humans:

description of basis, or new disease rational or RCT
syndrome in syndrome defined mechanisms in precision N-of-1

humans by genetics model systems treatment Other
B
No previous KCNA2 de novo : 3 other unique ) Patient intolerant of
syndromic mutation-related | om inherited [ prolonged ECG/EEG,
description DEE = _P variants on | ajmaline not possible.

; WES reanalysis: | |——.; ~—"\—]| Relevance of
GoF in mutant Reversed in Y 5 v *variant? Cause of
protein vitro by 4-AP CACNAIC LoF increased seizures?
C
Focal-onset Treatment-resistant Surgic'al No benefit from
seizures to Normal high- [ — — resection as PM surgery
bilateral resolution MRI T~ PR Trial of
convulsions; no Life-threatening and / WGS reveals everolimus?
ID; family life-limiting seizures L inherited DEPDC5
history & stop gain variant
D
Brothers with | [Homozygous mutation| | Cerebral — Seizures
severe epilepsy | |identified in GAMT at | | creatine Creatine : stopped, ASD
& ID; symptom | |age 26 years. el supplementation withdrawn
onset age 7 years| |First described 1996 | | disorder
No RCT for this PM

FIGURE 3 Real-life examples of more complex PM scenarios. A, The linear PM development paradigm as detailed in Figure 1A. B, In a
patient with frequent generalized tonic-clonic seizures and a profound developmental and epileptic encephalopathy, with spastic quadriparesis,
unable to walk and intolerant of most testing, with no syndromic diagnosis made, trio exome sequencing revealed a de novo KCNA2 mutation
(c.894G>T, p.Leu298Phe; Patient 6 in Ref.70) demonstrated to be gain-of-function in vitro, reversible by 4-aminopyridine. Because of regulatory
and other issues, time to provision of this putative PM for the patient was >18 months and was eventually funded by the family. However, the
frequency of generalized tonic-clonic seizures increased significantly on 4-aminopyridine, which had to be discontinued. A child with the same
mutation treated elsewhere with 4-aminopyridine became seizure-free (H. Lerche, personal communication). Review of the exome sequence data
did not reveal any other de novo mutations, but identified three unique inherited variants, one of which (CACNAIC p.Gly490Arg inherited from
an asymptomatic parent) has been shown previously to cause loss-of-function with a Brugada syndrome phenotype and shortened QT interval.”!
The proband's electrocardiography (ECG) showed lateral early repolarization with prominent U waves, but no Brugada-like changes, with a

short QTc interval. However, further testing of the electroclinical significance of this variant in the patient has not actually proved possible.

The cause of seizure aggravation by a putative PM effective in another patient with the same mutation has remained unknown. C, A young man
with longstanding epilepsy with focal-onset bilateral tonic-clonic seizures had tried several antiseizure drugs. His mother was seizure-free on
monotherapy. As a PM strategy, he underwent surgical evaluation, including high-resolution magnetic resonance imaging (MRI; unremarkable)
and intracranial electroencephalography (EEG) recording that demonstrated focal frontal onset. Surgical resection led to a brief period of seizure
freedom. Histopathology demonstrated an unusual pathology with early lipofuscin accumulation in dysplastic neurons.”” Postoperatively, whole
genome sequencing revealed a DEPDCS5 stopgain mutation inherited from his mother. The different degrees of seizure control between mother
and son are unexplained. Activation of the mammalian target of rapamycin (mTOR) pathway has already been demonstrated on tissue pathology
in the proband.72 Given the life-threatening nature of the proband's epilepsy, everolimus was considered. There is no trial or anecdotal basis for its
use currently, no funding for its use, and no guidance for the duration of treatment that may be required, which were among the factors leading the
patient to decline the offer to attempt to seek its individual use through clinical or research pathways. D, Two brothers were previously reported
who were found to have homozygous mutation in GAMT. Seizure control was achieved with creatine supplementation.73 Antiseizure drugs were
withdrawn without recurrence of seizures. Unmanageable behavioral deterioration necessitated reintroduction of some antiseizure drugs. In complex
genetic epilepsies, it may be necessary to plan a PM approach in a multidisciplinary context, considering not only what might be done if the PM

fails, but how life might change if PM succeeds and seizures are brought under control

severe and most in need of treatment breakthroughs, are
typically associated with comorbidities. A reductionist ap-
proach does not (and usually cannot) explain these multiple
strands of human “monogenic” disease. Circuit and animal
models may also not capture this complexity—a signifi-
cant proportion of human pathogenic variants, for example,
have no consequences in mice.”!

An assessment of success of precision medicine could in-
clude measures of its actual mechanistic effects. When PM
is “successful,” there should be direct mechanistic evidence
that it has achieved what it was intended to achieve. Seizures
may cease, speech may emerge, gait may improve—but was
this because treatment X reversed the dysfunction caused
by putatively pathogenic variant Y in gene Z? Or because
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something else happened? Rarely is this proof obtained, or
expected, in the people actually treated with the precision
medicine. Equally, the PM approach may not be successful:
We then need to provide a “precision failure” explanation.
Failed PM attempts are published (eg, see Table 1 regarding
KCNT1), often with considered speculation about the reasons
for failure, but we do not know how many failed attempts are
not published, and speculation may not transform into actual
explanation. In the absence of a mechanistic explanation for
these eventualities (or other outcomes not listed here), then
can we truthfully claim the treatment is a precision therapy?
Or are we in reality back to the situation where an existing
drug brings about seizure control in an unexplained way in
an ill-understood epilepsy—for example, juvenile myoclonic
epilepsy treated with valproate, which often works, although
we do not know why, while we feel under no obligation to
explain its failure. What can we honestly consider to be PM
without the circular argument that it must be precise because
it worked? What is necessary and sufficient?

4 | PRECISION MEDICINE:
BEYOND THE SINGLE VARIANT

Precision medicine should not consider as its narrow remit
simply the reversal of a single variant-driven pathophysiol-
ogy leading to disease. That PM is not always effective re-
quires some consideration of other factors (Figure 3).

Focusing first at the single putatively pathogenic variant
in a given gene, consideration of complexity could begin with
all the potential consequences of that variant, across all organ
systems. As detailed gene expression databases exist, and are
being resolved to cellular levels, finding the culpable gene
should promote and ease evaluation of such consequences.
For example, knowing that the variant-modified transcript
Y of gene X is expressed in organs (or cells) A, B, and C
should mean that those organs (or cells) come under scrutiny:
The multi-organ involvement in tuberous sclerosis is a long-
standing example, with multidisciplinary clinics in existence
in many countries; a newer example is the involvement of the
heart in ATPIA3-related disease.”

At a more intricate level, and one that is typically avoided
because it is probably too complex to comprehend currently,
variation across the rest of the genome, and factors (eg, the
epigenome) that influence the consequences of pathogenic
variation, need to be considered. There are examples of for-
ays into such research. Accounting for the influence of ad-
ditional variation within the genome beyond the putatively
causal single variant may enrich genotype-phenotype correla-
tion and elucidate phenotypic diversity.53 Variants and other
factors are known that influence clinically relevant features
of “monogenic” conditions such as Huntington disease.>*>
Polygenic risk scores (PRS) take into account a greater

proportion of influential (common) variation across the ge-
nome and may play a numerically equivalent, or more im-
portant, role than rare Variation,56 whereas the genome-wide
burden of rare variation itself has also been (:onsidered,57’58
although not extensively; there are added considerations—
some rare variants may be protective.5 ?

Beyond data we might consider accessible and quanti-
fiable, there is yet more complexity (Figure 3). When con-
sidering resective neurosurgical treatment for an epilepsy
in an individual, best practice is to discuss relevant data in
a multidisciplinary setting, weighing up not just the purely
technical aspects, but also factors we may call “holistic”
(for additional discussion on this important topic, see Jehi
et al® in this issue). Such surgical intervention falls within
the broader ambit of PM—for some individuals, whether
the epilepsy is considered ultimately of genetic origin or
not, surgery may be the appropriate course of action (eg,
for some patients with tuberous sclerosis complex or focal
cortical dysplasia).®"> But other precision therapies may
have similar effects, and should in some instances also be
considered in a multidisciplinary setting. What will be the
consequence of rendering an individual seizure-free with
a precision therapy? In many instances, a severe epilepsy
may be associated with comorbidities such as behavioral
difficulties or intellectual disability, which to an extent may
improve, if some element of that disability is part of a revers-
ible epileptic encephalopathy. What will happen if seizures
stop in that setting, perhaps in a person with adult physical
capabilities, but without the concomitant socialization and
maturation (Figure 3D)?

Precision medicine, like epilepsy surgery, should not take
place in a vacuum: It needs to consider the whole person,
and it—Ilike genomics—is part of a wider process. Although
currently the vogue is primarily based on what is possible—
typically drug treatment(s) based on discovery of a genetic
cause in an individual-—more ambitious concepts are already
being realized, such as specific drugs,63 gene-based thera-
pies,64 antisense oligonucleotide treatment,65 and modulation
of rnicroRNA,66 as just a few examples. But PM, however,
apparently targeted and sophisticated it may become, does
not absolve us of responsibilities as clinicians—we have to
take into account the whole person, not just the disease-caus-
ing variant and its immediate downstream effects.

There is potential value in adopting a more comprehensive,
more complex strategy. Interaction with the individual's fam-
ily, and with support groups for genetic epilepsies (or other
collectives), offers the possibility of direct important insights
into disease biology and disease burdens. Such exchange fa-
cilitates immediate feedback and discussion, informs longer
term strategies, and moves us away from thinking about what
is important for the patient to thinking about what is import-
ant to the patient and their carers. It is also typically humbling
and often deeply rewarding (Figure 4).
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FIGURE 4 Precision medicine (PM) beyond treatment of seizures alone. The discovery of mutations in ATP1A3 as the main cause of the ultra-

rare condition alternating hemiplegia of childhood (AHC)

74,75

catalyzed interactions between existing communities of scientists working on the protein

and gene, family organizations, and clinicians and scientists interested in AHC, leading to annual joint workshops since 2012. Delegates attending
the 5th Annual Symposium on AHC are featured in the photograph (A), with the meeting brochure (B). Joint working has facilitated research into
important aspects of ATP1A3-related conditions, such as cardiac involvement (C & D, respectively showing ATP1A3 immunolabeling in explanted
human heart tissue and episodes of asystole in an individual with AHC)—undertaking studies in such rare conditions can be very difficult without
close interaction with family organizations. Such groups can also identify and promote research questions, such as the occurrence of apnea in AHC

(E), a phenomenon of deep concern to parents of children with AHC
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5 | HOW CAN WE ACCOUNT FOR
AND MANAGE COMPLEXITY?

Complexity may be manageable, to some degree, when it is
acknowledged and studied, and with availability of the ap-
propriate tools. The sophistication of genomic, imaging, or
electroencephalography (EEG) analyses exemplify what is
possible. Analyses, for example, of cohort and trio whole
exome sequence data have advanced to levels unimaginable
even 5 to 10 years ago.67 We can be confident to high levels
of certainty that a variant is real, rare, and unlikely to be found
by chance in a given context, and we can put secure P val-
ues and confidence intervals on such estimates. We typically
infer pathogenicity, although whether we can be truly confi-
dent that a variant causes a disease is perhaps sometimes less
certain, especially as the search for a causal genetic variant
is usually framed in terms of a monogenic pursuit. But when
it comes to phenotypic characterization, we are less able.
Figure 5 illustrates an example of real life difficulties in man-
agement, related to the discovery in middle age of a gain-of-
function mutation in KCNT1 (see also Table 1). Seizure types

and syndromes are commonly defined electroclinically, but
sometimes even obtaining EEG data, especially ictal data, in
many people who may have genetically driven epilepsies is
challenging. Securing high-resolution MRI data may necessi-
tate scanning under general anesthetic, which may be felt not
to be justifiable. Simply defining the clinical phenomenon of
multidrug resistance remains a challenge. How do we define
disease severity? More fundamentally, what should even be
included in “phenotype”?

At the individual level, these questions are perhaps
best addressed by centering the precision medicine strat-
egy around the affected person and their carers. Clearly,
not all facets of importance in a particular epilepsy may
be apparent to the affected person (for example, loss of
cerebral volume at a particular instant in the disease tra-
jectory before it is symptomatic), and these will still need
to be additional points of reference. At the analytic level,
ensuring inclusion of all nonredundant data sources (eg,
separable aspects of genomics, imaging, and so on) may
contribute to a fuller understanding. But it is also likely
that we will need to devise newer means of phenotyping

Clinical Discovery of genetic | | Definition of Establishing Trials in humans:
description of basis, or new disease rational or RCT
syndrome in syndrome defined mechanisms in precision N-of-1
humans by genetics model systems treatment Other
Migrating De novo KCNT1 Gain-of- Quinidine N-of-1 trial
partial mutation (R428Q) function reverses some
seizures of aspects of GoF
infancy in vitro
(Bearden et
al. 2014)
= Patient now in his
Migrating Cafinat Quinidine 5th decade, totally
partial KCNT1 mutation heon reverses some. dependent for all
seizures of (G288S) e ien EREE of GoF activities of daily
inf in vitro living; frequent
aney GTCS and
admissions with
status epilepticus.
Family identify
seizures as the
major care burden.

FIGURE 5 Anexample of difficulties in the PM approach (Top Panel) in an individual case. As documented in Table 1, quinidine was

identified as a possible PM for seizures caused by gain-of-function mutations in KCNT .76 Middle Panel: A child carrying a mutation studied in

that first report was treated with quinidine to good effect, although the report carried information only on a short follow-up period once seizure

freedom had been obtained.*® Bottom Panel: A previously reported gain-of-function mutation in KCNT/, p.Gly288Ser (Ref.78), was detected in

a man in his 40s. Parents declined testing for themselves, but based on the previous reports, the variant was considered pathogenic. Generalized

tonic-clonic seizures were considered by his parents and carers as the major burden in his life currently, repeatedly precipitating hospital admissions

due to status epilepticus. However, with accumulating evidence of uncertain outcomes following quinidine treatment, including for this variant (see

Table 1; Ref.93), concerns about cardiac toxicity, difficulties in obtaining serial electrocardiography (ECG) studies , and serum level data from the

proband, who would not be able to voice symptoms himself, regulatory hurdles in the UK (which may differ from other jurisdictions), no decision

has yet been made about use of quinidine in the patient
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or include in clinical practice means of phenotyping that
are currently in the research realm. Such endeavours are
essential to bridge the gap between phenotype and stud-
ies of mechanisms of dysfunction using in vitro or in vivo
model systems that can evaluate only a limited number of
putatively causal variants in simplified systems and cannot
reflect the full complexity of the phenotype in the people
actually carrying the variants, a gap that itself may partly
account for current failures of precision therapy strategies.
Clearly, there are contrasting experiences in PM. In some
cases, there is a linear solution: Standard clinical evalu-
ation, including some form of genomics, identifies a ge-
netic cause underlying the patient's epilepsy, with direct
application of a PM, and a resulting outcome of seizure
freedom. Arguably, this scenario will prove uncommon. On
the other hand, things may be much more complicated. A
putatively causal variant may be identified in one gene, but
complexity in disease causation, drug response, outcome
on treatment with a PM, and comorbidities may arise from
background genomic variation, differential expression of
the gene in question over time, and space within the brain,
epigenomic variation, protein modification, the impact of
the variant during brain development and aging, compen-
satory responses to variant-driven pathophysiology and
seizures themselves, and consequences of treatments with
possibly inappropriate variants, with unknowable interac-
tions between these multiple factors. Arguably, the one ab-
solute in PM is the observed phenotype.

6 | THERAPIES OF THE FUTURE
Excellent histories of the epilepsies document past therapies
that each generation of physicians may have considered state-
of-the-art treatment. What will work as treatments for epi-
lepsy in the future is a speculation. The rate of accumulation
of publications in epilepsy continues to grow, and predicting
which new approach will be successful is an impossible task.
Questions to ask include whether there will be new drugs or
therapies for disease prevention and modification, whether
new strata of disease biology (eg, noncoding genetics) will
provide new solutions, whether combinatorial approaches
will be needed or more successful and tolerable, and indeed
whether we are anywhere near defining disease mechanisms
sufficiently. It seems likely that we will need to change the
processes used to test new therapies, especially if these turn
out to be specific to a narrow range of types of epilepsy de-
fined by their underlying pathophysiology. In the end, PM
should perhaps be considered a falsifiable hypothesis, not a
linear solution. The importance of publicly documenting, in
open-access format, failures of PM on an intent-to-treat basis
becomes increasingly clear; successes also need to clearly
document the duration of follow-up.

Epilepsia—*

Precision medicine needs also to consider fairness
(https://datasociety.net/output/fairness-in-precision-medic
ine/?utm_source=STAT+Newsletters&utm_campaig-
n=436e1528c5-Readout&utm_medium=email&utm_ter-
m=0_8cab1d7961-436e1528c5-150097429): Many
marginalized groups rarely feature in large-scale studies,
although newer efforts, such as Epi25, have made strenuous
efforts to tackle exclusion (http://epi-25.org/). What does
and what could PM mean to the majority of people with
epilepsy across the globe, who have limited access even to
existing antiseizure drugs?

7 | CONCLUSION
We need a new framework for precision medicine in the
epilepsies, one that can encompass the power and concepts
emerging from newer data, such as analyses of the influence
of genome-wide genetic variation. Undoubtedly any such
new framework will need to be shaped by vigorous debate
within the community. As a starting point for discussion, the
following criteria might be considered to judge an approach
as qualifying as a PM strategy:

1. There is a robust understanding of the necessary and
sufficient mechanisms leading from putative cause to
clinically manifest disease.

2. The postulated disease mechanisms should be measurable
at the level of necessary and sufficient elements in the dis-
ease pathophysiology.

3. The precision treatment strategy should be justifiably
based on the understanding of underlying mechanisms.

4. The strategy should improve clinical outcomes, with
parallel evidence at the required mechanistic level that
the putative pathophysiology has been corrected or
addressed.

5. Failure of a precision therapy should be explained on the
basis of the postulated disease mechanisms.

A precision treatment is one that meets all these criteria. It
may be a set of actions, not only a single drug (for example).
A precision approach embeds a precision treatment within a
holistic evaluation that considers the effect of the condition
and its proposed treatment on the individual as a whole in the
context of their life. These criteria may be seen as over-de-
manding. But if we cannot explain how our putative precision
treatment is actually working and prove that it is doing what
we think it is doing, then one could contest that it is indeed a
precise treatment.
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