ALS = Amyotrophic Lateral Sclerosis
or
Motor neuron disease
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Amyotrophic lateral sclerosis (ALS)

Amyotrophic = muscle atrophy

Lateral sclerosis

scarring or hardening of the
(anterior) lateral column of the
spinal cord

1825 — 1893

Paris, HOpital de la Salpétriere



Motor neuron diseases (simplified)
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ALS In nutshell

Typical onset at age 55-75

Average lifespan 3 yrs from diagnosis.

No effective treatment

5% of are familial, in Finland >10%
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Prabability of Survival

ALS Survival
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ALS incidence and prevalence

Finland: 3-4 new cases per week
Finland: 500-700 living patients
USA: 16 deaths per 24h

ALS: <2 of incidence of multiple sclerosis (MS)
ALS: 1/20 of prevalence of multiple sclerosis
Lifetime risk 1:400 (1:200 in MS)
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ALS is common in Finland: Comparison of incidence studies

Finland*

USA (MN)
Sweden, North
Ireland
Canada
Norway

USA (WA)
Scotland

Italy — Northern
Denmark

Italy — Puglia
Italy — Ferrara
Greece

Israel

Japan

China

1976-1981 Retrospective
1925-1987 Retrospective
1969-1980 Retrospective
1995-1997 Prospective
1978-1982 Retrospective
1978-1988 Retrospective
1990-1995 Prospective
1989 Prospective
1995-1996 Prospective
1974-1986 Retrospective
1998-1999 Prospective
1964-1982 Retrospective
1990-2003 Retrospective
1969-1974 Retrospective
1980-1989 Prospective
1989-1992 Retrospective

*Murros K and Fogelholm R
Acta Neurol Scand 1983 Jan;67(1):41-7

8.2 (5.0-12.7)
6.6 (4.5-9.6)
6.0 (4.3-8.2)
5.7 (5.0-6.5)
5.6 (4.4-7.3)
5.3 (3.3-8.1)
5.1 (4.3-6.1)
4.7 (4.1-5.3)
4.7 (4.1-5.4)
4.2 (3.1-5.7)
3.8 (3.2-4.4)
2.8 (1.4-5.1)
2.4 (1.5-3.7)
2.3 (1.7-3.0)
2.0 (1.6-2.4)
0.8 (0.5-1.0)

Incidence per year/100,000 in ageband 40-70.



ALS - Oireet

Alussa:

» Lihasten nykina eli faskikulaatio
 Lihaskato- ja heikkous, lihaskivut.

» Raaja-alkuinen 2/3, bulbaarialkuinen 1/3

Myohemmin:

« Paan kannatus ja kavely heikkenevat
» Puhe- ja nielemisvaikeudet

 Sylki valuu hallitsemattomasti

» Hengityslihasheikkous



Tutkimusloydokset

« KNF: EMG
— denervaatio (mm. fibrillaatioita, faskikulaatioita ja isoja motorisia
yksikoitd)
« laboratorio
— S-CK: normaali — 4x
— likvor: yleensa normaali
 keskushermoston MRI (aivojen ja kaularangan)
— el spesifeja 10ydoksia
— tarpeen yleensd muiden sairauksien poissulkemiseksi



Neurology

MRI in ALS: Corticospinal tract hyperintensity
Yong Chern Lee, Romesh Markus and Andrew Hughes
Neurology 2003:61:1600

MRI positive in 30-40% of ALS cases



Hoito

Neuroprotektiivinen ladkehoito

-Rilutsolin (Rilutek®) 50mg 1x2 on todettu pidentavan elinaikaa n. 3kk
Rilutsolin oletetaan vaikuttavan glutamaattiprosessien estoon.

-aloitettava mahdollisimman aikaisin, mikéli sitd paatetaan kayttaa
-ei korjaa ALS:n oireita, mika tulee selvittaa potilaalle huolellisesti

-voi paradoksalisesti aiheuttaa lihasheikkoutta, joka korjaantuu lopetuksen
jalkeen

-Loppuvaiheessa tautia (kun lihasheikkous on selked) ei Rilutekia ole
mielek&sta kayttaa.



Nielemisvaikeudet, PEG

PEG-letkusta tulee kertoa potilaalle varhain. Painotetaan elaménlaadun
paranemista ravitsemustilan kohentuessa ja aspiraatioriskin
vahentymista.

PEG:n ajoitus perustuu bulbaarioireiden vaikeuteen, ravitsemustilaan
ja hengityskapasiteettiin.

Kaytannossa PEG on tarpeen silloin, kun kohtuuton osa potilaan ajasta
menee nielemisen kanssa taistelemiseen.

PEG-ravitsemus aloitetaan osastolla ja kaytt0 opetetaan potilaalle ja
omaiselle, seurataan mahdollisia infektio-oireita.



Hengitysvaikeudet

* Non-invasiivinen nasaalinen ventilaatiohoito (NINV)
parantaa ja yllapitaa elamanlaatua. Se tulisi aloittaa kun
VC laskee 50%:1in lahtGtasosta. VC mitataan istuen ja
maaten spirometrialla.



Vaihtoehdot hoitolinjoille

konservatiivinen hoito = hengitysta ei tueta mekaanisesti
— hoitomuodot: vuoteen paatypuolen kohottaminen, laékehoito

maskilla varustettu noninvasiivinen nasaalinen ventilaattori
(NINV)

trakeostomia ja pysyva respiraattorihoito (TR)



Holtopaatokset hengitysvajauksen
suhteen

Sairauden edetessa NINV ei tule riittdméaan hengitysvajauksen hoidoksi:
valittavana on palliatiivinen laadkehoito NINV:n liséksi tai trakeostooma ja
pysyva respiraattorihoito. NINV ei ndytd lisddvan potilaiden halukkuutta
trakeostoomaan ja pysyvaan respiraattoriin.

pysyva respiraattorihoito pidentda elinaikaa, mutta elaméanlaatu yleensa
laskee, infektioherkkyys lisééntyy, hoitoisuus lisdantyy ja hoito on raskasta
omaisille. Kéytanndssa tehdaan hengityshalvauspaatos, ja potilas tarvitsee
hoitoringin (5 hoitajaa).



Hyvanlaatuiset myokymiat ja
faskikulaatiot

elohiiri silmassa

faskikulaatioita raajoissa, vartalolla
kahvi, tupakka, litkunta, stressi
elvat ole yhteydessa ALS-sairauteen



Geenitestaus

5-10%:1la ALS liittyy SOD1*D91A mutaatioon (peittyvasti periytyva)

Tautimuoto alkaa yleensa alaraajakrampeilla ja -jaykkyydella, mitd seuraa
toisesta alaraajasta alkava hitaasti eteneva heikkous. Taudin kesto on hidas,
ennuste yli 15 vuotta. Potilaan sisarusten riski olla homotsygootteja on 25 %,
ja potilaan lapset ovat kantajia.

SOD-D91A-mutaatiota harkitaan tutkittavaksi, jos taudinkuva on tdhan
viittaava. Merkittdva ennusteellinen informaatio.

Vallitsevasti periytyvia mutaatioita ei toistaiseksi suositeta tutkittavaksi
diagnostisen selvittelyn osana. Taméa voi muuttua mikali mutaatiospesifeja
kliinisid ladaketutkimuksia alkaa.
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rs80265967 (A/C) (p.Asp91Ala) , SOD1

Genotypes of the rs80265967 in the FINNGEN data

—> 2% suomalaisista on SOD1*D91A kantajia

rs80265967
Major HOM (A/A) 51404
HET (A/C) 1013
Minor HOM (C/C) 1

Total

52418

Riski: 1 case per 10,000




ALS genetics in Finland:
The two towers




Two mutation hotspots (C90RF72 and SOD1)
- other mutations heterogeneous in Finnish ALS.

Imi i Familial ALS
Preliminary data (analyses in progress) AL

CI90RF72-expansion

SOD1*D91A (superoxide dismutase)

SOD1 A90V and other mutations
ANG (angiogenin)

ATXN2 (ataxin-2)

CHCHDA0 (coiled-coil-helix-coiled-coil-helix-domain-10) (g
CHMP2B (charged multivesicular body protein-2B)

DCTN1(dynactin subunit 1)
F1G4 (FIG4 phosphoinositide 5-phosphatase)

FUS (FUS RNA binding protein)

GLE1 (GLE1, RNA export mediator)

GRN (granulin precursor)

KIF5A (kinesin family member 5A)

MATR3 (matrin 3)

NEKZI1(NIMA related kinase 1)

OPTN (optineurin)

SETX (senataxin)

SPG11 (SPG11, spatacsin vesicle trafficking associated)
TARDBP (TAR DNA binding protein)

TBKL1 (TANK binding kinase 1)

TIAM2 ? (T-cell lymphoma invasion and metastasis 2)
TUBAJA (tubulin alpha 4a)

UBQLNZ2 (ubiquilin 2)

VAPB (VAMP associated protein B and C)

10% 20% 30%  40%



C9orf72 taudin patogeneesi



Finnish ALS-GWAS was important in
finding the COORF72 mutation

Hannu Laaksovirta, MD neurologist
- Has personally examined almost all
ALS patients in Southern Finland
since 1990s.
- Samples of >500 Finnish ALS-patients

Terhi Peuralinna, MSc
- Carried out the GWAS.



Finnish ALS-GWAS

Laaksovirta et al. Lancet Neurol 2010 Oct;9(10):978-85.
Chromosome 9p21 in amyotrophic lateral sclerosis: A genome-wide association study

Manhattan plot: 405 ALS patients and 497 controls

Figure 1 9p21
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SOD1*D90A is a previously known recessive mutation, common in Scandinavia
(Andersen PM et al. Nat Genet;10:61,1995)



Two patients alive with the 9p21
risk haplotype

Skin biopsy — Fibroblast —
culture

10(P)

Induced

pluripotent
stem cell

(iPS) clones
Biomedicum stem cell center
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(GGGGCC), hexanucleotide expansion in c9orf72 intron-1

Normal: 2-45 repeats

Expansion: 100 - 4000 repeats CI90RF72 gene (28 kb)
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T ex3 exd4d exb exb ex7 ex8 ex9 exl0 exll ex12

(GGGGCCQ),
C9orf72 mRNAS
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GENE WITHIN A GENE!

Renton et al Neuron 2011; DeJesus-Hernandez et al Neuron 2011



Major role of the C90RF72 expansion

In Finnish ALS
Family history+ Family history- All ALS Controls*
(n=93) (n=312) (n=402) (n=3300)
ALS 46% 21% 28% 0.15%*

Reduced penetrance?
Blood mosaicism?

* RP-PCR assay on blood DNA



C90ORF72 expansion is also common
In Finnish frontotemporal dementia (FTD)

Family history+ Family history- All FTD
(n=27) (n=48) (n=75)

FTD 48% 19% 29%

* RP-PCR assay on blood DNA.
« FTD patients from Dr. Anne Remes Univ. Oulu,



GAIN-OF-FUNCTION mutation

RNA G-quadruplexes

// // // // // // // // // //
/7 /7 /7 /7 /7 77 77 77 77 77

Fratta P et al Sci Rep. 2012;2:1016; Haeusler AR et al Nature 2014;507:195



C9orf72 expansion-encoded protein!

The C9orf72 GGGGCC repeat is translated into aggregating dipeptide-repeat proteins

in FTLD/ALS. Science. 2013 Mar 15;339:1335-8.

Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E, Schmid B, Kretzschmar HA, Cruts M, V
an Broeckhoven C, Haass C, Edbauer D.

Unconventional translation of C9ORF72 ggggcc expansion generates insoluble

polypeptides specific to cOFTD/ALS. Neuron. 2013 Feb 20;77(4):639-46.

Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin WL, Dejesus-Hernandez M, van Blitterswijk MM, Jansen-West K,
Paul JW 3rd, Rademakers R, Boylan KB, Dickson DW, Petrucelli L.



C90rf72 expansion-encoded protein!

Formation of dipeptide repeat proteins from ggggcc-repeat expansion

by
Repeat-Associated Non-atg (RAN) translation*

Sense Antisense

GGG GCC GGG GCC (GA) GGC CCC GGC CCC (GP)
GGG CCG GGG CCG (GP) GCC CCG GCC CCG (GP)
GGC CGG GGC CGG (GR) CCC CGG CCC CGG (PR)

GA, GP, GR, or PR dipeptides depending on the reading frame.

* Zu et al. Non-ATG-initiated translation directed by microsatellite expansions.
PNAS; 108:260, 2011. (SCA8 and DM1 expansion)



Study highlights the role of toxic RNA

RNA Toxicity from the ALS/FTD CO9ORF72 Expansion Is Mitigated by Antisense Intervention

Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vidensky S, Daley E, Poth E, Hoover B, Fines D, Maragakis N,
Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw S, Sattler R, Rothstein JD.

Neuron. 2013 Oct 16;80(2):415-28.

Based on iPS-neurons and ALS autopsy samples

-

Jeffrey Rothstein
Johns Hopkins Univ.



Study highlights the role of toxic RNA

RNA Toxicity from the ALS/FTD CO9ORF72 Expansion Is Mitigated by Antisense Intervention

Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vidensky S, Daley E, Poth E, Hoover B, Fines D, Maragakis N,
Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw S, Sattler R, Rothstein JD.

Neuron. 2013 Oct 16;80(2):415-28.

Based on iPS-neurons and ALS autopsy samples

1. Glutamate sensitivity as the consequence of the c9orf72 expansion.



Glutamate sensitivity as the consequence of the c9orf72 expansion
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IPS neurons express glutamate receptor (GluR2), NMDA receptor (NR2B), and postsynaptic density protein-95 (PSD95),



New study highlights the role of toxic RNA

RNA Toxicity from the ALS/FTD CO9ORF72 Expansion Is Mitigated by Antisense Intervention

Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vidensky S, Daley E, Poth E, Hoover B, Fines D, Maragakis N,
Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw S, Sattler R, Rothstein JD.

Neuron. 2013 Oct 16;80(2):415-28.

Based on iPS-neurons and ALS autopsy samples

1. Glutamate sensitivity as the consequence of the c9orf72 expansion.

2. Demonstration of nuclear c9orf72 RNA ggggcc-repeat foci and GA
dipeptide repeat proteins in ALS iPS-neurons and brains. GP GR



C9-ALS iPS neurons and brains exhibit RNA foci and Chris Donnelly
Ping-Wu Zhang
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New study highlights the role of toxic RNA

RNA Toxicity from the ALS/FTD CO9ORF72 Expansion Is Mitigated by Antisense Intervention

Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vidensky S, Daley E, Poth E, Hoover B, Fines D, Maragakis N,
Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw S, Sattler R, Rothstein JD.

Neuron. 2013 Oct 16;80(2):415-28.

Based on iPS-neurons and ALS autopsy samples

1. Glutamate sensitivity as the consequence of the c9orf72 expansion.

2. Demonstration of nuclear c9orf72 RNA ggaaqcc-repeat foci in ALS iPS-neurons and brains.

3. 19 proteins bind to the RNA foci, one is glutamate receptor editor ADARB?2.




New study highlights the role of toxic RNA

RNA Toxicity from the ALS/FTD CO9ORF72 Expansion Is Mitigated by Antisense Intervention

Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vidensky S, Daley E, Poth E, Hoover B, Fines D, Maragakis N,
Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw S, Sattler R, Rothstein JD.

Neuron. 2013 Oct 16;80(2):415-28.

Based on iPS-neurons and ALS autopsy samples

1. Glutamate sensitivity as the consequence of the c9orf72 expansion.

2. Demonstration of nuclear c9orf72 RNA ggaaqcc-repeat foci in ALS iPS-neurons and brains.

3. 19 proteins that bind the RNA foci, one is glutamate receptor editor ADARB2.

4. ADARBZ2-knockdown identified as a major factor in the glutamate sensitivity
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Knock-down of ADARB2 via
SIRNA renders control 1IPS neurons
sensitive to glutamate-mediated
excitotoxicity.
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ADAR1p150 B RNA editing
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ADARB2

Adenosine to inosine conversion (A-to-1 RNA editing)



ADARB2

Nuclear protein, an RNA-editing enzyme.

ADARBZ2 knock-down increases the number of Ca-permeable Q607 receptors

Most of the GluR2 molecules in the adult CNS are edited at R607.

Q607

Ca* Ca*

Calcium-impermeable Calcium-permeable




New study highlights the role of toxic RNA

RNA Toxicity from the ALS/FTD CO9ORF72 Expansion Is Mitigated by Antisense Intervention

Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vidensky S, Daley E, Poth E, Hoover B, Fines D, Maragakis N,
Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett CF, Blackshaw S, Sattler R, Rothstein JD.

N

Neuron. 2013 Oct 16;80(2):415-28.

Based on iPS-neurons and ALS autopsy samples

1. Glutamate sensitivity as the consequence of the c9orf72 expansion.

2. Demonstration of nuclear c9orf72 RNA gqgqgacc-repeat foci in ALS iPS-neurons and brains.

3. ldentification of proteins that bind the RNA foci, one of them glutamate receptor editor ADARB?2.

4. ADARBZ2-knockdown identified as major factor in the glutamate sensitivity

5. Therapy in IPS neurons with antisense oligonucleotides.




Antisense oligonucleotide (ASO) therapy in C9-ALS IPS neurons
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C9orf72 pathogenetic model

Hi1—1—5—1 111

Down regulation

|
Expansion RNA spliced and t ibed
g Xpansion spliced and transcribed ——> of c9orf72 MRNA

Probably not pathogenic:

CI90RF72 knock-out
mice do not show motor
neuron degeneration




C9orf72 pathogenetic model
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C9orf72 pathogenetic model — toxic RNA
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C9orf72 pathogenetic model — 3 consequences of the toxic RNA
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Revolution in research of neurodegenerative diseases

Human iPS method invented in 2007
Shinya Yamanaka: Nobel in 2012, Mileenium prize in 2013

IPS neurons
and astrocytes

Skin biopsy — Fibroblast —  Induced

culture pluripotent
stem cell

(iPS) clones

Recapitulation
of the cellular phenotype
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preALS approach to facilitate early diagnosis
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