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ALS genetics

monogenic ALS

10%-15% of all ALS cases

c9orf72 (40%) 

SOD1 (20%) 

TARDBP (5%) 

FUS (5%) 
minor genes (~30, <5%)

UNKNOWN

familial ALS (fALS)
sporadic ALS (sALS)

5%
95%

ALS HERITABILITY COEFFICIENT (h2): 0.54 
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Van Daele et al., Trend Mol Med 2024

ASOs



Van Daele et al., Trend Mol Med 2024

ASOs



RNA-based therapies: the case of SOD1
RNase-H-mediated ASO

Mutation in SOD1 leads to production of a 
toxic specie of SOD1 protein

courtesy of Biogen

Tofersen is an ASO that targets the SOD1
mRNA
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presymptomatic treatment

A critical achievement



Autoptic Case: elimination half-life 30 days

Ionis Pharmaceuticals





Tofersen in SOD1-ALS (April 25, 2023 FDA approuval)

courtesy of Biogen

Placebo
(n=36)

Tofersen 100 mg 
(n=72)

VALOR

Early-start 
group

Delayed-
start group

Tofersen 100 mg

Tofersen 100 mg

Open-Label Extension (OLE)

~3- to 7-year OLE for participants who completed VALOR6-month, randomized, placebo-controlled study
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Tofersen in SOD1-ALS

courtesy of Biogen

Adjusted mean difference:
3.5 (95% CI: 0.4, 6.7), p=0.0272 

28293336n=36

57586366n=72
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Tofersen in SOD1-ALS

courtesy of Biogen

Adjusted mean difference:

0.28 (95% CI: 0.05, 0.52)

p=0.0186

Improvement in HHD megascore from 

baseline to Week 52: 

Delayed-start tofersen: 8.1%

Early-start tofersen: 26.9%

Difference: 18.8% (95% CI: 1.4, 36.2) 

Worsening

OLE
(open-label tofersen)

VALOR
(placebo-controlled)

25242735n=36
42475864n=72
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Adjusted mean difference:
9.2 (95% CI: 1.7, 16.6), p=0.0159
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Effect on respiratory function (SVC)

Effect on muscle strenght (HDD megascore)



Open questions

courtesy of Biogen

• effect on survival (death, permanent ventilation)

• magnitude of effect (stabilization? reversal?)

• effect on different SOD1 mutations

• timing of intervention (pre-symptomatic individuals?)

• side effects?

• use of NfL as surrogate biomarker capable to predict
clinical benefit

Tofersen reduces plasma NfL (reduced axonal injury and neurodegeneration)16

28

52+

Trends suggest slowing of clinical decline in tofersen-treated participants

Earlier initiation of tofersen reduced decline in strength, function, and quality of life

Earlier initiation of tofersen reduced risk of death or permanent ventilation and death

VALOR
(placebo-

controlled)

OLE
(open-label 
tofersen)

Tofersen reduces total CSF SOD1 (target engagement)8

Weeks

Predicted benefit on clinical outcomes (at Week 28)

for each 10 pg/mL reduction of plasma NfL (at Week 16)*

0.77 (p=0.0038)ALSFRS-R total score

1.45 (p=0.0706)Percent-predicted SVC

0.029 (p=0.1303)HHD overall megascore

2.194 (p=0.0056)ALSAQ-5 total score

0.017 (p=0.0894)EQ-5D-5L utility score

*Example for a participant with a baseline plasma NfL level equivalent to 
the sample mean for ITT completers (96.78 pg/mL) 



immunosuppression
needed



ASO-based therapies for c9-ALS

Kumar V et al, Front Neurosci 2017

BIIB078

• no clinical benefit

• 60 mg dose = placebo

• 90 mg worse than placebo

• decreased DPR CSF levels

• increased NfL plasma levels

WVE-004

• safe

• no clinical benefit

• decreased DPR CSF levels

ASO5-2

• individual patient

• finished



Jacifusen in FUS-ALS

Phase III clinical trial
(ION-363)

FUS-ALS

§ <1% of ALS cases

§ early onset

§ axial and proximal (shoulder and pelvic girdle) symmetrical weakness and wasting

§ phenotype: LMN>>>UMN

§ rapid progression

Ticozzi et al., Neurology 2009 Grassano et al., Neurol Genet 2022

(Gourie-Devi et al., JNPP 2003)



Korobeynikov et al., 2022

25-year-old woman



Challenges to gene therapy in ALS

Gain vs Loss of Function

LOF genes

TBK1, NEK1, GRN, OPTN…

gene delivery

suppressor tRNAs
(nonsense mutations)

small activating RNAs
(promoters, enhancers)

GOF genes

SOD1, (FUS?)

degrading ASOs
(RNAi, genome editing)

GOF+LOF genes

TARDBP

non degrading ASOs
(splicing of UNC13A, STMN2)

All ALS genes?

genome editing
(CRISPR/Cas9, ZFP-TF, TALEN)

RNA base editing
(AIMers, CRISPR/Cas13, …)

Amado DA & Davidson BL, Mol Therapy 2021



ALS as TDP-43 protheinopathy

TDP43+ cytoplasmic inclusions in >95% of 
all ALS cases

(except SOD1, FUS)



Upstream modulation of TDP-43

• ATXN2 intermediate-lenght polyQ
expansions are a risk factor of ALS

• Risk alleles increase ATXN2 stability and 
reduce its degradation

• ATXN2 recruits TDP-43 into stress granules
and promote aggregation

• ATXN2 levels directly correlate with TDP-43 
toxicity in yeast, fly, mouse models

• Phenotypic rescue of TDP-43 mouse model 
using ATXN2-ASOs or RNA-targeting CRISPR 
platform against ATXN2

Elden AC et al, Nature 2012

Becker LA et al, Nature 2017

Zeballos C. MA et al, Nat Commun 2023





Downstream modulation of TDP-43

TDP-43 physiologically suppresses the
splicing of crypting exons (CE)

LoF leads to abnormal inclusions of CE with
formation of truncated proteins (STMN2) or
reduced expression via RNA-mediated decay
(UNC13A)

UNC13A is a risk factor for ALS
susceptibility and a strong modifier of
survival

Minor C allele exacerbates CE
inclusion in UNC13A when TDP-43
function is lost

UNC13A regulates several processes
pertaining to synaptic structure and
neurotransmission

Loss of UNC13A causes reduction in
synaptic vesicle release and motor
phenotype in animal models

exon skipping therapeutics
gene replacement
small molecules



Downstream modulation of TDP-43

TDP-43 physiologically suppresses the
splicing of crypting exons

LoF leads to abnormal inclusions of CE with
formation of truncated proteins (STMN2) or
reduced expression via RNA-mediated decay
(UNC13A)

STMN2 is a CNS-specific protein that
binds tubulin dimers and regulates
microtubule stability.

Loss of STMN2 promotes degeneration
of injured axons, while overexpression
of STMN2 delays degeneration after
injury.

Loss of STMN2 causes motor
neuropathy in mice

ASOs correct STMN2 pre-mRNA
misprocessing and restore STMN2
expression levels
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Take home messages

• High genetic heterogeneity

• High pathomechanistic heterogeneity

• RNA-based therapies are powerful tools, but each ALS-associated gene likely

requires a different approach

• Upstream/downstream modulation of TDP-43 could be a promising strategy 

also for sporadic ALS cases

• Side effects?
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Thank You ! 


