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What is amyotrophic lateral sclerosis? 
(AKA, motor neuron disease, Lou Gehrig’s disease) 

Progressive muscle wasting disease due 
to the degeneration of motor neurons. 

People become progressively paralysed 
unable to walk, talk, feed or toilet 
themselves. 

Spares sensation and eye movements, 
bladder and bowel function, and 
cognition. 

People die because they are unable 
to breathe, death occurs ~20 months 
after diagnosis. 

There is no effective treatment for 
this disease. 



Epidemiology and prognosis 

Average age of onset mid-50’s 

Mode of transmission 

• Sporadic – 90-95% 

• Familial – 5-10% (autosomal dominant) 

Male : Female – 3:2 

Incidence 1-2.5 / 100,000 

Prognosis – difficult to predict in an individual patient 

• 50% live 3-4 or more years 

• 20% live 5 or more years 

• 10% live 10 or more years 

• Occasional patients live 20 years or more. 
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Frontotemporal dementia 

• Prominent frontal and temporal lobe 

atrophy. 

• Deterioration of personality and cognition. 

• Mirror image of AD with pronounced 

behaviour problems initially and memory 

problems later. 

• Accounts for up to 3-20% of dementias. 

• Common cause of dementia in younger population -in 45-64 age group at 15 per 

100,000 (same as AD).   

• Mean age of onset 52.8 



Genetic overlap of ALS and FTD 

C9orf72 

Ito Neurology 2011 



Progress of genetic findings related to ALS 
etiology and pathogenesis 

 

Bettencourt and Houlden, Nature Neuroscience 2015 
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Mendelian ALS genes are shown, with the sizes of the circles indicating the relative contribution of each gene toward the explanation of ALS cases. The effect of TBK1 is likely to expand, as indicated by the dashed circle outline, in the near future as additional studies emerge.



Mutations in Slovenian ALS patients 

Vrabec et al., Neurobiol Ageing 2014 



Molecular pathology of TDP-43 in FTD 

Neumann, Science 2006 

Toxicity could be loss of nuclear function or effect of cytoplasmic aggregates. 



Molecular pathology of TDP-43 in ALS 

Neumann, Science 2006 

TDP-43 +ve inclusions, lost from nucleus, insoluble phos+ 25kDa fragments.  



TDP-43 mutations in ALS 



TARDBP mutations 

Sreedharan et al. Science 2008 



TDP-43 mutations in familial and sporadic ALS 

  

Dormann, TiNS 2011  

Mutations present in 1-3% of familial and sporadic ALS, 
•~40 mutations in ALS all but one are in the G-rich C-terminal domain 
•~40% affect a potential phosphorylation site 
 
 



TDP-43 is toxic to neural tissues 
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Electroporation with mt TDP-43 but not wild-type causes death of motor neurons. 

Sreedharan et al. Science 2008 



FUS mutations in ALS 



Three Mutations in FUS in 8 kindreds 

Vance/Rogelj, Science 2009 

A    T   T    C   C   N    G   G   T   A A   C  A  G  G A  T  N  G C  A  G G  G  A C  A  G  G A  T  C N C  A  G G  G  A G 

1561 C>T   R521C 1562 G>A    R521H 1540 A>G   R514G 

SYQG Gly Rich Zn finger RRM RGG RGG RGG 

Human      RGGDRGGFRGGRGGGDRGGFGPGKMDSRGEHRQDRRERPY 
Mouse      RGGDRGGFRGGRGGGDRGGFGPGKMDSRGEHRQDRRERPY 
Chick      RGGDRGNFRGGRGG-ERGGFGPGKMDSRGDHRQDRRERPY 
Xenopus    RGGDRGGFRGGRGG-DRGGFGPGKMDSRGDHRQDRRDRPY 
Zebrafish  RGGDRGGFRGGRGG-DRGGFGPGKMDSRGDHRHDRRDRPY 
 



FUS mutations in familial ALS 

Dormann, TiNS 2011  

•~ 40 mutations to date. 

•2/3 of the mutations are at the C terminus of the protein. 

•1/3 of the mutations in the Glycine-rich region. 



FUS inclusions in patients carrying mutations 
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Vance/Rogelj, Science 2009 



CV1 cell line Rat embryonic neurons 
FUS mutations affect subcellular localisation 

Endogenous 
FUS 

HA-Wild type 
FUS 

HA-R521H 
FUS 

HA-R521C 
FUS 

Vance/Rogelj, Science 2009 



C terminus of FUS contains an NLS  

Vance C et al. Hum. Mol. Genet. 2013 
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The C-terminus of FUS contains a nuclear localizing signal (A) Schematic of GFP-FUS constructs showing the wild-type, truncation mutation, the ALS-linked mutants and the extended proteins with the wild-type C-terminal 17 amino acids added to the C-terminus. The position of the mutations is marked with a red bar. (B) The percentage of transfected CV-1 cells with cytoplasmic FUS is significantly increased for mutant constructs compared with wild-type. The addition of the wild-type 17 amino acids completely rescued FUS mislocalization. (***P < 0.001; minimum of 200 cells counted per transfection). (C) The subcellular localization of the green fluorescent protein tagged-FUS constructs. GFP fluorescence (green) and the merged image of GFP and DAPI stained nuclei (blue) of CV-1 cells are shown. Scale bar 25 μm.



Vance C et al. Hum. Mol. Genet. 2013 

Mutant FUS does not colocalize with P bodies, nuclear 
speckles, RNA transport granules 



Mutant FUS colocalizes with stress granules 

Vance C et al. Hum. Mol. Genet. 2013 

Presenter
Presentation Notes
Mutant FUS co-localizes with stress granule markers in the cytoplasm. Immunofluorescent staining of CV-1 cells (A and B) and rat primary neurons (C and D). CV1 cells and primary neurons were transfected with GFP-FUSWT, GFP-FUSR514G, GFP-FUSK510X and GFP-FUSR514G+NLS (green) and immunostained for the stress granule markers, PABP (red, A and C) and TIA-1 (red, B and D). GFP-FUSR514Gand GFP-FUSK510X co-localized with PABP and TIA-1 in the cytoplasm, while GFP-FUSWT and GFP-FUSR514G+NLS remained in the nucleus and did not affect the subcellular distribution of the stress granule markers. Nuclei are stained blue with DAPI in the merged images (right hand panel). Scale bar 25 μm (A and B), 50 μm (C and D).
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C9orf72 



C9orf72 mutation 

• Expansion recently associated with approximately 40% of familial ALS, 
25% of familial FTLD, and 6%–7% of sporadic cases.  
 

• 500 to >5000 repeats in patients with ALS or FTLD.  Individuals without 
disease possess 2–19 repeats (average ∼2). 
 

• The intronic location of G4C2 repeat strongly suggests a disease 
mechanism directly involving RNA. 
 

• TDP-43 proteinopathy. 

Vatovec, Neurobiol Ageing 2014 



RNA/DNA 
structures 

• Repeat may cause highly 
complex DNA and/or RNA 
structures. 
 

• Sense and antisense 
transcripts. 
 
 
 

Vatovec, Neurobiol Ageing 2014 



dG4C2 forms parallel GQs 

 

Šket, Neurobiology of Aging 2014 



Uniform structure breaks down with 
higer repeat number d(G4C2)4 

 

Šket, Neurobiology of Aging 2014 



Mechanism? 
Three possible mechanisms: 

 
1. Haploinsufficiency. 

 
2. Repeat-associated RNA 

toxicity. 
 

3. RAN translation resulting in 
DPRs. 

 
 
 
 

Vatovec, Neurobiol Ageing 2014 



RNA toxicity hypothesis 

 

Lee, Cell Reports 2013 



RNA pulldown 

(G4C2)n T7 S1 

• In vitro transcription of constructs with 
an S1 aptamer on 3’ end. 
 
 
 
 

• 48x(G4C2)-S1; Controls: RFP(1-300)-S1 and S1 only 
•  Incubate in fresh nuclear or cytoplasmic brain extract 

from rats. 
 
 



Sample Protein code* 

1, 4 SFPQ 

2 NONO 

3,6 nucleophosmin 

5 EEF1A2 

5 hnRNP H 

7 PRDX1 

100 
130 
250 

70 
55 

25 

35 

15 
10 

cortex cerebellum 

7 

250 

100 
130 

70 
55 

25 

35 

15 
10 

cortex cerebellum 

1 

2 

3 

4 

5 

6 

Nuclear extract Cytoplasm extract 

G4C2-RNA pull down from rat brain 



Targeted screeing of hnRNPs and other RBPs 

Lee, Cell Reports 2013 
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Table S1. Screening result of G4C2 RNA foci binding proteins, related to Figure3(A-B) SH-SY5Y cells were transfected with a plasmid expressing 72x repeats andprobed 24 hours after transfection for G4C2 by FISH and immunocytochemistry (ICC)(A) RNA binding proteins. (B) Heterogeneous nuclear ribonucleoproteins (hnRNPs).



RNA foci are dependent on repeat length  

Lee, Cell Reports 2013 
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Expanded G4C2 Repeats Form Intranuclear RNA Foci(A–D) SH-SY5Y cells were transfected with various length G4C2 (0, 8, 38, 72 repeat) plasmids and analyzed 24 hr after transfection by RNA FISH using a Cy3-labeled (G2C4)×8 RNA probe.(E) The mean number of G4C2 foci was counted in 50 cells.(F–I) Primary hippocampal mouse neurons (F), CV1 (G), HEK293 (H), and HeLa (I) cells were transfected with a plasmid expressing G4C2 72× repeats; foci were detected by FISH (red) and nuclei were stained with DAPI (blue). All cell types transfected with 38× and 72× repeats showed foci (scale bar represents 3 μm).



SC35, SF2, and hnRNP-H colocalize with 
G4C2 nuclear foci 

 

Lee, Cell Reports 2013 
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SC35, SF2, and hnRNP-H Colocalize with G4C2 Nuclear Foci, but hnRNP-H Binds to G4C2 RNA Transcripts(A–B) SH-SY5Y cells were transfected with a plasmid expressing 72× repeats and probed 24 hr after transfection for G4C2 by FISH and immunocytochemistry (ICC). (A and B) Endogenous SC35 (A) and SF2 (B) were detected by ICC using a Dylight-488-labeled secondary antibody. hnRNP-H was simultaneously detected by ICC, using a Dylight-649-labeled secondary antibody. The intensity of endogenous SC35, SF2, hnRNP-H, and G4C2 foci were analyzed by Leica line profile tools (scale bar represents 5 μm).(C) Biotin-labeled G4C2×72 RNA transcripts were synthesized and used for RNA pull-down of SH-SH5Y lysates; G4C2×0 transcripts were used as control. Partial colocalization of SC35 and SF2 is seen with the RNA foci, whereas hnRNP-H shows very close colocalization. Only hnRNP-H coprecipitated with G4C2×72 RNA.(D) Biotin aptamer-labeled G4C2×48 RNA transcripts were synthesized and used for RNA pull-down of rat brain lysates (Supplemental Experimental Procedures); RNA of equivalent length to G4C2×48 (300 nt) was used as a control. hnRNP-H coprecipitated with G4C2×48 RNA.(E) Splicing assay of TARBP2 exon 7 shows that G4C2 RNA sequestration of hnRNP-H impairs RNA processing. Comparison of hnRNP H knockdown and control SH-SY5Y cells validates that hnRNP H promotes inclusion of TARBP2 exon 7.(F) Analysis of TARBP2 exon 7 splicing in SH-SY5Y cells stably transfected with C9ORF72 repeats. Inclusion of TARBP2 exon 7 is decreased in cells expressing G4C2 ×72 but is not affected in cells expressing lower repeat numbers. PCR products including (in) or excluding (ex) the regulated alternative exon are marked on the right. Average quantification values of exon inclusion (yellow) and exclusion (blue) are shown. Error bars show SD of three replicates. To test significance, the ratio between exon 7 inclusion and exclusion was calculated and tested by one-way ANOVA and Tukey’s honestly significant difference test.



RNA foci in C9ORF72 brain tissues colocalize 
with hnRNP-H 

 
 

Lee, Cell Reports 2013 
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Intranuclear Neuronal RNA Foci in C9ORF72 Mutant ALS and FTD Brain Tissues Colocalize Very Closely with hnRNP-H(A) Image of mutant C9ORF72 patient cerebellum overlaid with the location of neurons containing G4C2 RNA foci (red dots) (scale bar represents 4 mm).(B) G4C2 RNA foci-positive neurons (white arrow) were observed between the granular and molecular layer of the cerebellum (scale bar represents 10 μm).(C–E) FISH and ICC were performed for hnRNP-H (C), SC35 (D), and SF2 (E), with a G4C2 mutation-negative ALS case used as control (scale bar represents 3 μm).(F) The percentage of foci that colocalized with hnRNP-H, SF2, and SC-35 were counted (n = 50 cells). Of the three RNA binding proteins that colocalized with foci in transfected cells, only hnRNP-H shows a striking degree of overlap for 70% of all foci in the cerebellum.



SFPQ Splicing factor, proline- and glutamine-rich  
       SFPQ  G4C2            DAPI   MERGE 

pcDNA3.2/GW/TOPO 
72xG4C2 

pcDNA3.2/GW/TOPO 
72xG4C2 

HEK293T 

pcDNA3.2/GW/TOPO 
72xG4C2 

pcDNA3.2/GW/TOPO 
72xG4C2 

HeLa 



NONO Non-POU domain-containing octamer-binding protein 
       NONO  G4C2             DAPI    
MERGE 

pcDNA3.2/GW/TOPO 
72xG4C2 

pcDNA3.2/GW/TOPO 
72xG4C2 

HEK293T 

pcDNA3.2/GW/TOPO 
72xG4C2 

pcDNA3.2/GW/TOPO 
72xG4C2 

HeLa 



Colleagues and funding 

Funding: 
MND Association       Wellcome Trust  Medical Research Council 
American ALS Association     Middlemass family Slovenian Research Agency 
Psychiatry Research Trust     King’s College Hospital  Guy’s & St Thomas Charity 

Collaborators: 
Chris Shaw     KCL 
Jernej Ule     UCL 
Janez Plavec    KI 
Blaž Zupan, Tomaž Curk   FRI 
Janez Zidar, Blaž Koritnik   UMCL 
Nigel Leigh, Chris Miller, Ammar Al-Chalabi KCL  
Bob Brown, John Landers, Tom Kwiatkowski Boston 
Don Cleveland    San Diego 
Francesco Baralle    Trieste 
Ian Wilmut     Edinburgh 
Tom Maniatis    Boston 
 

IJS-ALS group  Current: Anja Kovanda, Simona Darovic, Sonja Prpar Mihevc, Anja Pucer 
   Janež, Ana Bajc Česnik, Vera Župunski (FKKT), Tomaž  
   Bratkovič (FFA) 
  Former: Sabina Vatovec, Jure Pohleven, Maja Štalekar  
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This is our part of the MND-Everest expedition and there are teams all around the country will be contributing to the project. The DNA bank will provide a unique resource for the next 50 years of research.
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