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identified in the presenilin-1 (PSEN-1) gene in families 
showing linkage to chromosome 14 [56], quickly followed 
by the finding of mutations within a homologous gene, pre-
senilin-2 (PSEN2) [54]. APP and PSEN-1 form an active 
focus that affect the degradation of APP into Aβ, favouring 
an alternative cleavage pathway involving sequential cleav-
ages by β- and γ-secretases cutting the APP molecule at the 
amino-terminus and carboxy-terminus of the Aβ sequence 
to yield the peptide. Use of this pathway is normally pre-
vented, or is at least minimized, by the employment of a 
further enzyme, α-secretase, which cuts APP across the 
mid-point of Aβ peptide sequence, thereby precluding for-
mation of Aβ. Most mutations in APP, and those in PSEN-
1, increase the use of this alternative pathway, elevating the 
production of Aβ to a point where it can then aggregate into 
the amyloid plaques characteristic of AD. Hence, genetics 
signposted the ‘amyloid cascade hypothesis’ [28], which 
despite its many critics still remains the most plausible 
explanation of the cause of AD to date. The recognition that 
mutations in genes in AD, allied to the aggregated protein, 
resulted in the identification of mutations in α-synuclein 
gene (SNCA) given that the protein α-synuclein had been 
identified [59] as an integral component of the Lewy 
body—the classic neuronal lesion of Parkinson’s disease 
and dementia with Lewy bodies.

While this was happening, other groups were focusing 
on the genetics of FTLD, trading on the high familial prev-
alence (as much as 40 %) in individuals with this disease. 
Observations of the presence of tau protein within struc-
tures resembling the neurofibrillary tangles of AD, or in the 
‘so-called’ Pick bodies, led to the identification in 1998 of a 
causative locus on chromosome 17, for which mutations in 
the tau gene (MAPT) itself were unsurprisingly responsible 
[31]. Missense mutations outside exon 10 of MAPT favour 
the phosphorylation of tau, preventing it from normally 

Over the past three decades, the combination of genetic 
analysis based on well-defined families with inherited dis-
ease, and pathobiochemical studies of aggregated brain 
proteins, has paved the way towards our present under-
standing of the causes and effects of many neurodegenera-
tive diseases. One of the first disorders to be investigated 
in this way was Huntington’s disease (HD), where genetic 
linkage studies first established the HD locus on chromo-
some 4 in 1983 [27]. Nonetheless, it took a further 10 years 
to ascertain that association to this locus was due to a muta-
tion in the huntingtin gene (HTT), this being a trinucleo-
tide (CAG) repeat in the intron to exon 1 of the gene [60]. 
Normal individuals carry up to 32 repeats, whereas indi-
viduals with HD bear in excess of 36 repeats. Success in 
this area quickly led to the identification in 1994 of similar 
disorders, such as Dentato Rubro Pallido Luysian Atrophy 
(DRPLA) [36] and spinocerebellar atrophy type 1 (SCA-1) 
[5], also with CAG repeat expansions.

A breakthrough in Alzheimer’s disease (AD) research 
came in 1991 with the identification of missense muta-
tions in and around the sequence region responsible for 
encoding the amyloid β peptide (Aβ) sequence component 
of the amyloid precursor protein (APP) gene on chromo-
some 21 [24], from which the peptide is derived. This was 
an entirely logical and expected finding once the peptide 
sequence of Aβ had been identified [23], and it had been 
recognized that persons with Down’s syndrome bearing an 
extra copy of chromosome 21 developed the pathology of 
AD by middle age in an entirely predictable and orderly 
fashion, initiated by the deposition of Aβ within the cer-
ebral cortex [41]. Soon further causative mutations were 
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binding microtubules, and diverting it towards aggregation. 
On the other hand, mutations in and around exon 10 pro-
mote the use of an alternative splicing site which increase 
the generation of tau transcripts containing this exon [31]. 
When exon 10 is included, tau proteins with four microtu-
bule binding sites (4-R tau) are produced—exclusion leads 
to proteins with three repeats (3-R tau). Transcription of tau 
isoforms is tightly regulated, and disturbance of stoichiom-
etry in favour of 4-R will lead to an excess production of 
this, and its intracellular aggregation [31]. While this, in 
itself, may not necessarily compromise microtubule func-
tion, the tau aggregates, as in AD, may exert toxicity, either 
as fibrillar, or non-fibrillary (oligomeric) structures.

Nonetheless, there remained other families with link-
age to chromosome 17 where mutations in MAPT could 
not be identified. For a long time thereafter, unusual causal 
genetic events in MAPT were unsuccessfully sought, 
though the lack of tau pathology in affected individuals 
should have directed efforts elsewhere. Consequently, it 
was found in 2006 [4, 14] that disease in such families was 
associated with insertions/deletions in the progranulin gene 
(GRN), located almost next door to MAPT! Most mutations 
drive a similar loss of function effect related to a haploin-
sufficiency of PGRN protein caused by nonsense mediated 
decay of prematurely terminated RNA transcripts [4, 14]. 
The enthusiasm of discovery of this second gene for FTLD 
was, however, tempered by the knowledge that collectively 
MAPT and GRN mutations were unlikely to explain more 
than 20 % of genetic variation associated with inherited 
FTLD, and less than 10 % of all cases of FTLD. The hunt 
was on for further loci.

The discovery that the aggregated protein present in 
around 50 % of cases of FTLD, and in those cases with 
GRN mutation specifically, was the nuclear transcription 
factor, TDP-43, and not PGRN itself (the latter observation 
would have been predicted given the haploinsufficiency 
state), combined with the observation that this same pro-
tein was contained in the inclusion bodies in motor neu-
rons in ALS [2, 51], consolidated the long known clini-
cal association between FTD and ALS [30]. Moreover, it 
pointed towards a shared locus in families with FTD, ALS 
or FTD + ALS clinical phenotypes, known to be associ-
ated with linkage to chromosome 9 [48, 64]. Initially, the 
linked region provided by such families was wide, though 
eventually GWAS studies in ALS and FTLD narrowed it to 
a region containing just three genes [55, 65].

Finally, late in 2011, the chromosome 9 baby was born. 
This relates to a hexanucleotide [GGGGCC (G4C2)] expan-
sion in a gene with unknown function, termed C9ORF72 
[16, 53]. Since then, work on the gene in both health and 
disease has exploded, with around 300 publications on 
C9ORF72 currently being listed in PubMed. In the series 
of articles included in this issue of Acta Neuropathologica, 

the genetic structure of C9ORF72 is discussed in terms of 
how it might influence clinical phenotype (Cooper-Knock 
et al. and Woollacott and Mead). Pliner and colleagues 
comment on the origins and spread of the expansion. The 
tissue consequences of bearing the expansion are described 
and discussed by Neumann et al. Gendron and colleagues 
highlight possible toxic mechanisms associated with the 
expansion, and Stepto and colleagues critically evaluate 
present cell and animal models in terms of how these have 
furthered our understanding of the effects of carrying the 
expansion.

So what have we learned in the past 2 years? Firstly, we 
know that expansions in C9ORF72 account for 20–80 % of 
familial and 5–15 % of sporadic ALS and FTLD in North 
American and European populations [16, 53], making this 
the most common cause of disease in these groups so far 
identified. However, world prevalence varies with high-
est numbers of cases seen in Northern Europe, decreasing 
towards Southern Europe, and being uncommon in Asia, 
raising question of a common founder [44], or repeated 
genesis due to inherent chromosomal instability (see Pliner 
and Cooper-Knock). Healthy individuals generally carry no 
more than 20 repeats (and usually only a handful of such), 
but in persons with inherited FTLD or ALS, the expan-
sion is huge, running to as many as 2,000 repeats [16, 53]. 
Intermediate alleles of 20–30 repeats have been recorded 
[11, 25], though the status of these in terms of disease risk 
remains unclear (see Cooper-Knock and Woollacott and 
Mead). Apart from questions as to how the expansion trans-
lates into disease mechanism, there are other serious issues 
to be resolved and explained. For example, does the num-
ber of repeats affect age at onset or disease severity (as in 
HD)? This has been difficult to assess due to technical limi-
tations in the resolution power of southern blotting, though 
refined techniques now make determination of expansion 
length more accurate [6, 10, 62], but still no associations 
with age at onset or disease severity have been detected 
[17, 62]. However, such observations are confounded by 
regional mosaicism, with reports that longer repeat lengths 
in cerebellum are associated with a longer, not shorter, 
duration (see Cooper-Knock). Such somatic heterogeneity 
is consistent with an inherent degree of instability within 
the repeat and evidence of anticipation has been reported 
with reducing age of onset in subsequent generations [13].

Secondly, given that there appears to be no consist-
ent (group) differences in repeat length between ALS and 
FTLD cases [17, 62], it remains to be explained how the 
pathological or clinical phenotype (FTD vs. ALS) is deter-
mined. Expansion length variability, or epigenetic factors, 
such as TMEM106B genotype (see articles by van Blit-
terswijk et al. and Gallagher et al. this issue), could explain 
phenotypy, though there is much more to be done in this 
respect. Nonetheless, observations of clinical heterogeneity 
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suggest gene modifiers which could indicate alternative 
therapies.

What do we know regarding how possession of the 
expansion might cause disease? We know that C9ORF72 
is variably transcribed with at least three major transcripts 
being formed (see Stepto), and while there is evidence for 
loss of transcription with haploinsufficiency [7, 16], it is 
notable that rare cases of homozygosity for expansion in 
C9ORF72 do not display a more aggressive clinical phe-
notype, and appear not to accrue greater pathology [20]. 
This sets it apart from other disorders, where homozygosity 
yields a more severe, or even a different, phenotype (see 
TREM2 and Nasu-Hakola Disease vs. AD [26], or GBA-
1 and Gaucher’s disease versus Parkinson’s disease [57]), 
thereby arguing against a haploinsufficiency state.

Investigations into the inheritance and cause of certain 
other neurological disorders, like spinocerebellar ataxia 
type 8, myotonic dystrophy types 1 and 2 (DM1 and DM2) 
and Fragile X Tremor/Ataxia Syndrome (FXTAS) have 
provided major clues as to pathogenicity. In the latter dis-
orders, the major pathogenic function of repeat-expanded 
RNA arises from the formation of nuclear RNA foci [42, 
49, 66]. As in these latter conditions, in C9ORF72 disease 
toxic RNA foci are formed from the expanded sequences 
through formation of hairpin structures, and these might 
sequester other RNA transcripts and binding partners [43] 
(see Gendron), thereby reducing key elements of transcrip-
tion and protein production. Apoptosis, through engage-
ment of caspase-dependent mechanisms may then ensue 
(see Stepto). While this remains a plausible mechanism 
underpinning neurodegeneration, the critical partner(s) in 
crime remain to be identified. A growing list of potential 
candidates, such as hnRNP A3, hnRNP-H, Pur-alpha and 
ADARB2 have been reported from in vitro binding studies 
[18, 38, 46, 67], but which, if any of these, is guilty remains 
to be determined.

In Spinocerebellar Ataxia type 8 and myotonic dystro-
phy type 1, expanded (CTG) repeat sequences can be trans-
lated in the absence of an upstream AUG codon, a process 
known as non-ATG initiated (RAN) translation [68]. This 
too occurs in C9ALS and C9FTLD with translation of the 
expansion occurring in both a sense and an antisense direc-
tion, leading to the formation and brain aggregation of all 
five possible dipeptide repeat proteins (DPRs) [3, 21, 45, 
47, 67, 69]. Indeed, DPR can consist of any or all of the 
five possible species [3, 21, 39, 40, 45, 47, 67, 69]. These 
DPR proteins seem to be entirely specific to the expansion, 
not being seen in FTLD and ALS cases without expansions 
[39, 40], though curiously are not specific for FTLD and 
ALS per se with rare appearances in cases with pathologi-
cally confirmed corticobasal degeneration [40, 58], AD 
[12, 29, 35] but see [15], Creutzfeldt–Jakob disease [6], 
and even in apparently healthy controls [6, 13]. This raises 

issues of penetrance, or even preclinical disease [6] (see 
Cooper-Knock, Mead). Given that proteinaceous accumu-
lations have figured strongly in the pathogenesis of AD, 
Parkinson’s disease, Creutzfeldt–Jakob disease, and in 
forms of FTLD associated with tau, TDP-43 and FUS, it is 
highly tempting to regard DPRs in this light, and attribute 
neurotoxic properties. However, while this is possible—it 
remains to be proven, at least in a disease context. In C9 
FTLD/ALS the major cell types affected are within the cer-
ebellar cortex (granule cells), hippocampus (dentate gyrus 
and CA2-4 pyramidal cells), and pyramidal neurons in 
deeper layers of the cerebral cortex, even the occipital cor-
tex, and various subcortical structures [1, 9, 39, 40]. None-
theless, the distribution of such DPR-containing cells is at 
odds with the known distribution of neurodegeneration in 
FTLD/ALS, which itself maps closely to that of TDP-43 
inclusion distribution [39] (see Neumann). Indeed, overlap 
of DPR and TDP-43 is confined to a few cells in DG, but 
interestingly it would appear that within such co-localisa-
tions DPR is innermost and TDP-43 outermost, suggesting 
DPR changes might predate, or even predispose to TDP-
43 pathology [39]. Despite this, it cannot be denied that 
the cells affected by DPR appear not to be those lost in 
FTLD/ALS. Consequently, whether these structures confer 
anything beyond diagnostic utility remains questionable. It 
is possible that DPR inclusion body formation is a poten-
tially protective response to cope with soluble toxic protein 
species, as is possible in other neurodegenerative diseases. 
However, in the latter context, it is notable that those cells 
that are vulnerable to TDP-43 pathology and lost in FTLD 
and ALS never appear to show at least some DPR aggre-
gates, which might be expected if precursor soluble species 
were present at any stage in the cell death process. Hence, 
we have the alternative that the production of DPR proteins 
is a disease marker, but not a relevant factor in C9ORF72 
disease pathogenesis.

Therefore, at present we have three plausible, and indeed 
not mutually exclusive, hypotheses for neurotoxicity: in 
fact studies have shown that cells accumulating toxic RNA 
foci again do not overlap with those accumulating DPRs 
[21, 43], suggesting these are complimentary and not com-
peting events. So where does this leave us?

A further line of argument could be that the expansion 
does not in fact determine, or direct, disease, per se, but in 
some way damages the brain, or reduces its capacity for 
resistance, thereby opening the door to those very same 
factors which might cause FTLD/ALS in non-C9ORF72-
associated disease. There is good evidence in support of 
this line of argument. Firstly, although rare, pathologies 
other than FTLD/ALS, such as corticobasal degenera-
tion [40, 58], AD [12, 29, 35] but see [15] and Hunting-
ton disease-like symptoms [6], have been associated with 
expansions in C9ORF72. Indeed, there has been one 
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Belgian case with C9ORF72 expansion and clinical FTLD 
which lacks detectable TDP-43 pathology, but shows 
FTLD-UPS pathology [22]. Secondly, there appears to be 
no link between expansion size and TDP-43 histological 
type [40], and while a FTLD-TDP type B (preponderance 
of neuronal cytoplasmic inclusions) is the most common 
TDP-43 histological subtype associated with C9FTLD and 
C9FTLD/ALS [39], a significant number of cases display 
type A histology [40], and rare cases with type C histology 
have been described [33, 50]. If expansions in C9ORF72 
were to directly drive, or trigger, events leading to a TDP-
43 proteinopathy, it is hard to reconcile this with the diver-
sity of TDP histologies recorded. Thirdly, there is a higher 
than expected coincidence of repeat expansions in individ-
uals carrying other genetic variants involving mutations in 
GRN with C9ORF72 [19, 63], or MAPT with C9ORF72 [8, 
34, 37, 63] (so-called oligogenic inheritance [61]), suggest-
ing that another ‘hit’ may be necessary for clinical disease, 
yet in these, apart from the DPR changes, either a TDP-43 
proteinopathy, or tauopathy, typical of the accompanying 
(GRN or MAPT) mutation prevails [8, 19, 34, 37, 63].

Consequently, until we know more about the normal 
function of C9orf72 protein, what cells it is present in, and 
where in the cell it is located, all is mere speculation. None-
theless, the concept of the expansion being a risk factor 
for disease, rather than a cause, is tempting since it would 
neatly accommodate the observed diversity of clinical 
and histological subtypes associated with C9 FTLD/ALS. 
However, one problem would be to explain why expan-
sions are also not (more widely?) seen in more common 
disorders like AD and Parkinson’s disease, though in these 
the frequent co-occurrence of limited TDP-43 proteinopa-
thy could in some way stem from variations in C9ORF72 
genetic structure or expression and allied protein function 
which render vulnerable regions of frontal and temporal 
cortex to a more limited TDP-43 proteinopathy. Neverthe-
less, it is clear that expansions in C9ORF72 are not without 
pathological effect, though what this might translate into in 
clinical terms is not at all clear, or even certain that they do 
have a clinical counterpart.

While the depth of knowledge regarding C9ORF72 
increases at a pace, it is again worth remembering that pre-
sent cases with the expansion, combined with those with 
GRN and MAPT mutations may still only account for about 
half of autosomal dominant inherited disease. This implies 
that there may be other major gene(s) linked to disease out 
there, waiting to be discovered. However, having said that, 
recent linkage analysis of cases originally employed to 
show association to chromosome 9, still show residual asso-
ciation, even when known C9ORF72 carriers are excluded 
[32]. Such observations imply either a second nearby locus 
(and there are precedents in the FTLD world for this with 
MAPT and GRN), or there is as yet undisclosed variability 

within C9ORF72 locus itself. Our own observations of 
FTLD cases with expansions in C9ORF72 determined by 
both Southern blot and the presence of p62/DPR pathology 
[52], but not showing this on previously validated repeat 
primed PCR [53], would imply an alternative sequence, 
and suggest that the present screening PCR methodology 
may not detect all cases with expansions. There may, there-
fore, be (possibly many) other cases that also bear (such 
variant) expansions in C9ORF72, and these could account 
for a substantial proportion of the remaining genetic vari-
ability within FTLD and ALS.

Thus at present, we are like the blind men describing the 
elephant as a whole from the various parts they can individ-
ually feel. We have an idea what it looks like, but not what 
it does, nor what happens when it goes wrong. We have 
firmly grabbed this particular tiger by the tail, but what lies 
at the head end, and how sharp its teeth and claws might 
be, remains a mystery. We presently have some clues, but 
there are many more questions to be answered before we 
know whether this particular beast actually roars or just 
plain whimpers.

References

 1. Al-Sarraj S, King A, Troakes C, Smith B, Maekawa S, Bodi I, 
Rogelj B, Al-Chalabi A, Hortobagyi T, Shaw CE (2011) p62 
positive, TDP-43 negative, neuronal cytoplasmic and intranuclear 
inclusions in the cerebellum and hippocampus define the pathol-
ogy of C9orf72-linked FTLD and MND/ALS. Acta Neuropathol 
122:691–702

 2. Arai T, Mackenzie IR, Hasegawa M, Nonoka T, Niizato K, 
Tsuchiya K, Iritani S, Onaya M, Akiyama H (2009) Phospho-
rylated TDP-43 in Alzheimer’s disease and dementia with Lewy 
bodies. Acta Neuropathol 117:125–136

 3. 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 (2013) 
Unconventional translation of C9ORF72 GGGGCC expansion 
generates insoluble polypeptides specific to c9FTD/ALS. Neuron 
77:639–646

 4. Baker M, Mackenzie IRA, Pickering-Brown SM, Gass J, Rade-
makers R, Lindholm C, Snowden J, Adamson J, Sadovnick AD, 
Rollinson S, Cannon A, Dwosh E, Neary D, Melquist S, Rich-
ardson A, Dickson D, Eriksen J, Robinson T, Zehr C, Dickey CA, 
Crook R, McGowan E, Mann D, Boeve B, Feldman H, Hutton M 
(2006) Mutations in progranulin cause tau-negative frontotempo-
ral dementia linked to chromosome 17. Nature 442:916–919

 5. Banfi S, Servadio A, Chung MY, Kwiatkowski TJ, McCall AE, 
Durvick LA, Shen Y, Roth EJ, Orr HT, Zoghbi HY (1994) Identi-
fication and characterization of the gene causing type 1 spinocer-
ebellar ataxia. Nat Genet 7:513–520

 6. Beck J, Poulter M, Hensman D, Rohrer JD, Mahoney CJ, 
Adamson G, Campbell T, Uphill J, Borg A, Fratta P, Orrell RW, 
Malaspina A, Rowe J, Brown J, Hodges J, Sidle K, Polke JM, 
Houlden H, Schott JM, Fox NC, Rossor MN, Tabrizi SJ, Isaacs 
AM, Hardy J, Warren JD, Collinge J, Mead S (2013) Large 
C9orf72 hexanucleotide repeat expansions are seen in multi-
ple neurodegenerative syndromes and are more frequent than 
expected in the UK population. Am J Hum Genet 92:345–353



315Acta Neuropathol (2014) 127:311–318 

1 3

 7. Belzil VV, Bauer PO, Prudencio M, Gendron TF, Stetler CT, Yan 
IK, Pregent L, Daughrity L, Baker MC, Rademakers R, Boylan 
K, Patel TC, Dickson DW, Petrucelli L (2013) Reduced C9orf72 
gene expression in c9FTD/ALS is caused by histone trimethyla-
tion, an epigenetic event detectable in blood. Acta Neuropathol 
126:895–906

 8. Bieniek KF, Murray ME, Rutherford N, Castanedes-Casey M, 
DeJesus-Hernandez M, Liesinger A, Baker M, Boylan KB, Rade-
makers R, Dickson D (2012) Tau pathology in frontotemporal 
lobar degeneration with C9ORF72 hexanucleotide repeat expan-
sion. Acta Neuropathol 125:289–302

 9. Boxer AL, Mackenzie IR, Boeve BF, Baker M, Seeley WW, 
Crook R, Feldman H, Hsiung GY, Rutherford N, Laluz V, Whit-
well J, Fote D, McDade E, Molano J, Karydas A, Wojtas A, Gold-
man J, Mirsky J, Sengdy P, DeArmond S, Miller BL, Rademakers 
R (2011) Clinical, neuroimaging and neuropathological features 
of a new chromosome 9p-linked FTD-ALS family. J Neurol Neu-
rosurg Psychiatry 82:196–203

 10. Buchman VL, Cooper-Knock J, Connor-Robson N, Higginbot-
tom A, Kirby J, Razinskaya OD, Ninkina N, Shaw PJ (2013) 
Simultaneous and independent detection of C9ORF72 alleles 
with low and high number of GGGGCC repeats using an opti-
mised protocol of Southern blot hybridisation. Mol Neurodegener 
8:12. doi:10.1186/1750-1326-8-12

 11. Byrne S, Heverin M, Elamin M, Walsh C, Hardiman O (2013) 
Intermediate repeat expansion length in C9orf72 may be patho-
logical in amyotrophic lateral sclerosis. Amyotroph Lateral Scler 
Frontotemporal Degener. doi:10.3109/21678421.2013.838586

 12. Cacace R, Van Cauwenberghe C, Bettens K, Gijselinck I, van der 
Zee J, Engelborghs S, Vandenbulcke M, Van Dongen J, Baumer 
V, Dillen L, Mattheijssens M, Peeters K, Cruts M, Vandenberghe 
R, De Deyn PP, Van Broeckhoven C, Sleegers K (2013) C9orf72 
G4C2 repeat expansions in Alzheimer’s disease and mild cogni-
tive impairment. Neurobiol Aging 34(1712):e1711–e1717

 13. Cooper-Knock J, Hewitt C, Highley JR, Brockington A, Milano 
A, Man S, Martindale J, Hartley J, Walsh T, Gelsthorpe C, Baxter 
L, Forster G, Fox M, Bury J, Mok K, McDermott CJ, Traynor BJ, 
Kirby J, Wharton SB, Ince PG, Hardy J, Shaw PJ (2012) Clinico-
pathological features in amyotrophic lateral sclerosis with expan-
sions in C9ORF72. Brain 135:751–764

 14. Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H, 
Pirici D, Rademakers R, Vandenberghe R, Dermaut B, Martin JJ, 
van Duijn C, Peeters K, Sciot R, Santens P, De Pooter T, Mat-
theijssens M, Van den Broeck M, Cuijt I, Vennekens K, De Deyn 
PP, Kumar-Singh S, Van Broeckhoven C (2006) Null mutations 
in progranulin cause ubiquitin-positive frontotemporal dementia 
linked to chromosome 17q21. Nature 442:920–924

 15. Davidson YS, Robinson AC, Snowden JS, Mann DM (2013) 
Pathological assessments for the presence of hexanucleotide 
repeat expansions in C9ORF72 in Alzheimer’s disease. Acta Neu-
ropathol Commun 1:50

 16. DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, 
Baker M, Rutherford NJ, Nicholson AM, Finch NA, Flynn H, 
Adamson J, Kouri N, Wojtas A, Sengdy P, Hsiung GY, Kary-
das A, Seeley WW, Josephs KA, Coppola G, Geschwind DH, 
Wszolek ZK, Feldman H, Knopman DS, Petersen RC, Miller 
BL, Dickson DW, Boylan KB, Graff-Radford NR, Rademakers 
R (2011) Expanded GGGGCC hexanucleotide repeat in noncod-
ing region of C9ORF72 causes chromosome 9p-linked FTD and 
ALS. Neuron 72:245–256

 17. Dols-Icardo O, Garcia-Redondo A, Rojas-Garcia R, Sanchez-
Valle R, Noguera A, Gomez-Tortosa E, Pastor P, Hernandez 
I, Esteban-Perez J, Suarez-Calvet M, Anton-Aguirre S, Amer 
G, Ortega-Cubero S, Blesa R, Fortea J, Alcolea D, Capdevila 
A, Antonell A, Lladó A, Muñoz-Blanco JL, Mora JS, Galán-
Dávila L, Rodríguez De Rivera FJ, Lleó A, Clarimón J (2013) 

Characterization of the repeat expansion size in C9orf72 in 
amyotrophic lateral sclerosis and frontotemporal dementia. Hum 
Mol Genet. doi:10.1093/hmg/ddt460

 18. Donnelly CJ, Zhang PW, Pham JT, Heusler AR, Mistry NA, Vid-
ensky S, Daley EL, Poth EM, Hoover B, Fines DM, Maragakis 
N, Tienari PJ, Petrucelli L, Traynor BJ, Wang J, Rigo F, Bennett 
CF, Blackshaw S, Sattler R, Rothstein JD (2013) RNA TOXIC-
ITY FROM the ALS/FTD C9ORF72 expansion is mitigated by 
antisense intervention. Neuron 80:415–428

 19. Ferrari R, Mok K, Moreno JH, Cosentino S, Goldman J, Pietrini 
P, Mayeux R, Tierney MC, Kapogiannis D, Jicha GA, Murrell 
JR, Ghetti B, Wassermann EM, Grafman J, Hardy J, Huey ED, 
Momeni P (2012) Screening for C9ORF72 repeat expansion in 
FTLD. Neurobiol Aging 33:1850, e1851–e1811

 20. Fratta P, Poulter M, Lashley T, Rohrer JD, Polke JM, Beck J, 
Ryan N, Hensman D, Mizielinska S, Waite AJ, Lai MC, Gend-
ron TF, Petrucelli L, Fisher EM, Revesz T, Warren JD, Collinge 
J, Isaacs AM, Mead S (2013) Homozygosity for the C9orf72 
GGGGCC repeat expansion in frontotemporal dementia. Acta 
Neuropathol 126:401–409

 21. Gendron TF, Bieniek KF, Zhang YJ, Jansen-West K, Ash PE, 
Caulfield T, Daughrity L, Dunmore JH, Castanedes-Casey M, 
Chew J, Cosio DM, van Blitterswijk M, Lee WC, Rademakers 
R, Boylan KB, Dickson DW, Petrucelli L (2013) Antisense tran-
scripts of the expanded C9ORF72 hexanucleotide repeat form 
nuclear RNA foci and undergo repeat-associated non-ATG trans-
lation in c9FTD/ALS. Acta Neuropathol 126:829–844

 22. Gijselinck I, Van Langenhove T, van der Zee J, Sleegers K, 
Philtjens S, Kleinberger G, Janssens J, Bettens K, Van Cauwen-
berghe C, Pereson S, Engelborghs S, Sieben A, De Jonghe P, 
Vandenberghe R, Santens P, De Bleecker J, Maes G, Baumer V, 
Dillen L, Joris G, Cuijt I, Corsmit E, Elinck E, Van Dongen J, 
Vermeulen S, Van den Broeck M, Vaerenberg C, Mattheijssens 
M, Peeters K, Robberecht W, Cras P, Martin JJ, De Deyn PP, 
Cruts M, Van Broeckhoven C (2012) A C9orf72 promoter repeat 
expansion in a Flanders-Belgian cohort with disorders of the 
frontotemporal lobar degeneration-amyotrophic lateral sclerosis 
spectrum: a gene identification study. Lancet Neurol 11:54–65

 23. Glenner GG, Wong CW (1984) Alzheimer’s disease: initial report 
of the purification and characterization of a novel cerebrovascular 
amyloid protein. Biochem Biophys Res Commun 120:885–890

 24. Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, 
Fidani L, Gioffra L, Haynes A, Irving N, James L, Mant R, New-
ton P, Rooke K, Roques P, Talbot C, Pericak-Vance M, Roses AD, 
Williamson R, Rossor M, Owen M, Hardy JA (1991) Segrega-
tion of a missense mutation in the amyloid precursor protein gene 
with familial Alzheimer’s disease. Nature 349:704–706

 25. Gomez-Tortosa E, Gallego J, Guerrero-Lopez R, Marcos A, Gil-
Neciga E, Sainz MJ, Diaz A, Franco-Macias E, Trujillo-Tiebas 
MJ, Ayuso C, Perez-Perez J (2013) C9ORF72 hexanucleotide 
expansions of 20-22 repeats are associated with frontotemporal 
deterioration. Neurology 80:366–370

 26. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, 
Majounie E, Cruchaga C, Sassi C, Kauwe JSK, Lupton MK, 
Ryten M, Brown K, The EADI Consortium, The GERAD Con-
sortium, The UKBE Consortium, Lowe J, Ridge PG, Hammer 
MB, Wakutani Y, Hazrati L, Proitsi P, Newhouse S, Lohmann E, 
Erginel-Unaltuna N, Medway C, Hanagasi H, Troakes C, Gurvit 
H, Bilgic B, Al-Sarraj S, Benitez B, Cooper B, Carrell D, Emre 
M, Zou F, Ma L, Murray ME, Dickson DW, Younkin S, Petersen 
RC, Corcoran CD, Cai Y, Oliveira C, Ribeiro MH, Santana I, 
Tschanz JT, Gibbs JR, Norton MC, Kloszewska I, Mecocci P, 
Soininen H, Tsolaki M, Vellas B, Munger RG, Mann DMA, Pick-
ering-Brown S, Lovestone S, Beck J, Mead S, Collinge J, Parsons 
L, Pocock J, Morris JC, Revesz T, Lashley T, Fox NC, Rossor 
MN, Grenier-Boley B, Bellenguez C, Moskvina V, Si R, Harold 

http://dx.doi.org/10.1186/1750-1326-8-12
http://dx.doi.org/10.3109/21678421.2013.838586
http://dx.doi.org/10.1093/hmg/ddt460


316 Acta Neuropathol (2014) 127:311–318

1 3

D, Williams J, Lambert J-C, Amouyel P, Graff-Radford N, Goate 
A, Rademakers R, Morgan K, Powell J, St George-Hyslop P, Sin-
gleton A, Hardy J (2012) TREM2 variants predispose to Alzhei-
mer’s Disease. New Engl J Med 368:117–127

 27. Gusella JF, Wexler NS, Conneally PM, Naylor SL, Anderson 
MA, Tanzi RE, Watkins PC, Ottina K, Wallace MR, Sakaguchi 
AY et al (1983) A polymorphic DNA marker genetically linked to 
Huntington’s disease. Nature 306:234–238

 28. Hardy J, Allsop D (1991) Amyloid deposition as the central event 
in the aetiology of Alzheimer’s disease. Trends Pharmacol Sci 
12:383–388

 29. Harms M, Benitez BA, Cairns N, Cooper B, Cooper P, Mayo 
K, Carrell D, Faber K, Williamson J, Bird T, Diaz-Arrastia R, 
Foroud TM, Boeve BF, Graff-Radford NR, Mayeux R, Chakrav-
erty S, Goate AM, Cruchaga C, NIA-LOAD/NCRAD Family 
Study Consortium (2013) C9orf72 hexanucleotide repeat expan-
sions in clinical Alzheimer disease. JAMA Neurol 70:736–741

 30. Hudson AJ (1981) Amyotrophic lateral sclerosis and its associa-
tion with dementia, parkinsonism and other neurological disor-
ders: a review. Brain 104:217–247

 31. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden 
M, Pickering-Brown SM, Chakraverty S, Isaacs A, Grover A, 
Hackett J, Adamson J, Lincoln S, Dickson D, Davies P, Petersen 
RC, Stevens M, de Graaf E, Wauters E, van Baren J, Hillebrand 
M, Joosse M, Kwon JM, Nowotny P, Che LK, Norton J, Mor-
ris JC, Reed LA, Trojanowski JQ, Basun H, Lannfelt L, Neystat 
M, Fahn S, Dark F, Tannenberg T, Dodd P, Hayward N, Kwok 
JBJ, Schofield PR, Andreadis A, Snowden J, Craufurd D, Neary 
D, Owen F, Oostra BA, Hardy J, Goate A, van Swieten J, Mann 
DM, Lynch T, Heutink P (1998) Coding and splice donor site 
mutations in tau cause autosomal dominant dementia (FTDP-17). 
Nature 393:702–705

 32. Jones AR, Woollacott I, Shatunov A, Cooper-Knock J, Buch-
man V, Sproviero W, Smith B, Scott KM, Balendra R, Abel O, 
McGuffin P, Ellis CM, Shaw PJ, Morrison KE, Farmer A, Lewis 
CM, Leigh PN, Shaw CE, Powell JF, Al-Chalabi A (2013) Resid-
ual association at C9orf72 suggests an alternative amyotrophic 
lateral sclerosis-causing hexanucleotide repeat. Neurobiol Aging 
34:2234, e2231–e2237

 33. Josephs KA, Whitwell JL, Murray ME, Parisi JE, Graff-Rad-
ford NR, Knopman DS, Boeve BF, Senjem ML, Rademakers 
R, Jack CR Jr, Petersen RC, Dickson DW (2013) Corticospinal 
tract degeneration associated with TDP-43 type C pathology and 
semantic dementia. Brain 136:455–470

 34. King A, Al-Sarraj S, Troakes C, Smith BN, Maekawa S, Iovino 
M, Spillantini MG, Shaw C (2012) Mixed tau, TDP-43 and p62 
pathology in FTLD associated with a C9ORF72 repeat expan-
sion and p.Ala239Thr MAPT (tau) variant. Acta Neuropathol 
125:303–310

 35. Kohli MA, John-Williams K, Rajbhandary R, Naj A, Whitehead 
P, Hamilton K, Carney RM, Wright C, Crocco E, Gwirtzman HE, 
Lang R, Beecham G, Martin ER, Gilbert J, Benatar M, Small 
GW, Mash D, Byrd G, Haines JL, Pericak-Vance MA, Züchner 
S (2013) Repeat expansions in the C9ORF72 gene contribute to 
Alzheimer’s disease in Caucasians. Neurobiol Aging 34:1519, 
e1515–e1512

 36. Koide R, Ikeuchi T, Onodera O, Tanaka H, Igarashi S, Endo 
K, Takahashi H, Kondo R, Ishikawa A, Hayashi T et al (1994) 
Unstable expansion of CAG repeat in hereditary dentatorubral-
pallidoluysian atrophy (DRPLA). Nat Genet 6:9–13

 37. Lashley T, Rohrer JD, Mahoney C, Gordon E, Beck J, Mead S, 
Warren J, Rossor M, Revesz T (2013) A pathogenic progranulin 
mutation and C9orf72 repeat expansion in a family with fronto-
temporal dementia. Neuropathol Appl Neurobiol. doi:10.1111/
nan.12100

 38. Lee YB, Chen HJ, Peres JN, Gomez-Deza J, Attig J, Stale-
kar M, Troakes C, Nishimura AL, Scotter EL, Vance C, 
Adachi Y, Sardone V, Miller JW, Smith BN, Gallo JM, Ule J, 
Hirth F, Rogelj B, Houart C, Shaw CE (2013) Hexanucleo-
tide repeats in ALS/FTD form length-dependent RNA foci, 
sequester RNA binding Proteins, and are neurotoxic. Cell Rep. 
doi:10.1016/j.celrep.2013.10.049

 39. Mackenzie IR, Arzberger T, Kremmer E, Troost D, Lorenzl S, 
Mori K, Weng SM, Haass C, Kretzschmar HA, Edbauer D, Neu-
mann M (2013) Dipeptide repeat protein pathology in C9ORF72 
mutation cases: clinico-pathological correlations. Acta Neuro-
pathol 126:859–879

 40. Mann DM, Rollinson S, Robinson A, Bennion Callister J, 
Thompson JC, Snowden JS, Gendron T, Petrucelli L, Masuda-
Suzukake M, Hasegawa M, Davidson Y, Pickering-Brown S 
(2013) Dipeptide repeat proteins are present in the p62 positive 
inclusions in patients with frontotemporal lobar degeneration and 
motor neurone disease associated with expansions in C9ORF72. 
Acta Neuropathol Commun 1:68

 41. Mann DMA, Younis N, Jones D, Stoddart RW (1992) The time 
course of pathological events concerned with plaque formation in 
Down’s syndrome with particular reference to the involvement of 
microglial cells. Neurodegeneration 1:201–215

 42. Miller JW, Urbinati CR, Teng-Umnuay P, Stenberg MG, Byrne 
BJ, Thornton CA, Swanson MS (2000) Recruitment of human 
muscleblind proteins to (CUG) (n) expansions associated with 
myotonic dystrophy. EMBO J 19:4439–4448

 43. Mizielinska S, Lashley T, Norona FE, Clayton EL, Ridler CE, 
Fratta P, Isaacs AM (2013) C9orf72 frontotemporal lobar degen-
eration is characterised by frequent neuronal sense and antisense 
RNA foci. Acta Neuropathol 126:845–858

 44. Mok K, Traynor BJ, Schymick J, Tienari PJ, Laaksovirta H, 
Peuralinna T, Myllykangas L, Chio A, Shatunov A, Boeve BF, 
Boxer AL, DeJesus-Hernandez M, Mackenzie IR, Waite A, Wil-
liams N, Morris HR, Simón-Sánchez J, van Swieten JC, Heutink 
P, Restagno G, Mora G, Morrison KE, Shaw PJ, Rollinson PS, 
Al-Chalabi A, Rademakers R, Pickering-Brown S, Orrell RW, 
Nalls MA, Hardy J (2012) Chromosome 9 ALS and FTD locus is 
probably derived from a single founder. Neurobiol Aging 33:209, 
e203–e208

 45. Mori K, Arzberger T, Grasser FA, Gijselinck I, May S, Rentzsch 
K, Weng SM, Schludi MH, van der Zee J, Cruts M, Van Broe-
ckhoven C, Kremmer E, Kretzschmar HA, Haass C, Edbauer D 
(2013) Bidirectional transcripts of the expanded C9orf72 hexa-
nucleotide repeat are translated into aggregating dipeptide repeat 
proteins. Acta Neuropathol 126:881–894

 46. Mori K, Lammich S, Mackenzie IR, Forne I, Zilow S, Kretzsch-
mar H, Edbauer D, Janssens J, Kleinberger G, Cruts M, Herms J, 
Neumann M, Van Broeckhoven C, Arzberger T, Haass C (2013) 
hnRNP A3 binds to GGGGCC repeats and is a constituent of 
p62-positive/TDP43-negative inclusions in the hippocampus of 
patients with C9orf72 mutations. Acta Neuropathol 125:413–423

 47. Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Krem-
mer E, Schmid B, Kretzschmar HA, Cruts M, Van Broeck-
hoven C, Haass C, Edbauer D (2013) The C9orf72 GGGGCC 
repeat is translated into aggregating dipeptide-repeat proteins in 
FTLD/ALS. Science 339:1335–1338

 48. Morita M, Al-Chalabi A, Andersen PM, Hosler B, Sapp P, 
Englund E, Mitchell JE, Habgood JJ, de Belleroche J, Xi J, Jong-
jaroenprasert W, Horvitz HR, Gunnarsson LG, Brown RH Jr 
(2006) A locus on chromosome 9p confers susceptibility to ALS 
and frontotemporal dementia. Neurology 66:839–844

 49. Moseley ML, Zu T, Ikeda Y, Gao W, Mosemiller AK, Daughters 
RS, Chen G, Weatherspoon MR, Clark HB, Ebner TJ, Day JW, 
Ranum LP (2006) Bidirectional expression of CUG and CAG 

http://dx.doi.org/10.1111/nan.12100
http://dx.doi.org/10.1111/nan.12100
http://dx.doi.org/10.1016/j.celrep.2013.10.049


317Acta Neuropathol (2014) 127:311–318 

1 3

expansion transcripts and intranuclear polyglutamine inclusions 
in spinocerebellar ataxia type 8. Nat Genet 38:758–769

 50. Murray ME, DeJesus-Hernandez M, Rutherford NJ, Baker M, 
Duara R, Graff-Radford NR, Wszolek ZK, Ferman TJ, Josephs 
KA, Boylan KB, Rademakers R, Dickson DW (2011) Clinical 
and neuropathologic heterogeneity of c9FTD/ALS associated 
with hexanucleotide repeat expansion in C9ORF72. Acta Neuro-
pathol 122:673–690

 51. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micse-
nyi MC, Chou TT, Bruce J, Schuk T, Grossman M, Clark CM, 
McCluskey LF, Miller BL, Masliah E, Mackenzie IR, Feldman 
H, Feiden W, Kretzschmar H, Trojanowski JQ, Lee VM-Y (2006) 
Ubiquitinated TDP-43 in frontotemporal lobar degeneration and 
amyotrophic lateral sclerosis. Science 314:130–133

 52. Pickering-Brown S, Rollinson S, Snowden S, Gerhard A, Neary 
D, Mann D (2012) FTLD repeat expansions in C9ORF72: evi-
dence for variability in the repeat sequence. Alzheimers Dement 
8:93

 53. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollin-
son S, Gibbs JR, Schymick JC, Laaksovirta H, van Swieten JC, 
Myllykangas L, Kalimo H, Paetau A, Abramzon Y, Remes AM, 
Kaganovich A, Scholz SW, Duckworth J, Ding J, Harmer DW, 
Hernandez DG, Johnson JO, Mok K, Ryten M, Trabzuni D, 
Guerreiro RJ, Orrell RW, Neal J, Murray A, Pearson J, Jansen IE, 
Sondervan D, Seelaar H, Blake D, Young K, Halliwell N, Cal-
lister JB, Toulson G, Richardson A, Gerhard A, Snowden J, Mann 
D, Neary D, Nalls MA, Peuralinna T, Jansson L, Isoviita VM, 
Kaivorinne AL, Holtta-Vuori M, Ikonen E, Sulkava R, Bena-
tar M, Wuu J, Chio A, Restagno G, Borghero G, Sabatelli M, 
Heckerman D, Rogaeva E, Zinman L, Rothstein JD, Sendtner M, 
Drepper C, Eichler EE, Alkan C, Abdullaev Z, Pack SD, Dutra A, 
Pak E, Hardy J, Singleton A, Williams NM, Heutink P, Pickering-
Brown S, Morris HR, Tienari PJ, Traynor BJ (2011) A hexanucle-
otide repeat expansion in C9ORF72 is the cause of chromosome 
9p21-linked ALS-FTD. Neuron 72:257–268

 54. Rogaev EI, Sherrington R, Rogaeva EA, Levesque G, Ikeda M, 
Liang Y, Chi H, Lin C, Holman K, Tsuda T et al (1995) Famil-
ial Alzheimer’s disease in kindreds with missense mutations in a 
gene on chromosome 1 related to the Alzheimer’s disease type 3 
gene. Nature 376:775–778

 55. Shatunov A, Mok K, Newhouse S, Weale ME, Smith B, Vance C, 
Johnson L, Veldink JH, van Es MA, van den Berg LH, Robbere-
cht W, Van Damme P, Hardiman O, Farmer AE, Lewis CM, But-
ler AW, Abel O, Andersen PM, Fogh I, Silani V, Chiò A, Traynor 
BJ, Melki J, Meininger V, Landers JE, McGuffin P, Glass JD, Pall 
H, Leigh PN, Hardy J (2010) Chromosome 9 p21 in sporadic 
amyotrophic lateral sclerosis in the UK and seven other coun-
tries: a genome-wide association study. Lancet Neurol 9:986–994

 56. Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, 
Ikeda M, Chi H, Lin C, Li G, Holman K, Tsuda T, Mar L, Foncin 
JF, Bruni AC, Montesi MP, Sorbi S, Rainero I, Pinessi L, Nee 
L, Chumakov I, Pollen D, Brookes A, Sanseau P, Polinsky RJ, 
Wasco W, Da Silva HA, Haines JL, Perkicak-Vance MA, Tanzi 
RE, Roses AD, Fraser PE, Rommens JM, St George-Hyslop PH 
(1995) Cloning of a gene bearing missense mutations in early-
onset familial Alzheimer’s disease. Nature 375:754–760

 57. Sidransky E, Lopez G (2012) The link between the GBA gene 
and parkinsonism. Lancet Neurol 11:986–998

 58. Snowden JS, Rollinson S, Thompson JC, Harris JM, Stopford 
CL, Richardson AM, Jones M, Gerhard A, Davidson YS, Robin-
son A, Gibbons L, Hu Q, DuPlessis D, Neary D, Mann DM, Pick-
ering-Brown SM (2012) Distinct clinical and pathological char-
acteristics of frontotemporal dementia associated with C9ORF72 
mutations. Brain 135:693–708

 59. Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert 
M (1998) α-Synuclein in filamentous inclusions of Lewy bodies 

from Parkinson’s disease and dementia with Lewy bodies. Proc 
Natl Acad Sci USA 95:6469–6473

 60. The Huntington’s Disease Collaborative Research Group (1993) 
A novel gene containing a trinucleotide repeat that is expanded 
and unstable on Huntington’s disease chromosomes. Cell 
72:971–983

 61. van Blitterswijk M, van Es MA, Hennekam EA, Dooijes D, van 
Rheenen W, Medic J, Bourque PR, Schelhaas HJ, van der Kooi 
AJ, de Visser M, de Bakker PI, Veldink JH, van den Berg LH 
(2012) Evidence for an oligogenic basis of amyotrophic lateral 
sclerosis. Hum Mol Genet 21:3776–3784

 62. van Blitterswijk M, DeJesus-Hernandez M, Niemantsverdriet E, 
Murray ME, Heckman MG, Diehl NN, Brown PH, Baker MC, 
Finch NA, Bauer PO, Serrano G, Beach TG, Josephs KA, Knop-
man DS, Petersen RC, Boeve BF, Graff-Radford NR, Boylan KB, 
Petrucelli L, Dickson DW, Rademakers R (2013) Association 
between repeat sizes and clinical and pathological characteris-
tics in carriers of C9ORF72 repeat expansions (Xpansize-72): a 
cross-sectional cohort study. Lancet Neurol 12:978–988

 63. van Blitterswijk M, Baker M, DeJesus-Hernandez M, Ghidoni 
R, Benussi L, Finger E, Hsiung G-YR, Kelley BJ, Murray ME, 
Rutherford NJ, Brown PE, Ravenscroft T, Mullen B, Ash PEA, 
Bienik KF, Hatanpaa KJ, McCarty Wood E, Coppola G, Bigio 
EH, Lippa C, Strong MJ, Beach TG, Knopman DS, Huey ED, 
Mesulam M, Bird T, White CL III, Kertesz A, Geschwind DH, 
Van Deerlin VM, Petersen RC, Binetti G (2013) C9ORF72 repeat 
expansions in cases with previously identified pathogenic muta-
tions. Neurology 81:1–10

 64. Vance C, Rogelj B, Hortobagyi T, De Vos KJ, Nishimura AL, 
Sreedharan J, Hu X, Smith B, Ruddy D, Wright P, Ganesalingam 
J, Williams KL, Tripathi V, Al-Saraj S, Al-Chalabi A, Leigh PN, 
Blair IP, Nicholson G, de Belleroche J, Gallo JM, Miller CC, 
Shaw CE (2009) Mutations in FUS, an RNA processing pro-
tein, cause familial amyotrophic lateral sclerosis type 6. Science 
323:1208–1211

 65. Van Deerlin VM, Sleiman PM, Martinez-Lage M, Chen-Plotkin 
A, Wang LS, Graff-Radford NR, Dickson DW, Rademakers R, 
Boeve BF, Grossman M, Arnold SE, Mann DM, Pickering-Brown 
SM, Seelaar H, Heutink P, van Swieten JC, Murrell JR, Ghetti B, 
Spina S, Grafman J, Hodges J, Spillantini MG, Gilman S, Lieber-
man AP, Kaye JA, Woltjer RL, Bigio EH, Mesulam M, Al-Sarraj 
S, Troakes C, Rosenberg RN, White CL 3rd, Ferrer I, Lladó A, 
Neumann M, Kretzschmar HA, Hulette CM, Welsh-Bohmer KA, 
Miller BL, Alzualde A, Lopez de Munain A, McKee AC, Gear-
ing M, Levey AI, Lah JJ, Hardy J, Rohrer JD, Lashley T, Mac-
kenzie IR, Feldman HH, Hamilton RL, Dekosky ST, van der Zee 
J, Kumar-Singh S, Van Broeckhoven C, Mayeux R, Vonsattel JP, 
Troncoso JC, Kril JJ, Kwok JB, Halliday GM, Bird TD, Ince PG, 
Shaw PJ, Cairns NJ, Morris JC, McLean CA, DeCarli C, Ellis 
WG, Freeman SH, Frosch MP, Growdon JH, Perl DP, Sano M, 
Bennett DA, Schneider JA, Beach TG, Reiman EM, Woodruff 
BK, Cummings J, Vinters HV, Miller CA, Chui HC, Alafuzoff I, 
Hartikainen P, Seilhean D, Galasko D, Masliah E, Cotman CW, 
Tuñón MT, Martínez MC, Munoz DG, Carroll SL, Marson D, 
Riederer PF, Bogdanovic N, Schellenberg GD, Hakonarson H, 
Trojanowski JQ, Lee VM (2010) Common variants at 7 p21 are 
associated with frontotemporal lobar degeneration with TDP-43 
inclusions. Nat Genet 42:234–239

 66. Wojciechowska M, Krzyzosiak WJ (2011) Cellular toxicity of 
expanded RNA repeats: focus on RNA foci. Hum Mol Genet 
20:3811–3821

 67. Xu Z, Poidevin M, Li X, Li Y, Shu L, Nelson DL, Li H, Hales 
CM, Gearing M, Wingo TS, Jin P (2013) Expanded GGGGCC 
repeat RNA associated with amyotrophic lateral sclerosis and 
frontotemporal dementia causes neurodegeneration. Proc Natl 
Acad Sci USA 110:7778–7783



318 Acta Neuropathol (2014) 127:311–318

1 3

 68. Zu T, Gibbens B, Doty NS, Gomes-Pereira M, Huguet A, Stone 
MD, Margolis J, Peterson M, Markowski TW, Ingram MA, Nan 
Z, Forster C, Low WC, Schoser B, Somia NV, Clark HB, Sch-
mechel S, Bitterman PB, Gourdon G, Swanson MS, Moseley 
M, Ranum LP (2011) Non-ATG-initiated translation directed by 
microsatellite expansions. Proc Natl Acad Sci USA 108:260–265

 69. Zu T, Liu Y, Banez-Coronel M, Reid T, Pletnikova O, Lewis J, 
Miller TM, Harms MB, Falchook AE, Subramony SH, Ostrow 
LW, Rothstein JD, Troncoso JC, Ranum LP (2013) RAN proteins 
and RNA foci from antisense transcripts in C9ORF72 ALS and 
frontotemporal dementia. Proc Natl Acad Sci USA. doi:10.1073/
pnas.1315438110

http://dx.doi.org/10.1073/pnas.1315438110
http://dx.doi.org/10.1073/pnas.1315438110

	C9ORF72: grabbing a tiger by the tail
	References


