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Abstract
What are the most important and treatable pathogenic mechanisms in C9orf72-FTD/ALS? Model-based efforts to address 
this question are forging ahead at a blistering pace, often with conflicting results. But what does the human neuropatho-
logical literature reveal? Here, we provide a critical review of the human studies to date, seeking to highlight key gaps or 
uncertainties in our knowledge. First, we engage the C9orf72-specific mechanisms, including C9orf72 haploinsufficiency, 
repeat RNA foci, and dipeptide repeat protein inclusions. We then turn to some of the most prominent C9orf72-associated 
features, such as TDP-43 loss-of-function, TDP-43 aggregation, and nuclear transport defects. Finally, we review potential 
disease-modifying epigenetic and genetic factors and the natural history of the disease across the lifespan. Throughout, we 
emphasize the importance of anatomical precision when studying how candidate mechanisms relate to neuronal, regional, 
and behavioral findings. We further highlight methodological approaches that may help address lingering knowledge gaps 
and uncertainties, as well as other logical next steps for the field. We conclude that anatomically oriented human neuropatho-
logical studies have a critical role to play in guiding this fast-moving field toward effective new therapies.

Keywords  C9orf72 · Frontotemporal dementia (FTD) · Amyotrophic lateral sclerosis (ALS) · Dipeptide repeat proteins · 
RNA foci · TAR DNA binding protein of 43 kDa (TDP-43)

Introduction

A close kinship between frontotemporal dementia (FTD) 
and amyotrophic lateral sclerosis (ALS) has been evident 
for years based on the overlapping clinical and pathological 
features of the two disorders [62, 80, 98, 141]. In 2011, this 
relationship was deepened further still when a hexanucleo-
tide (GGG​GCC​) repeat expansion in C9orf72 was identified 
as the major genetic cause of FTD, ALS, and FTD–ALS 
[27, 115]. The discovery showed that, at least in C9orf72 
expansion carriers, FTD and ALS represent variable and 
often admixed manifestations of the same underlying dis-
ease process. This breakthrough and related downstream 

findings have raised a host of key questions. What are the 
targeted brain regions and cell types? What are the most 
damaging pathogenic mechanisms? In what sequence do 
these mechanisms unfold and how, if at all, do they interact 
with each other? What causes one patient to develop FTD 
and another ALS, even within the same family? What do 
brain regions and cell types targeted in FTD have in common 
with those targeted in ALS? Does this shared biology render 
these regions and cell types more vulnerable than others? 
Answers to these questions may prove critical in the race to 
treat, cure, or even prevent C9orf72-FTD/ALS.

In the general population, the intronic GGG​GCC​ expan-
sion can range from 2 to 30 repeats [6, 50, 85, 107, 118, 
153, 162], but in patients with C9orf72-FTD/ALS repeats 
typically number several hundred to thousands [5, 12, 27, 28, 
55, 57, 149]. Somatic instability can produce repeat length 
variability detectable in blood and across tissue types and 
brain regions [5, 12, 36, 104, 149, 156]. Several studies have 
sought correlations between repeat length, assessed in blood 
or brain, and clinical variables, such as syndrome, age at 
symptom onset, or disease duration, but to date no clear con-
sensus has emerged [5, 6, 29, 47, 104, 139, 149]. In contrast 
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to Huntington’s disease and other CAG repeat expansion 
disorders [reviewed in 138], in C9orf72-FTD/ALS anticipa-
tion is seen only in some families [111, 154].

Several candidate pathogenic mechanisms have emerged 
from careful study of C9orf72-FTD/ALS patient tissues. 
Expansion carriers show reduced C9orf72 mRNA [27] and 
protein expression [39, 156, 163], resulting in a potential 
haploinsufficiency state. The repeat mRNA that is tran-
scribed, in the sense or antisense direction, can form RNA 
foci within the neuronal nucleus or soma [22, 26, 30, 94]. 
Expansion-containing mRNA can also be translated, through 
repeat-associated non-ATG-dependent (RAN) mechanisms, 
into one of the five aggregation-prone dipeptide repeat pro-
teins (DPRs) [2, 96]. Finally, patients with C9orf72-FTD/
ALS develop pathological aggregation of TAR DNA-bind-
ing protein of 43 kDa (TDP-43), accompanied by loss of 
nuclear TDP-43 within inclusion-bearing neurons [7, 137].

With a wide array of mechanistic candidates identified, 
model-based experimentation has raced forward, outpacing 
the human tissue-based follow-up studies, and not surpris-
ingly. Modeling a genetic disease in yeast, flies, worms, 
zebrafish, or mice affords causal inference through experi-
mental manipulation and often proves more attractive and 
feasible for the typical postdoctoral fellow. Quantitative 
human pathological studies are labor-intensive and may 
require that patient materials be newly collected or gath-
ered and harmonized across centers and handling protocols. 
Additional challenges relate to inter-subject variability and 
tissue degradation, especially impactful for ultrastructural 
and transcriptomic studies. These barriers, however daunt-
ing, do not make the human neuropathology any less criti-
cal to the field. Models, despite their value, remain models, 
and we should view any model-generated hypothesis with 
caution unless the relevant human data exist and are at least 
consistent with the hypothesis. Ultimately, with the diversity 
of potential C9orf72-FTD/ALS mechanisms and pathways, 
the field will need a way to prioritize candidates for drug 
development. In our view, the most useful proof-of-concept 
will emerge through an iterative process in which human 
tissues undergo increasingly deep and sophisticated phe-
notyping, as modern techniques have begun to allow, and 
are compared with existing models or new ones generated 
in response to the human findings. This two-way interac-
tion may help the field determine which candidate mecha-
nisms still look promising after they have been scrutinized 
across complementary approaches that span multiple species 
and experimental platforms, including quantitative human 
neuropathology.

Here, we provide an overview of the human C9orf72-
FTD/ALS tissue studies to date, seeking to highlight 
the need for more comprehensive, well-controlled, and 

anatomically precise approaches to guide the whole field 
forward. We focus on the human pathological research 
because it is the literature we know best and because out-
standing reviews of the model-based literature have been 
provided by leaders in the field [4, 38, 45, 48, 53, 168]. We 
present the literature from a systems’ neuroanatomical point 
of view, thinking critically about the brain regions examined 
and their relationship to the clinical syndromes under study.

In discussing candidate pathogenic mechanisms, we find 
it useful to distinguish between “C9orf72-specific mecha-
nisms” (C9orf72 haploinsufficiency, RNA foci, DPRs) not 
observed in non-C9orf72 FTD/ALS and “C9orf72-asso-
ciated mechanisms,” which include all C9orf72-specific 
mechanisms but also those, such as TDP-43 aggregation 
and loss-of-function, nuclear transport defects, and others 
that also pertain to other forms of FTD/ALS.

Clinical and anatomical features 
of C9orf72‑FTD/ALS

C9orf72-FTD typically manifests as the behavioral variant 
(bvFTD), presenting with some combination of apathy, dis-
inhibition, compulsivity, overeating, loss of empathy, and 
executive dysfunction. Many patients also develop psychotic 
features [40, 133], such as delusions or hallucinations, but 
these features can also be seen in bvFTD without the expan-
sion. Rarely, patients with C9orf72-bvFTD develop atypical 
non-epileptic spells of unclear etiology [155]. Anatomically, 
sporadic and C9orf72-bvFTD are more similar than they are 
different, with most patients showing early, prominent atro-
phy in anterior insula, anterior cingulate, amygdala, and stri-
atum [108, 127], but C9orf72-bvFTD more conspicuously 
involves the medial pulvinar thalamus [72, 84, 131]. Mor-
phometric deficits in this structure, which emerge as early 
as the 3rd decade in presymptomatic expansion carriers [73, 
116], may produce targeted cortico-striato-thalamic network 
dysfunction [72]. Indeed, in some patients, the medial pulvi-
nar thalamus appears to be the primary structure affected 
[155]. Accentuated cerebellar atrophy has also been reported 
in C9orf72-FTD and -ALS, though less consistently [56, 
72, 84], and cerebellar Purkinje and granule cells showed 
no neuronal loss in one quantitative postmortem study of 
C9orf72-ALS [143]. As for FTD, for ALS patients with the 
C9orf72 expansion generally resemble those without, though 
C9orf72-ALS tends to have a shorter disease duration [148]. 
A higher frequency of bulbar onset has been reported in 
some studies [90] but not others [148]. Intriguingly, patients 
with C9orf72-ALS, like those with sporadic ALS and other 
familial forms, show primary motor cortex hyperexcitability 
in human electrophysiological studies [42].
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C9orf72‑specific mechanisms

C9orf72 haploinsufficiency

Haploinsufficiency of C9orf72 protein is one feature sure 
to be present from birth, yet it remains understudied, 
perhaps in part because we still lack a basic biological 
understanding of this protein and its functions. C9orf72 
is a DENN-domain containing protein that likely acts as 
a GTP–GDP exchange factor (GEF) for Rab GTPases. 
C9orf72 has been shown to interact with numerous Rab 
proteins, including Rab1, Rab3, Rab5, Rab7, and Rab11 
in human neuronal and neuroblastoma cell lines, mouse 
primary cortical neurons, and human spinal cord motor 
neurons [34, 39 reviewed in 164], and these interactions 
are proposed to regulate endosomal trafficking. Humans 
express two C9orf72 isoforms, a 222 amino acid short 
form (C9-S), encoded by exons 2–5, and a 481 amino acid 
long form (C9-L) encoded by exons 2–11. Researchers 
have begun to explore, using isoform-specific antibodies, 
whether C9-S and C9-L have differing cellular localiza-
tions or functional roles in healthy human neurons. Thus 
far, these studies suggest that C9-S may be localized along 
the nuclear membrane [163], but further studies are needed 
to confirm this finding given that more recent antibodies 
validated using C9orf72 knockout mice failed to detect 
C9-S protein in human brain [39, 119]. C9-L is expressed 
as neuronal cytoplasmic granules or puncta that often co-
localize with lysosomal markers [39, 163]. One of these 
studies [39] further showed that C9-L is enriched at pre-
synaptic terminals in humans. Collectively, the findings to 
date suggest a possible yet unconfirmed role for C9-S in 
nucleocytoplasmic transport and a more established role 
of C9-L in lysosomal function and synaptic vesicle traf-
ficking and/or release.

Zebrafish knockdown of the C9orf72 ortholog, 
zC9orf72, results in motor and behavioral deficits partly 
rescued by zC9orf72 overexpression [18]. C9orf72 knock-
out mice, in contrast, develop a pro-inflammatory/auto-
immune phenotype without neurodegeneration [105]. 
Not unlike the knockout mice, patients with C9orf72-
FTD/ALS and other TDP-43-related disorders show an 
increased prevalence of autoimmune disease [92, 93, 147]. 
Whether and how the immune phenotype relates to neuro-
degeneration remains unclear. Patients with C9orf72-FTD/
ALS show reduced C9orf72 transcript levels in lympho-
blasts [27, 156] and reductions in both mRNA and protein 
levels have been reported in brain [18, 27, 164]. Intrigu-
ingly, one study observed reduced C9orf72 transcript in 
both sporadic (neuropathological diagnoses not specified) 
and C9orf72-associated FTD/ALS [18]. On the other hand, 
a recent study showed no difference between C9orf72 

protein levels in frontal cortex (deemed disease-relevant) 
and occipital cortex (deemed non-relevant) [119]. Still 
other data showed increased C9-S but decreased C9-L 
in postmortem frontal and temporal cortices when com-
paring C9orf72-ALS to non-C9orf72-ALS. No C9-S or 
C9-L expression differences were observed between these 
groups in primary motor cortex or cerebellum, and no con-
trol subjects were included for comparison [163, 164]. A 
larger recent study using new and thoroughly characterized 
antibodies to C9-S and C9-L showed a 20% reduction of 
cerebellar C9-L levels in C9orf72-FTD/ALS (6 FTD, 6 
MND, and 5 FTD-MND) carriers compared to neurologi-
cal disease controls (5 FTD, 16 MND, and 6 FTD-MND) 
[39]. The studies to date have generally involved small 
samples and/or unevenly distributed clinical syndromes, as 
is often the case for pioneering work. In that light, the lack 
of consistency across studies is not surprising and suggests 
that larger, more comprehensive and anatomically guided 
studies may help resolve whether, where, and how specific 
C9orf72 protein isoforms are altered in disease.

Unique cases, deeply studied, can shed important light 
on controversies regarding disease pathogenesis. A recent 
case series from China screened C9orf72 for pathogenic 
sequence variants and identified one patient with seemingly 
sporadic ALS and some features of bvFTD [78]. The patient, 
who lacked a repeat expansion, carried a variant introduc-
ing a premature stop codon (p.I201fsX235). The patient’s 
leukocytes had reduced mutant C9orf72 mRNA transcript 
levels compared to the control sequence transcript, suggest-
ing nonsense-mediated decay of the truncated transcript. 
Unfortunately, no autopsy was performed, but the absence 
of a pathogenic expansion suggests that the neurodegenera-
tive syndrome could have been driven by reduced C9orf72 
function (or sporadic FTD/ALS in the presence of a coinci-
dental non-pathogenic C9orf72 variant). Additional similar 
patients, if described, would suggest an important role for 
C9orf72 haploinsufficiency, considering that these patients 
should lack other C9orf72-specific features like RNA foci 
and DPR inclusions. A recent report made a similar argu-
ment from a different point of view [89]. An asymptomatic 
90-year-old man harbored an intermediate C9orf72 repeat 
expansion in the blood but somatic mosaicism produced both 
small and large repeats in the body and brain. His two chil-
dren, who inherited large expansions, developed C9orf72-
ALS. At autopsy, the patient showed widespread RNA foci 
and DPR inclusions but normal C9orf72 mRNA and pro-
tein levels and no TDP-43 aggregation or neurodegenerative 
changes. The authors argued that the patient’s resilience may 
have reflected the lack of C9orf72 haploinsufficiency. Fur-
ther research into the normal biological roles of the C9orf72 
isoforms and how these proteins behave in patient tissues 
should help the field clarify what role, if any, C9orf72 hap-
loinsufficiency plays in human disease pathogenesis.
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Repeat RNA foci

RNA foci: regional, cellular, and subcellular distribution

Repeat-containing RNA foci were observed in patients 
with C9orf72-FTD/ALS at the time of initial gene dis-
covery [27]. These foci may contain RNA transcribed in 
the sense or antisense direction and can be seen through-
out the central nervous system [21, 30, 43, 74, 94, 175]. 
In most brain regions, neurons show a predominance of 

sense foci (Table 1). This pattern has proved consistent 
across the various frontal and other cortical regions stud-
ied, hippocampal dentate gyrus granule cells, and cerebel-
lar granule cells. In cerebellar Purkinje cells and spinal 
or bulbar lower motor neurons, however, antisense RNA 
foci appear more prevalent [21, 26]. Foci also emerge in 
glia, including astrocytes, oligodendrocytes, and micro-
glia, but at a lower frequency [94], as well as in peripheral 
blood leukocytes, in which predominantly sense foci are 
observed [175].

Table 1   Quantitative studies of neuronal RNA foci in C9orf72-FTD/ALS

aMCC anterior midcingulate cortex, AHC anterior horn cells of spinal cord, CA4 CA4 subfield of hippocampus, DG dentate gyrus of hippocam-
pus, GL granular layer of cerebellum, mPULV medial pulvinar thalamus, PN Purkinje neurons of Cerebellum, sACC​ subgenual anterior cingulate 
cortex
a Foci proportions are based on staining for sense or antisense foci only
b Foci proportions are based on staining for sense and antisense foci together
c Number of cases used varied from 4-6 per brain region
d 3 AD subjects were also included in the study

Study N per clinical syndrome FISH method Brain regions and other 
tissue

SF  
(% cells)

ASF  
(% cells)

SF + ASF  
(% cells)

FTD ALS FTD–ALS

DeJesus-Hernandez et al. [27] 2 – – SF/ASFa Frontal cortex 25 – –
Spinal cord AHC 25 – –

Mizielinska et al. [94] 7 – – SF/ASFa or  
SF + ASFb

Anterior frontal cortex 37a 26a 14b

Hippocampus-DG 25a 18a 7b

Cerebellum-GL 21a 9a 3b

Gendron et al. [43] – – 4 SF/ASFa Frontal cortex (layers 
1-3)

~10 ~8 –

Zu et al. [175]
3 unspecified

SF/ASFa Frontal cortex 19 9 –
Peripheral blood leu-

kocytes
29 7 –

Cooper-Knock et al. [22] – 3 – SF/ASFa Cerebellum-GL 39 – –
Spinal cord AHC 61 – –

Cooper-Knock et al. [21] 1 4–6c 1 SF/ASFa Cerebellum-PN 55 85 –
Cerebellum-GL 56 0.75 –
Spinal cord AHC 62 71 –
Hippocampus-DG 30 19 –
Hippocampus-CA4 60 43 –

Vatsavayai et al. [155] 2 – – SF + ASFb aMCC 30 19 13
sACC​ 39 9 12
Ventral striatum 33 12 31
Inferior temporal gyrus 33 17 11
Hippocampus-DG 35 13 6
Entorhinal cortex 30 18 10
Precentral gyrus 28 24 29
Postcentral gyrus 30 19 24
mPULV 24 15 42
Calcarine cortex 34 21 27

DeJesus-Hernandez et al. [26]d 26 18 16 SF/ASFa Middle frontal gyrus 32 16 –
Cerebellum-PN 70 74 –
Cerebellum-GL 23 1 –

Vatsavayai et al. (present data) – 1 3 SF/ASF/p62b Spinal cord AHC 29 73 23



5Acta Neuropathologica (2019) 137:1–26	

1 3

In neurons, RNA foci occupy the nucleoplasm or sit at 
the edge of the nuclear membrane or, less often, within 
the cytoplasm [22, 30, 94]. In addition, we and others 
have shown that some nuclear RNA foci, particularly 
antisense foci, adopt a “perinucleolar studding” pattern, 
lining up along the edges of the nucleolus [95, 155]. To 
further illustrate this phenomenon, here we extended our 
previous observations to four new cases (3 FTD-MND 
and 1 ALS) in whom we assessed RNA foci, using FISH, 
and p62 immunostaining in 8-20 spinal cord anterior horn 
cells per case (staining as previously described [155]). 
P62 was chosen to capture inclusions composed of any of 
the 5 DPR proteins or TDP-43. Manual counts performed 
on z-stacked confocal microscopic images confirmed that 
RNA foci are abundant in anterior horn cells, with anti-
sense foci occurring in 73% (Table 1; Fig. 1). Some neu-
rons with RNA foci also contained p62-positive cytoplas-
mic inclusions, likely representing TDP-43 aggregates 
given the scarcity of DPRs in the anterior horn. Nucleolar 
studding was particularly prominent in some lower motor 
neurons (Fig.  2c). In another C9orf72-FTD analysis, 

neurons with sense foci positioned at the nucleolar mar-
gin showed larger nucleoli than those with nuclear sense 
foci not lining the nucleolus [95]. Whether the number, 
type, or subcellular localization of RNA foci influences 
the integrity of individual neurons remains otherwise 
unstudied in human tissues.

RNA foci sequester RNA‑binding proteins

Using in vitro techniques, researchers have shown that 
C9orf72-associated GGG​GCC​ sense RNA forms hairpins 
and length-dependent G-quadruplex structures [35, 114]. 
CCC​CGG​ antisense RNA can also form secondary struc-
tures; these C-rich sequences can form i-motifs [67] and 
quadruplexes [169]. C9orf72-ALS patient-derived cell lines 
showed increased RNA G-quadruplex foci using an antibody 
against DNA/RNA G-quadruplex structures [20]; however, 
the existence of these expanded repeat-containing second-
ary structures in patient neuronal tissue remains unproven. 
A recent study showed increased R-loops (DNA-RNA 
hybrids) in spinal lower motor neurons from patients with 

Fig. 1   RNA foci in spinal cord anterior horn cells in C9orf72-FTD/
ALS. a Anterior horn cells with RNA foci are shown. Lower right 
panel shows a motor neuron with a sense RNA focus and a p62-pos-
itive likely TDP-43 inclusion. b Anterior horn cells stained for sense 
foci (SF), antisense foci (ASF) and p62 together showed a high rate 
of antisense foci, which often occurred with other inclusion types. 
Venn diagram shows the rates of co-occurrence. Because DPR inclu-

sions are so rare in the spinal cord, most of the p62-positive inclu-
sions can be assumed to be TDP-43 inclusions. Overall, the rate of 
ASF in motor neurons was high, and most p62-positive inclusions co-
occurred with ASF ± SF. c Selected z-stack images through an ante-
rior horn cell shows “perinucleolar studding” with ASF. MIP, maxi-
mum intensity projection. Scale bar represent 10 µm
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Fig. 2   Diverse DPR staining patterns observed in C9orf72-FTD/
ALS. a Most DPR protein aggregation takes the form of neuronal 
cytoplasmic inclusions (NCIs). Other patterns include neuronal intra-
nuclear inclusions, dystrophic neurites, and diffuse proximal soma-
todendritic staining. b Immunofluorescence for poly-GR in the pre-

central gyrus of a patient with C9orf72-FTD/ALS shows numerous 
compact, often stellate NCIs spanning the cortical layers. Occasional 
diffusely stained neurons can be seen in which poly-GR fills the cyto-
plasm and enters the proximal dendrites. Scale bars represent 25 µm 
in a and 50 (left) or 10 µm (right) in b 



7Acta Neuropathologica (2019) 137:1–26	

1 3

C9orf72-ALS compared to controls [157], but this study 
could not confirm that the R-loops contained elements of 
the repeat expansion. Higher order RNA structures could 
enhance sequestration of various RNA-binding proteins, 
leading to loss of function. In brain tissue from patients with 
C9orf72-FTD/ALS, sense and antisense RNA foci have been 
shown to co-localize with various RNA-binding proteins, 
including hnRNP A1 [22, 123], hnRNP H/F [22, 74], SRSF2 
[22], and ALYREF [22]. UV crosslinking assays confirm 
that these interactions are direct and specific for most of 
these proteins [21]. SRSF2, a core component of nuclear 
speckles [135], has shown the most frequent co-localiza-
tion with sense and antisense RNA foci [21, 22] among the 
proteins studied to date, but this co-localization does not 
appear to deplete cells of SRSF2 entirely. Whether binding 
of RNA foci to various RNA-binding proteins compromises 
the integrity of individual neurons also remains unstudied 
in human tissues.

Are RNA foci pathogenic or protective in humans?

In myotonic dystrophy type 1 (DM1), which is caused 
by a CTG repeat expansion in DMPK, the evidence for 
RNA-mediated toxicity is substantial. Repeat-containing 
foci sequester RNA-binding muscleblind (MBNL) family 
proteins, leading to impaired binding of these proteins to 
their normal cellular targets in the nucleus, which causes 
widespread splicing abnormalities [33, 59, 86, 91]. Moreo-
ver, MBNL1 knockout mice develop key features of human 
myotonic dystrophy and can be rescued by overexpression 
of MBNL1 [61]. Similarly, C9orf72 expansion-related sense 
and antisense RNA foci could bind to and sequester RNA-
binding proteins, leading to neurodegeneration. For example, 
in C9orf72-FTD/ALS, 70% of all sense foci observed in 
cerebellar granule cells co-localized with hnRNP H [74]. 
For many of the RNA-binding proteins examined, however, 
co-localization with RNA foci appears to be a low frequency 
event, detected in, at most, only a few foci per neuron. Often 
such co-localization has no effect on normal (nuclear) pro-
tein localization, raising questions about sequestration as the 
mechanism underlying RNA-mediated toxicity.

Relatively few studies have attempted to correlate the 
abundance and distribution of RNA foci with C9orf72-FTD/
ALS clinical and anatomical features. The first study to do so 
quantified the proportion of neurons with sense and antisense 
RNA foci, evaluating anterior frontal cortex, hippocampal 
dentate gyrus, and cerebellar granule cells in 7 patients 
with C9orf72-FTD [94]. Patients with more sense foci in 
frontal cortex had an earlier age at symptom onset. Anti-
sense foci showed the same trend but did not reach statistical 
significance. A second, larger study examined associations 
between RNA foci and clinical features in 63 patients with 
C9orf72-FTD/ALS representing the full clinical spectrum 

[26]. The authors studied middle frontal gyrus (cortical lay-
ers 3-6), cerebellar granule cells, and Purkinje neurons using 
semi-automated segmentation of digitized FISH images. 
They examined a variety of measurements (proportion of 
neurons with sense or antisense foci, number of foci per 
neuron, etc.), seeking relationships to age at onset, repeat 
length, C9orf72 transcript levels, poly-GA and poly-GP 
DPR levels (in the same brain regions), clinical syndrome, 
and disease duration. Of all these associations, only one sig-
nificant relationship emerged. Patients with antisense foci in 
a higher proportion of middle frontal gyrus neurons showed 
a later age at symptom onset. Thus, despite observing simi-
lar proportions of affected neurons and numbers of foci per 
neuron, the two studies reported contradictory findings with 
regard to age-of-onset. Although the second study was much 
larger and better suited to finding patient-level relationships, 
at this point it seems most reasonable to conclude that the 
abundance of RNA foci shows a weak relationship, if any, 
to the clinical features of C9orf72-FTD/ALS, at least when 
frontal, hippocampal, and cerebellar foci are examined. It 
remains possible, however, that studying brain regions and 
neuron types closer to the core of the bvFTD and ALS clini-
cal syndromes could have led to different conclusions. Age 
at symptom onset and other patient-level clinical variables 
no doubt reflect multiple complex factors. Alternative read-
outs, focusing on the integrity of individual neurons, may 
provide clearer signals with regard to pathogenic relevance. 
For example, further studies could explore in more detail 
how RNA foci alter nucleolar function, perhaps especially 
in spinal cord anterior horn cells.

Dipeptide repeat proteins: prevalent, but relevant?

RAN translation in C9orf72 patient tissue

Prior to the discovery of the C9orf72 expansion, human 
neuropathological observations in families linked to Chro-
mosome 9 revealed ubiquitin- and p62-positive neuronal 
cytoplasmic inclusions (NCIs) that stained negatively for 
TDP-43 [9]. Once the expansion was identified, research-
ers astutely surmised and then demonstrated that the TDP-
43-negative inclusions were byproducts of RAN translation 
[2, 97]. For the GGG​GCC​ expansion, RAN translation is 
carried out across three reading frames in the sense and anti-
sense directions, generating six distinct poly-DPR proteins: 
poly-GA, poly-GP, and poly-GR from the sense strand [2, 
87, 96, 97], and poly-PA, poly-GP, and poly-PR from the 
antisense strand [43, 96]. In addition, poly-PR and poly-
GP can be generated using the putative ATG from the anti-
sense strand. RAN translation may extend beyond the repeat 
region, such that five of the six reading frames can generate 
unique c-terminal fragments [96, 175] that could themselves 
influence stability or toxicity.
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Regional, cellular, and subcellular distribution of DPR 
inclusions in C9orf72‑FTD/ALS

DPR inclusions are widely distributed throughout the brain 
in patients with C9orf72-FTD/ALS. Inclusions are most 
abundant in the cerebral cortex, hippocampus (especially 
CA3-4 and subiculum), amygdala, medial thalamus, and cer-
ebellar granule cells and are generally less frequent in basal 
ganglia, brain stem nuclei, and spinal cord [2, 49, 83, 124]. 
Of the different types, poly-GA, -GP and -GR inclusions 
are far more prevalent in neurons compared to poly-PA and 
-PR, which are rare to absent across the diverse brain regions 
studied [83, 87, 119, 124]. Adding complexity, individual 
neurons can develop inclusions containing more than one 
type of DPR. Even sense and antisense-translated versions 
of the same DPR have been observed within the same human 
cerebellar and hippocampal neurons [96]. Studies to date 
have failed to detect DPR inclusions in astrocytes, microglia, 
and oligodendrocytes, but they are present in some ependy-
mal cells of the spinal cord central canal and ependymal 
and subependymal cells lining the lateral ventricle [124]. 
Moreover, DPRs can be detected in CSF and blood [44, 75], 
and poly-GP cytoplasmic and intranuclear inclusions were 
detected in testicular Sertoli cells [2].

In neurons, subcellular DPR staining patterns include 
stellate NCIs, intranuclear inclusions (NIIs), dystrophic neu-
rites (DNs), and diffuse dendritic and/or cytoplasmic stain-
ing (Fig. 2) [2, 43, 83, 97, 119, 124]. Most neuronal DPR 
aggregates occur as compact round or stellate cytoplasmic 
inclusions. Diffusely DPR-stained neurons are rare, ~ 4% of 
poly-GR positive cells in one study (frontal cortex); these 
authors speculated, based on in vitro data, that diffuse DPR 
staining represents a transitional state preceding compact 
inclusion formation [172].

Each DPR has unique biophysical properties, which may 
determine its expression and aggregation patterns in brain 
tissue. For example, poly-GA is highly aggregation-prone, 
presumably due to its hydrophobic nature. Electron micros-
copy studies of cerebellar granule cells from a C9orf72-FTD/
ALS patient showed that poly-GA NCIs contain 15-17 nm 
filamentous structures [174], but a more recent study using 
cryo-electron tomography showed that poly-GA aggregates 
in cultured neurons are made up of densely packed twisted 
13-15 nm thick ribbons with varying length and width [52]. 
Further understanding of the ultrastructural features of DPR 
aggregates could shed light on toxicity mechanisms and 
guide therapeutic development. Arginine-containing poly-
GR and poly-PR are positively charged [reviewed in 38], 
which could influence their interactions with other proteins. 
In cerebellar homogenates, most poly-GP is soluble, whereas 
the majority of poly-GA is insoluble [46]. DPR proteins also 
undergo post-translational modifications. Poly-GR NCIs in 
several brain regions of two patients with C9orf72-FTD/

ALS were shown to have non-methylated and symmetrically 
or asymmetrically dimethylated arginines [96], and a recent 
study confirmed these findings in a larger sample [120]. Like 
RNA foci, poly-GA inclusions co-localize with, and may 
sequester, various proteins including Drosha, Unc119, and 
HR23B in neurons, often leading to protein mislocalization 
[88, 110, 124, 173]. Moreover, diffuse and aggregated cyto-
plasmic poly-GR was shown to co-localize with ribosomal 
proteins S6 and L21 and translation initiation factor eIF3η in 
frontal cortex from 3 patients with C9orf72-FTD/ALS [172]. 
A similar study also reported that poly-GR, and to a lesser 
extent poly-PR, co-aggregate with STAU2 and several ribo-
somal proteins including S6, S25, L19, and L36A [54]. One 
study suggested that 5–18% of cerebellar and hippocampal 
poly-GR NCIs co-localize with poly-PR or poly-PA NCIs in 
patients with C9orf72-FTD/ALS [96]. Poly-GA NCIs may 
even sequester other DPR proteins, with some model-based 
studies suggesting a protective effect [166], but the degree to 
which different DPR inclusions co-occur and interact within 
individual neurons or undermine neuronal integrity has yet 
to be studied systematically in patient tissues.

The relationship of DPR inclusions to disease: 
clinico‑pathological correlation studies

Are DPR inclusions responsible for cellular dysfunction 
and degeneration in C9orf72-FTD/ALS? Model-based 
studies have shown that specific DPRs, particularly the 
arginine-rich poly-GR and -PR, cause diverse forms of cel-
lular pathophysiology including nucleolar dysfunction [70, 
144], nucleocytoplasmic and other transport defects [37, 
60, 88], impairment of protein translation and stress gran-
ule dynamics [54, 160, 172], endoplasmic reticulum stress 
[174], and DNA damage [81]. In patient brains, however, 
DPR inclusions are observed in both degenerating and non-
degenerating brain regions and neuron types, raising con-
cerns about the pathogenic relevance of these inclusions. 
Several clinico-pathological correlation studies have pursued 
this issue (summarized in Table 2). Taken together, these 
studies suggest that the distribution of most DPR inclusions 
has little if any relationship with regional neurodegeneration 
severity [24, 25, 82, 83, 124]. For example, if frontal cortex 
(typically unspecified) can be taken to represent a vulnerable 
region in bvFTD, and spinal cord anterior horn represents 
a vulnerable region in ALS, the data reveal abundant fron-
tal yet only rare spinal cord DPR inclusions, for most DPR 
types, regardless of whether the patient had bvFTD, ALS, 
or both (Table 2). There have been few exceptions to this 
theme, often small effects detected amidst a large number of 
correlational hypothesis tests. For example, in frontal lobe 
upper cortical layers, poly-GA-immunoreactive DN corre-
lated with local neurodegeneration severity [83], whereas, in 
another study [25], more abundant poly-GA NCIs in cortical, 
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hippocampal, and motor neuron-containing regions were 
associated with earlier age at symptom onset. In yet another 
analysis, poly-GA inclusions in cerebellar granule cells were 
significantly more abundant in FTD compared with MND or 
FTD-MND [46, 124]. Using more quantitative approaches, a 
recent study based on 5 patients with C9orf72-ALS and new 
antibodies found that inclusions containing poly-GR, but 
no other DPR, were significantly more abundant in disease-
relevant (frontal cortex, precentral gyrus, and anterior horn 
of spinal cord) than non-relevant (parietal cortex, occipi-
tal cortex, and posterior horn of spinal cord) brain regions 
[119]. In a larger cohort of 40 C9orf72-FTD/ALS cases, 
middle frontal gyrus poly-GR inclusions were strongly cor-
related with neurodegeneration in this brain region [120].

Few studies have attempted to relate the presence of DPR 
inclusions to the integrity of individual neurons. In one laud-
able effort, researchers found that frontal cortex neurons 
with poly-GR NCIs had almost double the nucleolar volume 
of neighboring neurons without these inclusions, even after 
controlling for nuclear volume [95]. Patients with C9orf72-
FTD/ALS had reduced nucleolar volume overall, however, 
raising the possibility that poly-GR protects neurons against 
shrinkage rather than promoting nucleolar enlargement. 
Neurons from C9orf72 expansion non-carriers showed a 
nucleolar size falling between the poly-GR-positive and 
GR-negative neurons from carriers.

With few exceptions [46], the human DPR studies to date 
used immunohistochemical stains that may be better suited 
to detecting aggregated, insoluble DPR protein inclusions. 
Therefore, some may consider whether undetected soluble 
DPR species will prove more toxic and correlate with cel-
lular and regional degeneration. Despite this caveat, overall 
the links between DPR inclusions and clinical features or 
neurodegeneration have been few and inconsistent across 
studies. Therefore, the relevance of DPR proteins to patho-
genesis requires further study. Among the DPRs, the case 
for pathogenicity may be strongest, based on the human find-
ings, for poly-GR, potentially a key interactor with TDP-43, 
which has consistently shown a much stronger relationship 
to clinical phenotype and local neurodegeneration severity, 
as described below [24, 82, 83].

C9orf72‑associated mechanisms

TDP pathobiology: loss‑of‑function, aggregate 
toxicity, both, or neither?

In addition to the C9orf72-specific phenomena, nearly all 
patients with C9orf72-FTD/ALS show TDP-43 aggregation, 
taking the form of NCIs, neuropil threads, and in some cases 
glial cytoplasmic inclusions. TDP-43 is a widely expressed 
nuclear RNA-binding protein involved in multiple cellular 

functions (reviewed in [32]) including splicing regulation, 
repression of cryptic exons [1, 13, 58, 76, 109, 140, 142, 
145, 146], and translational repression [106, 158]. Normal 
nuclear TDP-43 is depleted in nearly all neurons with cyto-
plasmic TDP-43 inclusions [23, 99], making it difficult to 
disentangle potential loss-of-function vs. aggregate toxicity 
effects. In patients with C9orf72-associated FTLD-TDP, the 
subtype is usually Type B but can be Type A or a pattern too 
sparse or blended to classify (Fig. 3a).

Human neuropathological studies suggest that TDP-43 
inclusion burden strongly predicts regional neurodegen-
eration in C9orf72-FTD/ALS [24, 82, 83]. That is, the 
distribution of TDP-43 inclusions mirrors the patterns of 
regional degeneration in bvFTD and ALS, tracking much 
more closely than the DPR inclusion pattern [24, 82, 83]. 
Nonetheless, rare patients with bvFTD show DPRs and RNA 
foci but few or no TDP-43 inclusions [3, 155], suggesting 
that neurodegeneration can occur in the absence of TDP-43 
aggregation, at least under some circumstances. In patients, 
DPR inclusions and RNA foci appear to arise before symp-
tom onset [111, 155], followed by TDP-43 aggregation 
[155], but it remains unclear whether TDP-43 aggregation 
causes degeneration or merely reflects a degenerative pro-
cess triggered by C9orf72-specific mechanisms. The infre-
quent co-occurrence of DPRs or RNA foci with TDP-43 
NCIs would seem to argue against the “triggering” hypoth-
esis, but results regarding co-localization or co-expression of 
TDP-43 and C9orf72-specific phenomena within individual 
neurons have been few and inconsistent to date. The stronger 
relationship between TDP-43 and clinical deficits echoes 
the widely replicated finding in Alzheimer’s disease (AD) 
research that tau neurofibrillary pathology correlates better 
with neurodegeneration than does amyloid plaque burden. 
Some have used this parallel to argue that DPRs, like the 
amyloid plaques in AD, may create the conditions in which 
TDP-43 aggregation can take hold and then drive the neu-
rodegenerative cascade [31].

Depletion of nuclear TDP-43 may lead to neuronal dys-
function, degeneration, and death, even in the absence of 
cytoplasmic TDP-43 mislocalization or aggregation. TAR-
DBP knockout mice show embryonic lethality [68, 130] 
and partial knockdown of TDP-43 results in motor defi-
cits [68, 165] and motor neuron loss in mice [165]. Sev-
eral recent cell-based studies have reported that TDP-43 
knockdown leads to incorporation of cryptic exons [58, 
76, 140, 142], also detected in FTD/ALS patient cerebral 
cortical areas with substantial TDP-43 aggregation [76], in 
AD with TDP-43 proteinopathy [140], and in motor cortex, 
spinal cord, brainstem and occipital cortex from patients 
with ALS [146]. Incorporation of cryptic exons in neurons 
lacking nuclear TDP-43 may, in turn, reduce expression of 
essential proteins via nonsense-mediated decay of aberrant 
transcripts; this process is likely involved in both sporadic 
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and C9orf72-FTD/ALS. Indeed, a recent cell-based study 
found expression of cryptic exon-containing ATG4B mRNA, 
accompanied by reduced ATG4B protein, in the context of 

TARDBP knockdown [146]. “TDP-43 depletion,” the loss 
of TDP-43 from neuronal nuclei in the absence of a vis-
ible, well-developed cytoplasmic inclusion, is a recently 

Fig. 3   TDP-43 pathobiology in C9orf72-FTD/ALS. a Patients with 
C9orf72-associated FTLD-TDP most often show Type B inclusions 
(panel 1). Others may show TDP-43 inclusions too sparse to classify 
(unclassifiable, Type U, panel 2), Type A (panel 3), or Type U with 
a mixed pattern (panel 4). Betz cells (b), von Economo neurons (c), 
and anterior horn cells (d) are prone to TDP-43 pathobiology, and 

may develop compact, granular, or skein-like TDP-43 inclusions, 
usually accompanied by a loss of nuclear TDP-43. A proportion of 
von Economo neurons, as well as Betz cells and other neurons (not 
shown), show loss of nuclear TDP-43 in the apparent absence of a 
neuronal cytoplasmic inclusion (c, arrow). Scale bars represent 
100 µm (a) and 10 µm (b–d)
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described feature of C9orf72-bvFTD [155] and sporadic 
ALS [10, 11], and may occur early in the disease process. 
TDP-43-depleted neurons were reported, for example, in a 
surgical resection specimen removed 6 years prior to symp-
tom onset [155]; although suggestive, this study could not 
resolve whether TDP-43 depletion in these neurons was due 
to C9orf72-related mechanisms or was a consequence of 
refractory epilepsy or surgery-associated neuronal stressors. 
TDP-43-depleted neurons have yet to be well characterized 
but provide an opportunity to separate the relative contribu-
tions of nuclear TDP-43 loss-of-function and TDP-43 inclu-
sion formation in postmortem human tissue.

In summary, whether TDP-43 represents an early or 
tractable therapeutic target for C9orf72-FTD/ALS remains 
unclear, but the human literature clearly links TDP-43 aggre-
gation and/or loss of nuclear TDP-43 to regional neurode-
generation and clinical deficits.

Nuclear import/export

Loss of nuclear TDP-43 in neurons with cytoplasmic TDP-
43 aggregation has long raised the question of whether 
nucleocytoplasmic transport defects play a role in human 
FTD/ALS. Nucleocytoplasmic transport is tightly regulated; 
proteins larger than 40-60 kDa must be transported across 
the nuclear membrane through the nuclear pore complex 
[51], via binding to importins and exportins and using 
energy from the Ran GTP–GDP gradient. RanGAP1 and the 
Ran binding proteins together enhance the GTPase function 
of Ran in the cytoplasm, while RCC1, a RanGEF, is involved 
in RanGDP formation in the nucleus [69].

Data from model systems implicate poly-GA [63] and 
poly-PR [8, 60, 132] DPRs, as well as the GGG​GCC​ repeat 
expansion itself [37, 170], in producing nucleocytoplasmic 
transport defects; these and other model-based studies have 
been reviewed in detail elsewhere [65, 113]. iPSC-derived 
neurons from patients with C9orf72-ALS show evidence of 
nucleocytoplasmic defects, with decreased nuclear/cytoplas-
mic Ran ratio [170] and decreased nuclear RCC1/RanGEF 
[60], as well as large RanGAP1-positive puncta that occa-
sionally co-localize with RNA foci [170]. In addition, TDP-
43 inclusions in HeLa cells may sequester proteins involved 
in nucleocytoplasmic transport [17], and knockdown of 
TDP-43 in cell models leads to altered expression of a large 
group of proteins regulated by TDP-43, including nucleocy-
toplasmic transport proteins [112, 136].

The evidence for nucleocytoplasmic transport deficits 
in patients with FTD/ALS, however, remains limited and 
inconsistent. In non-C9orf72 FTD or ALS, a handful of 
early neuropathological studies reported abnormal nucle-
ocytoplasmic transport. Anterior horn cells from patients 
with sporadic or SOD1-associated familial ALS have nuclear 
membranes with a wrinkled, shrunken appearance and loss 

of importin-β immunostaining [66]. A more TDP-43-cen-
tered study found decreased levels of cellular apoptosis sus-
ceptibility (CAS) protein, an exportin, and karyopherin-α2, 
an importin, in the middle/superior temporal gyrus from 
patients with FTLD-TDP and increased levels of CAS and 
karyopherin-α2 in ALS spinal cord [102], while in GRN 
mutation-associated FTLD-TDP, neuronal nuclear Ran was 
decreased in inferior frontal gyrus neurons with cytoplasmic 
TDP-43 aggregation and nuclear clearing [159].

In patients with C9orf72-FTD/ALS, most postmortem 
studies investigating nucleocytoplasmic transport have been 
small, qualitative studies intended to provide support for ani-
mal or cell model findings. One C9orf72-ALS study [163] 
evaluated spinal motor neurons bearing TDP-43 inclusions 
and loss of nuclear TDP-43. The authors reported decreased 
nuclear immunostaining of C9-S protein, accompanied by 
loss of importin-β1 and decreased Ran staining. To corrobo-
rate C9orf72 iPSC findings, another group described diffuse 
nuclear RanGAP1 and Nup205 staining and large RanGAP1 
or Nup107-positive puncta, described as aggregates, which 
appeared to be associated with the nuclear membrane on 
brightfield microscopic images of primary motor cortex 
from patients with C9orf72-ALS [170]. Another recent study 
described Nup205-positive puncta around the nuclear mem-
brane in C9orf72-associated ALS [17]. The authors also 
described large Nup205-positive puncta in sporadic ALS or 
ALS due to TARDBP mutations; the Nup205 puncta stained 
positively for phosphorylated TDP-43 in sporadic or TAR-
DBP mutation-associated ALS but not C9orf72 ALS [17]. 
Despite these intriguing early findings, Nup205 staining 
patterns, even with the same antibody, have varied between 
studies. Some show perinuclear staining, while others show 
diffuse cytoplasmic Nup205 in both control subjects and 
patients with C9orf72-FTD/ALS. Recently, using confocal 
images, a different group demonstrated that the apparent dif-
fuse nuclear staining of RanGAP1 observed with brightfield 
microscopy in fact emanates from the surface of shrunken 
(possibly degenerating) nuclei [119]. In our hands, confo-
cal imaging of Nup205 (Fig. 4f, g) and RanGAP1 (Fig. 4h) 
immunofluorescence staining supports this observation and 
further suggests that the perinuclear RanGAP1 or Nup205-
positive “puncta” seen on widefield images (Fig. 4a–e) may 
be an illusion resulting from increased nuclear membrane 
folding in some neurons. In addition, inclusion markers and 
proteins associated with the nuclear membrane may show 
close proximity without true co-localization (Fig. 4h). For 
these reasons, we suggest that widefield images of nuclear 
membrane proteins should be interpreted with caution, 
especially in degenerating neurons. Highlighting this point, 
a recent immunohistochemical study examined nucleocy-
toplasmic transport proteins in five patients with C9orf72-
ALS, three with sporadic ALS, and three control subjects. 
Fifty randomly selected layer 5 upper motor neurons and 
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all surviving lumbar spinal cord lower motor neurons were 
visually categorized based on their RanGAP1, importin-β1, 
or lamin localization. This more rigorous approach revealed 

no differences in staining patterns between the patient and 
control groups [119]. There was also no change in the pat-
tern of nuclear RanGAP1 staining between neurons with or 

Fig. 4   Nucleocytoplasmic transport system: abnormalities in 
C9orf72-FTD/ALS? a–e Brightfield images of Nup205 staining in 
anterior cingulate cortex in C9orf72-associated and sporadic FTLD-
TDP, Type B, shows neurons with apparent diffuse nuclear staining 
(a, b, d) and folded nuclear membranes, which can appear as large, 
focal nuclear puncta (thin arrow) adjacent to the nuclear membrane 
(d) or as folds spanning the nucleus (e). b, d Are also shown inset in 
(a). f–g Confocal imaging of Nup205 reveals punctate staining that 
outlines the nuclear membrane in a single z slice (f, g) but appears 
as diffuse nuclear staining on a maximum intensity projection (f′, g′) 

of the whole nucleus. Folds of the nuclear membrane (arrow) evident 
on a single Z slice (g) can appear as an aggregation (arrowhead) on 
a maximum intensity projection (g′), possibly simulating the appear-
ance on brightfield imaging. h Perinuclear RanGAP1 staining that 
appears correctly localized in single z slices (h, h’) can also appear 
as diffuse nuclear staining on a maximum intensity projection (h″). 
p62-positive inclusions in C9orf72 FTD are often adjacent to the 
nuclear membrane (h′). Scale bars represents 25 µm (a) and 10 µm 
(b–h)
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without poly-GR aggregates [119]. Although described in 
C9orf72 ALS iPSC-derived neurons [170], co-localization 
of RanGAP1 puncta with RNA foci has yet to be reported 
in patient tissues. A recent study observed nuclear deple-
tion and cytosolic accumulation of KPNA4, a member of 
karyopherin-α family involved in the nuclear import path-
way, in the frontal cortex of sporadic and C9orf72-FTD/
ALS, with the phenotype being more pronounced in patients 
with the C9orf72 expansion [134]. This nuclear depletion 
was observed in neurons with and without sense-encoded 
DPR or phosphorylated TDP-43 inclusions.

Overall, then, the human tissue findings regarding nuclear 
transport defects remain inconsistent, at times contradictory, 
and require further study before firm conclusions can be 
drawn about the role this mechanism plays in C9orf72-FTD/
ALS pathogenesis.

Interactions among candidate mechanisms

How might the various C9orf72-specific and associated fac-
tors interact to produce disease? Despite the strong associa-
tion of C9orf72-FTD/ALS with TDP-43 inclusion pathol-
ogy, few model systems have shown a clear, prominent 
TDP-43 phenotype. Two complementary mouse models of 
C9orf72-FTD/ALS [15, 79] develop TDP-43 inclusions, in 
addition to DPRs and RNA foci, especially with advancing 
age, although many of the inclusions were nuclear, which 
is rarely a feature of C9orf72-FTD/ALS in humans. Phos-
phorylated TDP-43 aggregates have been reported in an 
SH-SY5Y cell model expressing only poly-GA DPR pro-
tein [103].

In human tissues, immunohistochemical evidence sug-
gested that neurons with reduced C9-S are more likely 
to contain cytoplasmic TDP-43 aggregates, perhaps indi-
cating that C9-S shuttles TDP-43 between the nucleus 
and cytoplasm [164]. This notion provides a potential 
direct link between C9orf72 haploinsufficiency and TDP-
43-mediated neurodegeneration. RNA foci and DPR pro-
teins may also somehow interact with TDP-43. One study 
investigated sense and antisense RNA foci distribution in 
the cerebellum (Purkinje and granule neurons), spinal cord 
anterior horn cells, and hippocampal dentate gyrus and 
CA4 in seven patients with C9orf72-ALS [21]. Antisense 
RNA foci were most abundant in anterior horn cells and 
were associated with loss of nuclear TDP-43, with 77% of 
antisense RNA foci-containing neurons showing loss of 
nuclear TDP-43, with or without an associated TDP-43 
inclusion. By comparison, only 13% of neurons without 
antisense foci lacked nuclear TDP-43. Among the DPRs, a 
recent study showed that poly-GR NCIs and DNs co-local-
ized with phosphorylated TDP-43 (pTDP-43) in primary 
motor cortex [119]. Although only a few poly-GR DN 

were present in each patient, 80% of those DN co-localized 
with pTDP-43, whereas less than 20% of poly-GR NCIs 
co-localized with pTDP-43. This observation seems com-
patible with a model in which poly-GR aggregation within 
distal dendrites occurs first and somehow cultivates TDP-
43 misfolding. Poly-GR and pTDP-43 may then in some 
cases undergo a centripetal spread back to the neuronal 
perikaryon, culminating in an inclusion containing one 
or both proteins. Whether this process may then proceed 
into the axon, leading to transsynaptic spread between net-
worked neurons, remains unknown.

Disease modifying factors

Methylation of the C9orf72 pathogenic 
hexanucleotide repeat expansion

Epigenetic modification of the hexanucleotide repeat expan-
sion has the potential to influence C9orf72 expression and 
thereby alter the intensity of C9orf72-specific pathologi-
cal processes. Hypermethylation of the CpG island in the 
C9orf72 promoter region results in reduced expression of 
the pre-mRNA transcript, with the potential to reduce forma-
tion of GGG​GCC​ G-quadruplexes that promote RNA foci 
and DPR aggregation in model systems [161]. Consistent 
with this idea, CpG promoter hypermethylation is associ-
ated with longer disease duration, later age at death, and 
reduced DPRs and RNA foci in patient postmortem cerebel-
lum [77, 117]. Could regional methylation differences pre-
dict whether an expansion carrier develops FTD or ALS? 
So far, the evidence argues against this hypothesis, with 
both syndromes showing comparable methylation status 
in frontal cortex and spinal cord [161]. In blood, the GGG​
GCC​ repeat itself is also methylated when expanded (> 50 
repeats) but not with small or intermediate (22-43) repeats. 
As with brain, in blood the degree of methylation does not 
appear to distinguish between clinical syndromes [161]. A 
recent study, however, utilized measures of methylation to 
identify an age-of-onset modifier located in a linked genetic 
region containing two overlapping genes, LOC101929163 
and C6orf10 [171]. With each protective A allele of the 
top SNP tagging this linkage block, rs9357140, there was 
an associated 30% reduced hazard for disease conversion, 
with AA individuals showing a median age of onset 6 years 
later than those with the GG risk genotype. In addition, the 
G risk allele was associated with increased expression of 
the non-coding RNA LOC101929163 and HLA-DRB1, a 
class II MHC receptor important in initiating the adaptive 
immune response. These findings further support a role of 
pro-inflammatory responses in C9orf72-mediated disease.
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TMEM106B and ATXN2: phenotype‑modifying genes 
involved in lysosomal biology

Single nucleotide polymorphisms (SNPs) forming a haplo-
type encompassing TMEM106B on chromosome 7 had been 
associated with risk for FTLD-TDP in both sporadic and 
GRN pathogenic variant carriers [152]. Numerous studies 
since have replicated the association of TMEM106B SNP 
minor alleles with protection from FTD, particularly in the 
context of GRN or C9orf72 pathogenic variation [101]. 
Patients with a C9orf72 expansion who are homozygous 
for the protective TMEM106B variant (functional SNP 
rs3173615, p.T185S) appear less likely to present with 
an FTD syndrome (and therefore more likely to present 
with MND) [151]. The protective effect of p.T185S in 
TMEM106B may be due to increased degradation of the 
mutant protein isoform and subsequent reduction of total 
TMEM106B levels [100]. Cellular assays have shown that 
overexpression of TMEM106B results in C9orf72-dependent 
lysosomal defects [14, 41], corroborating a role for reduced 
TMEM106B expression as protective against FTLD-TDP.

In contrast toTMEM106B, ATXN2 has emerged as a 
disease modifier that increases the risk of presenting with 
MND. In C9orf72 expansion carriers, having an intermedi-
ate (> 29 repeats) CAG expansion in ATXN2 has been linked 
to presenting with clinical MND over FTD in some stud-
ies [71, 150] but not others [16]. Cellular studies suggest 
that intermediate expansions in ATXN2 may synergize with 
C9orf72 depletion to induce motor neuron death through 
disturbances in autophagy [129]. The contrasting effects of 
TMEM106B and ATXN2 on C9orf72-associated syndrome 
may reveal important differences in the pathobiological fac-
tors that drive selective vulnerability within bvFTD- versus 
MND-vulnerable neurons.

Natural history considerations

What is the sequence of pathogenic events in C9orf72-FTD/
ALS? As difficult as it is to address this question in humans 
or to build confidence in clues provided by model systems, 
many authors have begun to assemble a natural history based 
on the limited available human data. It is now clear from 
multiple brain imaging studies that selective and disease-
relevant deficits in brain volume, structural connectivity, and 
functional connectivity are detectable by the 30s [73, 116]. 
We are careful to refer to these abnormalities as deficits 
rather than losses so that we acknowledge the uncertainty 
regarding whether the deficits reflect abnormal neurodevel-
opment or incipient neurodegeneration, although these pos-
sibilities could also co-exist in the same patient.

Although rare patients have shown C9orf72-specific patho-
logical changes but no TDP-43 aggregation [89, 111, 155], the 

reverse has yet to be reported. One extraordinary patient with 
C9orf72-FTD showed RNA foci and DPRs but essentially no 
TDP-43 inclusions in tissue obtained 5 years before symptoms 
(as part of a surgical resection for epilepsy). By the time of 
autopsy 13 years later, the patient had developed full-blown 
FTLD-TDP, Type B. Collectively, these findings suggest that at 
least one of the C9orf72-specific changes may account for the 
early life structural and functional network deficits observed 
in presymptomatic carriers. Whether these mechanisms exert 
their influence in utero, during a specific stage of childhood or 
adolescent development, or in early adulthood remains unclear. 
TDP-43 pathobiology may represent a second, degenerative 
phase that could emerge either as a cumulative result of aging, 
as the consequence of an unknown environmental stressor, 
or both. Importantly, this C9orf72-based framework raises 
the possibility of an undiscovered “first hit” at work even in 
patients with sporadic FTLD-TDP and ALS-TDP.

Limitations and frontiers in the human 
C9orf72‑FTD/ALS literature

The human pathological literature on C9orf72-FTD/ALS is 
growing, but significant unanswered questions remain. Per-
haps most notably, it remains unclear whether, how, and where 
C9orf72-specific changes interact with each other and with 
C9orf72-associated phenomena in humans. In model systems, 
C9orf72-specific pathological features prove sufficient to pro-
duce neurodegeneration, but so far few examples of mild, focal 
neurodegeneration without TDP-43 aggregation have been 
described in patients [155]. Emerging C9orf72-associated 
phenomena, such as RNA mis-splicing and DNA damage, 
have generated excitement but could reflect causes or effects 
of neurodegeneration, and, so far, these possibilities have not 
been resolved in humans or model systems. Finally, as high-
lighted throughout this review and in the next section, greater 
anatomical precision may be needed to facilitate interpreta-
tion of human tissue studies. This issue receives widely varied 
treatment in the literature. Some studies have taken a carefully 
considered approach while others have chosen regions based 
on convenience or the anticipated density of C9orf72-spe-
cific phenomena, which can influence experimental ease and 
throughput. To improve the signal to noise ratio in neuropatho-
logical research, however, it may prove critical to study brain 
regions—and even neuronal subtypes—that lie at the heart of 
the bvFTD and ALS anatomical patterns.

A path forward: leveraging selective 
vulnerability to understand ftd/als

In ALS, upper and lower motor neurons provide a clear tar-
get for investigations of disease-specific processes in spo-
radic and C9orf72-associated disease. In bvFTD, human 
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neuropathological studies have typically focused on unspeci-
fied “frontal cortex”. The heterogeneity of frontal regions 
and their neuronal subtypes, however, makes it difficult to 
draw clear conclusions about candidate mechanisms exam-
ined within a region so coarsely defined. For years, anatomi-
cal imprecision in bvFTD studies reflected our lack of a clear 
bvFTD pattern, but that knowledge gap has been filled. Con-
verging research across multiple groups, cohorts, and studies 
has shown that the anterior cingulate and ventral anterior 
insular (i.e., frontoinsular) cortex represent the earliest and 
most consistently affected cortical regions in bvFTD [108, 
125, 127, reviewed in 128]. At the microscopic scale, our 
group [64, 126] and now two others [121, 122, 167] have 
shown that the von Economo neurons (VENs), found almost 
exclusively within the anterior cingulate and frontoinsular 
cortices, are among the earliest-affected and most vulner-
able neurons in bvFTD, whether the syndrome is due to 
FTLD-TDP, -tau, or -FUS [64, 121, 122, 126, 167]. The 
only dedicated study of these neurons in C9ORF72-bvFTD 
showed a ~ 40% decrease in anterior cingulate VEN density 
that did not reach statistical significance in a sample of 13 
patients [167]. This finding appropriately places C9orf72-
bvFTD toward the mild end of the bvFTD neurodegeneration 
severity spectrum. The study also built upon in vivo neuro-
imaging work to show that patients with C9orf72-bvFTD 
exhibit more striking atrophy of the medial pulvinar thala-
mus compared to controls, possibly augmenting the network 
destabilizing effects of the milder VEN loss observed.

VENs, like the giant Betz cells targeted in ALS, are 
large-diameter, layer 5b projection neurons with likely 
subcerebral targets [19]. We hypothesize that these two 
susceptible neuron types may share some aspect of their 
neuronal identity that confers selective vulnerability. More 
generally, we propose that focusing neuropathological stud-
ies on the most selectively vulnerable neuron types may 
provide clearer correlative signals with regard to candidate 
pathogenic mechanisms. Using this approach, which benefits 
from the greater homogeneity within each neuronal class, 
degeneration-related changes in cellular morphology or pro-
tein expression can be measured in lieu of a physiological 
outcome, mitigating a key limitation of postmortem human 
tissue studies. At a minimum, focusing region-level studies 
on brain structures most relevant to the clinical syndromes 
under study (Table 3) may help to elucidate the pathophysi-
ology of these devastating diseases.

Summary

These are exciting times in FTD/ALS research, and the 
discoveries regarding the C9orf72 expansion and related 
pathobiological features have fueled new hope for treat-
ments. Human tissue research has played a key role in 

identifying the various mechanistic candidates in C9orf72-
FTD/ALS, but so far neither model-based nor human studies 
have provided consistent, unambiguous information about 
which mechanisms are most damaging. In partnership with 
model-based experimentation, human studies have an essen-
tial role to play by continuing to test correlative hypotheses, 
in increasingly modern and nuanced ways, and by gener-
ating new hypotheses through discovery-based platforms. 
Focusing these efforts on the most vulnerable cell types and 
brain regions will no doubt speed researchers along the path 
toward therapeutic discovery.

Acknowledgements  We thank our colleagues at the UCSF Memory 
and Aging Center for conversations related to this manuscript and 
the UCSF study participants for their contributions to neurodegen-
eration research. This work was supported by NIH grants AG023501, 
AG019724, AG033017, The Bluefield Project to Cure FTD, and the 
Tau Consortium.

References

	 1.	 Arnold ES, Ling SC, Huelga SC, Lagier-Tourenne C, Polymeni-
dou M, Ditsworth D, Kordasiewicz HB, McAlonis-Downes M, 
Platoshyn O, Parone PA et al (2013) ALS-linked TDP-43 muta-
tions produce aberrant RNA splicing and adult-onset motor neu-
ron disease without aggregation or loss of nuclear TDP-43. Proc 
Natl Acad Sci USA 110:E736–E745. https​://doi.org/10.1073/
pnas.12228​09110​

	 2.	 Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin WL, Dejesus-
Hernandez M, van Blitterswijk MM, Jansen-West K, Paul JW 
3rd, Rademakers R et al (2013) Unconventional translation of 
C9ORF72 GGG​GCC​ expansion generates insoluble polypep-
tides specific to c9FTD/ALS. Neuron 77:639–646. https​://doi.
org/10.1016/j.neuro​n.2013.02.004

	 3.	 Baborie A, Griffiths TD, Jaros E, Perry R, McKeith IG, Burn 
DJ, Masuda-Suzukake M, Hasegawa M, Rollinson S, Pickering-
Brown S et al (2015) Accumulation of dipeptide repeat proteins 
predates that of TDP-43 in frontotemporal lobar degeneration 
associated with hexanucleotide repeat expansions in C9ORF72 
gene. Neuropathol Appl Neurobiol 41:601–612. https​://doi.
org/10.1111/nan.12178​

	 4.	 Balendra R, Isaacs AM (2018) C9orf72-mediated ALS and FTD: 
multiple pathways to disease. Nat Rev Neurol 14:544–558. https​
://doi.org/10.1038/s4158​2-018-0047-2

	 5.	 Beck J, Poulter M, Hensman D, Rohrer JD, Mahoney CJ, Adam-
son G, Campbell T, Uphill J, Borg A, Fratta P et al (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. 
https​://doi.org/10.1016/j.ajhg.2013.01.011

	 6.	 Benussi L, Rossi G, Glionna M, Tonoli E, Piccoli E, Fostinelli 
S, Paterlini A, Flocco R, Albani D, Pantieri R et  al (2014) 
C9ORF72 hexanucleotide repeat number in frontotemporal lobar 
degeneration: a genotype-phenotype correlation study. J Alzhei-
mers Dis 38:799–808. https​://doi.org/10.3233/JAD-13102​8

	 7.	 Boeve BF, Boylan KB, Graff-Radford NR, DeJesus-Hernandez 
M, Knopman DS, Pedraza O, Vemuri P, Jones D, Lowe V, Mur-
ray ME et al (2012) Characterization of frontotemporal dementia 
and/or amyotrophic lateral sclerosis associated with the GGG​

https://doi.org/10.1073/pnas.1222809110
https://doi.org/10.1073/pnas.1222809110
https://doi.org/10.1016/j.neuron.2013.02.004
https://doi.org/10.1016/j.neuron.2013.02.004
https://doi.org/10.1111/nan.12178
https://doi.org/10.1111/nan.12178
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1016/j.ajhg.2013.01.011
https://doi.org/10.3233/JAD-131028


20	 Acta Neuropathologica (2019) 137:1–26

1 3

GCC​ repeat expansion in C9ORF72. Brain J Neurol 135:765–
783. https​://doi.org/10.1093/brain​/aws00​4

	 8.	 Boeynaems S, Bogaert E, Michiels E, Gijselinck I, Sieben A, 
Jovicic A, De Baets G, Scheveneels W, Steyaert J, Cuijt I et al 
(2016) Drosophila screen connects nuclear transport genes to 
DPR pathology in c9ALS/FTD. Sci Rep 6:20877. https​://doi.
org/10.1038/srep2​0877

	 9.	 Boxer AL, Mackenzie IR, Boeve BF, Baker M, Seeley WW, 
Crook R, Feldman H, Hsiung GY, Rutherford N, Laluz V et al 
(2011) Clinical, neuroimaging and neuropathological features 
of a new chromosome 9p-linked FTD-ALS family. J Neurol 
Neurosurg Psychiatry 82:196–203. https​://doi.org/10.1136/
jnnp.2009.20408​1

	 10.	 Braak H, Del Tredici K (2018) Anterior cingulate cortex TDP-
43 pathology in sporadic amyotrophic lateral sclerosis. J Neuro-
pathol Exp Neurol 77:74–83. https​://doi.org/10.1093/jnen/nlx10​
4

	 11.	 Braak H, Ludolph AC, Neumann M, Ravits J, Del Tredici K 
(2017) Pathological TDP-43 changes in Betz cells differ from 
those in bulbar and spinal α-motoneurons in sporadic amyo-
trophic lateral sclerosis. Acta Neuropathol 133:79–90. https​://
doi.org/10.1007/s0040​1-016-1633-2

	 12.	 Buchman VL, Cooper-Knock J, Connor-Robson N, Higginbottom 
A, Kirby J, Razinskaya OD, Ninkina N, Shaw PJ (2013) Simul-
taneous and independent detection of C9ORF72 alleles with low 
and high number of GGG​GCC​ repeats using an optimised proto-
col of Southern blot hybridisation. Mol Neurodegener 8:12. https​
://doi.org/10.1186/1750-1326-8-12

	 13.	 Buratti E, Dork T, Zuccato E, Pagani F, Romano M, Baralle FE 
(2001) Nuclear factor TDP-43 and SR proteins promote in vitro 
and in vivo CFTR exon 9 skipping. EMBO J 20:1774–1784. https​
://doi.org/10.1093/emboj​/20.7.1774

	 14.	 Busch JI, Unger TL, Jain N, Tyler Skrinak R, Charan RA, Chen-
Plotkin AS (2016) Increased expression of the frontotemporal 
dementia risk factor TMEM106B causes C9orf72-dependent 
alterations in lysosomes. Hum Mol Genet 25:2681–2697. https​
://doi.org/10.1093/hmg/ddw12​7

	 15.	 Chew J, Gendron TF, Prudencio M, Sasaguri H, Zhang YJ, 
Castanedes-Casey M, Lee CW, Jansen-West K, Kurti A, Murray 
ME et al (2015) Neurodegeneration. C9ORF72 repeat expansions 
in mice cause TDP-43 pathology, neuronal loss, and behavioral 
deficits. Science 348:1151–1154. https​://doi.org/10.1126/scien​
ce.aaa93​44

	 16.	 Chio A, Mora G, Sabatelli M, Caponnetto C, Lunetta C, Traynor 
BJ, Johnson JO, Nalls MA, Calvo A, Moglia C et al (2016) 
ATNX2 is not a regulatory gene in Italian amyotrophic lateral 
sclerosis patients with C9ORF72 GGG​GCC​ expansion. Neuro-
biol Aging 39(218):e215–e218. https​://doi.org/10.1016/j.neuro​
biola​ging.2015.11.027

	 17.	 Chou CC, Zhang Y, Umoh ME, Vaughan SW, Lorenzini I, Liu F, 
Sayegh M, Donlin-Asp PG, Chen YH, Duong DM et al (2018) 
TDP-43 pathology disrupts nuclear pore complexes and nucleo-
cytoplasmic transport in ALS/FTD. Nat Neurosci 21:228–239. 
https​://doi.org/10.1038/s4159​3-017-0047-3

	 18.	 Ciura S, Lattante S, Le Ber I, Latouche M, Tostivint H, Brice 
A, Kabashi E (2013) Loss of function of C9orf72 causes motor 
deficits in a zebrafish model of amyotrophic lateral sclerosis. Ann 
Neurol 74:180–187. https​://doi.org/10.1002/ana.23946​

	 19.	 Cobos I, Seeley WW (2015) Human von economo neurons 
express transcription factors associated with layer v subcer-
ebral projection neurons. Cereb Cortex 25:213–220. https​://doi.
org/10.1093/cerco​r/bht21​9

	 20.	 Conlon EG, Lu L, Sharma A, Yamazaki T, Tang T, Shneider 
NA, Manley JL (2016) The C9ORF72 GGG​GCC​ expansion 
forms RNA G-quadruplex inclusions and sequesters hnRNP H 

to disrupt splicing in ALS brains. Elife 5:e17820. https​://doi.
org/10.7554/eLife​.17820​

	 21.	 Cooper-Knock J, Higginbottom A, Stopford MJ, Highley JR, 
Ince PG, Wharton SB, Pickering-Brown S, Kirby J, Hautber-
gue GM, Shaw PJ (2015) Antisense RNA foci in the motor 
neurons of C9ORF72-ALS patients are associated with TDP-
43 proteinopathy. Acta Neuropathol 130:63–75. https​://doi.
org/10.1007/s0040​1-015-1429-9

	 22.	 Cooper-Knock J, Walsh MJ, Higginbottom A, Robin Highley 
J, Dickman MJ, Edbauer D, Ince PG, Wharton SB, Wilson SA, 
Kirby J et al (2014) Sequestration of multiple RNA recognition 
motif-containing proteins by C9orf72 repeat expansions. Brain 
137:2040–2051. https​://doi.org/10.1093/brain​/awu12​0

	 23.	 Davidson Y, Kelley T, Mackenzie I, Pickering-Brown S, Du 
Plessis D, Neary D, Snowden J, Mann D (2007) Ubiquitinated 
pathological lesions in frontotemporal lobar degeneration con-
tain the TAR DNA-binding protein, TDP-43. Acta Neuropathol 
113:521–533. https​://doi.org/10.1007/s0040​1-006-0189-y

	 24.	 Davidson Y, Robinson AC, Liu X, Wu D, Troakes C, Rollin-
son S, Masuda-Suzukake M, Suzuki G, Nonaka T, Shi J et al 
(2016) Neurodegeneration in frontotemporal lobar degenera-
tion and motor neurone disease associated with expansions 
in C9orf72 is linked to TDP-43 pathology and not associated 
with aggregated forms of dipeptide repeat proteins. Neuro-
pathol Appl Neurobiol 42:242–254. https​://doi.org/10.1111/
nan.12292​

	 25.	 Davidson YS, Barker H, Robinson AC, Thompson JC, Har-
ris J, Troakes C, Smith B, Al-Saraj S, Shaw C, Rollinson S 
et al (2014) Brain distribution of dipeptide repeat proteins in 
frontotemporal lobar degeneration and motor neurone disease 
associated with expansions in C9ORF72. Acta Neuropathol 
Commun 2:70. https​://doi.org/10.1186/2051-5960-2-70

	 26.	 DeJesus-Hernandez M, Finch NA, Wang X, Gendron TF, Bieniek 
KF, Heckman MG, Vasilevich A, Murray ME, Rousseau L, 
Weesner R et al (2017) In-depth clinico-pathological examina-
tion of RNA foci in a large cohort of C9ORF72 expansion car-
riers. Acta Neuropathol 134:255–269. https​://doi.org/10.1007/
s0040​1-017-1725-7

	 27.	 DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, 
Baker M, Rutherford NJ, Nicholson AM, Finch NA, Flynn H, 
Adamson J et al (2011) Expanded GGG​GCC​ hexanucleotide 
repeat in noncoding region of C9ORF72 causes chromosome 
9p-linked FTD and ALS. Neuron 72:245–256. https​://doi.
org/10.1016/j.neuro​n.2011.09.011

	 28.	 Dobson-Stone C, Hallupp M, Loy CT, Thompson EM, Haan E, 
Sue CM, Panegyres PK, Razquin C, Seijo-Martinez M, Rene R 
et al (2013) C9ORF72 repeat expansion in Australian and Span-
ish frontotemporal dementia patients. PLoS ONE 8:e56899. https​
://doi.org/10.1371/journ​al.pone.00568​99

	 29.	 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 et al (2014) Characterization 
of the repeat expansion size in C9orf72 in amyotrophic lateral 
sclerosis and frontotemporal dementia. Hum Mol Genet 23:749–
754. https​://doi.org/10.1093/hmg/ddt46​0

	 30.	 Donnelly CJ, Zhang PW, Pham JT, Haeusler AR, Mistry NA, 
Vidensky S, Daley EL, Poth EM, Hoover B, Fines DM et al 
(2013) RNA toxicity from the ALS/FTD C9ORF72 expansion 
is mitigated by antisense intervention. Neuron 80:415–428. https​
://doi.org/10.1016/j.neuro​n.2013.10.015

	 31.	 Edbauer D, Haass C (2016) An amyloid-like cascade hypothesis 
for C9orf72 ALS/FTD. Curr Opin Neurobiol 36:99–106. https​
://doi.org/10.1016/j.conb.2015.10.009

	 32.	 Ederle H, Dormann D (2017) TDP-43 and FUS en route from 
the nucleus to the cytoplasm. FEBS Lett 591:1489–1507. https​
://doi.org/10.1002/1873-3468.12646​

https://doi.org/10.1093/brain/aws004
https://doi.org/10.1038/srep20877
https://doi.org/10.1038/srep20877
https://doi.org/10.1136/jnnp.2009.204081
https://doi.org/10.1136/jnnp.2009.204081
https://doi.org/10.1093/jnen/nlx104
https://doi.org/10.1093/jnen/nlx104
https://doi.org/10.1007/s00401-016-1633-2
https://doi.org/10.1007/s00401-016-1633-2
https://doi.org/10.1186/1750-1326-8-12
https://doi.org/10.1186/1750-1326-8-12
https://doi.org/10.1093/emboj/20.7.1774
https://doi.org/10.1093/emboj/20.7.1774
https://doi.org/10.1093/hmg/ddw127
https://doi.org/10.1093/hmg/ddw127
https://doi.org/10.1126/science.aaa9344
https://doi.org/10.1126/science.aaa9344
https://doi.org/10.1016/j.neurobiolaging.2015.11.027
https://doi.org/10.1016/j.neurobiolaging.2015.11.027
https://doi.org/10.1038/s41593-017-0047-3
https://doi.org/10.1002/ana.23946
https://doi.org/10.1093/cercor/bht219
https://doi.org/10.1093/cercor/bht219
https://doi.org/10.7554/eLife.17820
https://doi.org/10.7554/eLife.17820
https://doi.org/10.1007/s00401-015-1429-9
https://doi.org/10.1007/s00401-015-1429-9
https://doi.org/10.1093/brain/awu120
https://doi.org/10.1007/s00401-006-0189-y
https://doi.org/10.1111/nan.12292
https://doi.org/10.1111/nan.12292
https://doi.org/10.1186/2051-5960-2-70
https://doi.org/10.1007/s00401-017-1725-7
https://doi.org/10.1007/s00401-017-1725-7
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1371/journal.pone.0056899
https://doi.org/10.1371/journal.pone.0056899
https://doi.org/10.1093/hmg/ddt460
https://doi.org/10.1016/j.neuron.2013.10.015
https://doi.org/10.1016/j.neuron.2013.10.015
https://doi.org/10.1016/j.conb.2015.10.009
https://doi.org/10.1016/j.conb.2015.10.009
https://doi.org/10.1002/1873-3468.12646
https://doi.org/10.1002/1873-3468.12646


21Acta Neuropathologica (2019) 137:1–26	

1 3

	 33.	 Fardaei M, Larkin K, Brook JD, Hamshere MG (2001) In vivo 
co-localisation of MBNL protein with DMPK expanded-repeat 
transcripts. Nucleic Acids Res 29:2766–2771

	 34.	 Farg MA, Sundaramoorthy V, Sultana JM, Yang S, Atkinson 
RA, Levina V, Halloran MA, Gleeson PA, Blair IP, Soo KY et al 
(2014) C9ORF72, implicated in amytrophic lateral sclerosis and 
frontotemporal dementia, regulates endosomal trafficking. Hum 
Mol Genet 23:3579–3595. https​://doi.org/10.1093/hmg/ddu06​8

	 35.	 Fratta P, Mizielinska S, Nicoll AJ, Zloh M, Fisher EM, Parkinson 
G, Isaacs AM (2012) C9orf72 hexanucleotide repeat associated 
with amyotrophic lateral sclerosis and frontotemporal demen-
tia forms RNA G-quadruplexes. Sci Rep 2:1016. https​://doi.
org/10.1038/srep0​1016

	 36.	 Fratta P, Polke JM, Newcombe J, Mizielinska S, Lashley T, 
Poulter M, Beck J, Preza E, Devoy A, Sidle K et al (2015) 
Screening a UK amyotrophic lateral sclerosis cohort provides 
evidence of multiple origins of the C9orf72 expansion. Neurobiol 
Aging 36(546):e541–e547. https​://doi.org/10.1016/j.neuro​biola​
ging.2014.07.037

	 37.	 Freibaum BD, Lu Y, Lopez-Gonzalez R, Kim NC, Almeida S, 
Lee KH, Badders N, Valentine M, Miller BL, Wong PC et al 
(2015) GGG​GCC​ repeat expansion in C9orf72 compromises 
nucleocytoplasmic transport. Nature 525:129–133. https​://doi.
org/10.1038/natur​e1497​4

	 38.	 Freibaum BD, Taylor JP (2017) The Role of Dipeptide Repeats in 
C9ORF72-Related ALS-FTD. Front Mol Neurosci 10:35. https​
://doi.org/10.3389/fnmol​.2017.00035​

	 39.	 Frick P, Sellier C, Mackenzie IRA, Cheng CY, Tahraoui-Bories J, 
Martinat C, Pasterkamp RJ, Prudlo J, Edbauer D, Oulad-Abdel-
ghani M et al (2018) Novel antibodies reveal presynaptic locali-
zation of C9orf72 protein and reduced protein levels in C9orf72 
mutation carriers. Acta Neuropathol Commun 6:72. https​://doi.
org/10.1186/s4047​8-018-0579-0

	 40.	 Galimberti D, Fenoglio C, Serpente M, Villa C, Bonsi R, Arighi 
A, Fumagalli GG, Del Bo R, Bruni AC, Anfossi M et al (2013) 
Autosomal dominant frontotemporal lobar degeneration due 
to the C9ORF72 hexanucleotide repeat expansion: late-onset 
psychotic clinical presentation. Biol Psychiatry. https​://doi.
org/10.1016/j.biops​ych.2013.01.031

	 41.	 Gallagher MD, Posavi M, Huang P, Unger TL, Berlyand Y, Grue-
newald AL, Chesi A, Manduchi E, Wells AD, Grant SFA et al 
(2017) A Dementia-Associated Risk Variant near TMEM106B 
Alters Chromatin Architecture and Gene Expression. Am J Hum 
Genet 101:643–663. https​://doi.org/10.1016/j.ajhg.2017.09.004

	 42.	 Geevasinga N, Menon P, Nicholson GA, Ng K, Howells J, Kril 
JJ, Yiannikas C, Kiernan MC, Vucic S (2015) Cortical func-
tion in asymptomatic carriers and patients with C9orf72 amyo-
trophic lateral sclerosis. JAMA Neurol 72:1268–1274. https​://
doi.org/10.1001/jaman​eurol​.2015.1872

	 43.	 Gendron TF, Bieniek KF, Zhang YJ, Jansen-West K, Ash PE, 
Caulfield T, Daughrity L, Dunmore JH, Castanedes-Casey 
M, Chew J et al (2013) Antisense transcripts of the expanded 
C9ORF72 hexanucleotide repeat form nuclear RNA foci and 
undergo repeat-associated non-ATG translation in c9FTD/ALS. 
Acta Neuropathol 126:829–844. https​://doi.org/10.1007/s0040​
1-013-1192-8

	 44.	 Gendron TF, Chew J, Stankowski JN, Hayes LR, Zhang YJ, 
Prudencio M, Carlomagno Y, Daughrity LM, Jansen-West K, 
Perkerson EA et al (2017) Poly(GP) proteins are a useful phar-
macodynamic marker for C9ORF72-associated amyotrophic lat-
eral sclerosis. Sci Transl Med. https​://doi.org/10.1126/scitr​anslm​
ed.aai78​66

	 45.	 Gendron TF, Petrucelli L (2018) Disease mechanisms of 
C9ORF72 repeat expansions. Cold Spring Harb Perspect Med. 
https​://doi.org/10.1101/cshpe​rspec​t.a0242​24

	 46.	 Gendron TF, van Blitterswijk M, Bieniek KF, Daughrity LM, 
Jiang J, Rush BK, Pedraza O, Lucas JA, Murray ME, Desaro 
P et al (2015) Cerebellar c9RAN proteins associate with clini-
cal and neuropathological characteristics of C9ORF72 repeat 
expansion carriers. Acta Neuropathol 130:559–573. https​://doi.
org/10.1007/s0040​1-015-1474-4

	 47.	 Gijselinck I, Van Mossevelde S, van der Zee J, Sieben A, Engel-
borghs S, De Bleecker J, Ivanoiu A, Deryck O, Edbauer D, Zhang 
M et al (2016) The C9orf72 repeat size correlates with onset age 
of disease, DNA methylation and transcriptional downregula-
tion of the promoter. Mol Psychiatry 21:1112–1124. https​://doi.
org/10.1038/mp.2015.159

	 48.	 Gitler AD, Tsuiji H (2016) There has been an awakening: emerg-
ing mechanisms of C9orf72 mutations in FTD/ALS. Brain Res 
1647:19–29. https​://doi.org/10.1016/j.brain​res.2016.04.004

	 49.	 Gomez-Deza J, Lee YB, Troakes C, Nolan M, Al-Sarraj S, Gallo 
JM, Shaw CE (2015) Dipeptide repeat protein inclusions are 
rare in the spinal cord and almost absent from motor neurons in 
C9ORF72 mutant amyotrophic lateral sclerosis and are unlikely 
to cause their degeneration. Acta Neuropathol Commun 3:38. 
https​://doi.org/10.1186/s4047​8-015-0218-y

	 50.	 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 et al (2013) C9ORF72 hexanucleotide expansions 
of 20-22 repeats are associated with frontotemporal deterioration. 
Neurology 80:366–370. https​://doi.org/10.1212/WNL.0b013​
e3182​7f08e​a

	 51.	 Gorlich D, Mattaj IW (1996) Nucleocytoplasmic transport. Sci-
ence 271:1513–1518

	 52.	 Guo Q, Lehmer C, Martinez-Sanchez A, Rudack T, Beck F, Hart-
mann H, Perez-Berlanga M, Frottin F, Hipp MS, Hartl FU et al 
(2018) In situ structure of neuronal C9orf72 poly-GA aggregates 
reveals proteasome recruitment. Cell 172(696–705):e612. https​
://doi.org/10.1016/j.cell.2017.12.030

	 53.	 Haeusler AR, Donnelly CJ, Rothstein JD (2016) The expanding 
biology of the C9orf72 nucleotide repeat expansion in neurode-
generative disease. Nat Rev Neurosci 17:383–395. https​://doi.
org/10.1038/nrn.2016.38

	 54.	 Hartmann H, Hornburg D, Czuppa M, Bader J, Michaelsen M, 
Farny D, Arzberger T, Mann M, Meissner F, Edbauer D (2018) 
Proteomics and C9orf72 neuropathology identify ribosomes as 
poly-GR/PR interactors driving toxicity. Life Science Alliance. 
https​://doi.org/10.26508​/lsa.20180​0070

	 55.	 Hubers A, Marroquin N, Schmoll B, Vielhaber S, Just M, Mayer 
B, Hogel J, Dorst J, Mertens T, Just W et al (2014) Polymerase 
chain reaction and Southern blot-based analysis of the C9orf72 
hexanucleotide repeat in different motor neuron diseases. Neu-
robiol Aging 35(1214):e1211–e1216. https​://doi.org/10.1016/j.
neuro​biola​ging.2013.11.034

	 56.	 Irwin DJ, McMillan CT, Brettschneider J, Libon DJ, Powers J, 
Rascovsky K, Toledo JB, Boller A, Bekisz J, Chandrasekaran K 
et al (2013) Cognitive decline and reduced survival in C9orf72 
expansion frontotemporal degeneration and amyotrophic lateral 
sclerosis. J Neurol Neurosurg Psychiatry 84:163–169. https​://doi.
org/10.1136/jnnp-2012-30350​7

	 57.	 Ishiura H, Takahashi Y, Mitsui J, Yoshida S, Kihira T, Kokubo 
Y, Kuzuhara S, Ranum LP, Tamaoki T, Ichikawa Y et al (2012) 
C9ORF72 repeat expansion in amyotrophic lateral sclerosis in 
the Kii peninsula of Japan. Arch Neurol 69:1154–1158. https​://
doi.org/10.1001/archn​eurol​.2012.1219

	 58.	 Jeong YH, Ling JP, Lin SZ, Donde AN, Braunstein KE, Majounie 
E, Traynor BJ, LaClair KD, Lloyd TE, Wong PC (2017) Tdp-43 
cryptic exons are highly variable between cell types. Mol Neu-
rodegener 12:13. https​://doi.org/10.1186/s1302​4-016-0144-x

https://doi.org/10.1093/hmg/ddu068
https://doi.org/10.1038/srep01016
https://doi.org/10.1038/srep01016
https://doi.org/10.1016/j.neurobiolaging.2014.07.037
https://doi.org/10.1016/j.neurobiolaging.2014.07.037
https://doi.org/10.1038/nature14974
https://doi.org/10.1038/nature14974
https://doi.org/10.3389/fnmol.2017.00035
https://doi.org/10.3389/fnmol.2017.00035
https://doi.org/10.1186/s40478-018-0579-0
https://doi.org/10.1186/s40478-018-0579-0
https://doi.org/10.1016/j.biopsych.2013.01.031
https://doi.org/10.1016/j.biopsych.2013.01.031
https://doi.org/10.1016/j.ajhg.2017.09.004
https://doi.org/10.1001/jamaneurol.2015.1872
https://doi.org/10.1001/jamaneurol.2015.1872
https://doi.org/10.1007/s00401-013-1192-8
https://doi.org/10.1007/s00401-013-1192-8
https://doi.org/10.1126/scitranslmed.aai7866
https://doi.org/10.1126/scitranslmed.aai7866
https://doi.org/10.1101/cshperspect.a024224
https://doi.org/10.1007/s00401-015-1474-4
https://doi.org/10.1007/s00401-015-1474-4
https://doi.org/10.1038/mp.2015.159
https://doi.org/10.1038/mp.2015.159
https://doi.org/10.1016/j.brainres.2016.04.004
https://doi.org/10.1186/s40478-015-0218-y
https://doi.org/10.1212/WNL.0b013e31827f08ea
https://doi.org/10.1212/WNL.0b013e31827f08ea
https://doi.org/10.1016/j.cell.2017.12.030
https://doi.org/10.1016/j.cell.2017.12.030
https://doi.org/10.1038/nrn.2016.38
https://doi.org/10.1038/nrn.2016.38
https://doi.org/10.26508/lsa.201800070
https://doi.org/10.1016/j.neurobiolaging.2013.11.034
https://doi.org/10.1016/j.neurobiolaging.2013.11.034
https://doi.org/10.1136/jnnp-2012-303507
https://doi.org/10.1136/jnnp-2012-303507
https://doi.org/10.1001/archneurol.2012.1219
https://doi.org/10.1001/archneurol.2012.1219
https://doi.org/10.1186/s13024-016-0144-x


22	 Acta Neuropathologica (2019) 137:1–26

1 3

	 59.	 Jiang H, Mankodi A, Swanson MS, Moxley RT, Thornton CA 
(2004) Myotonic dystrophy type 1 is associated with nuclear 
foci of mutant RNA, sequestration of muscleblind proteins and 
deregulated alternative splicing in neurons. Hum Mol Genet 
13:3079–3088. https​://doi.org/10.1093/hmg/ddh32​7

	 60.	 Jovicic A, Mertens J, Boeynaems S, Bogaert E, Chai N, Yamada 
SB, Paul JW 3rd, Sun S, Herdy JR, Bieri G et al (2015) Modifiers 
of C9orf72 dipeptide repeat toxicity connect nucleocytoplasmic 
transport defects to FTD/ALS. Nat Neurosci 18:1226–1229. https​
://doi.org/10.1038/nn.4085

	 61.	 Kanadia RN, Urbinati CR, Crusselle VJ, Luo D, Lee YJ, Har-
rison JK, Oh SP, Swanson MS (2003) Developmental expression 
of mouse muscleblind genes Mbnl1, Mbnl2 and Mbnl3. Gene 
Expr Patterns 3:459–462

	 62.	 Kato S, Hayashi H, Yagishita A (1993) Involvement of the fron-
totemporal lobe and limbic system in amyotrophic lateral scle-
rosis: as assessed by serial computed tomography and magnetic 
resonance imaging. J Neurol Sci 116:52–58

	 63.	 Khosravi B, Hartmann H, May S, Möhl C, Ederle H, Michaelsen 
M, Schludi MH, Dormann D, Edbauer D (2017) Cytoplas-
mic poly-GA aggregates impair nuclear import of TDP-43 in 
C9orf72 ALS/FTLD. Hum Mol Genet 26:790–800. https​://doi.
org/10.1093/hmg/ddw43​2

	 64.	 Kim EJ, Sidhu M, Gaus SE, Huang EJ, Hof PR, Miller BL, 
Dearmond SJ, Seeley WW (2011) Selective frontoinsular von 
economo neuron and fork cell loss in early behavioral variant 
frontotemporal dementia. Cereb Cortex. https​://doi.org/10.1093/
cerco​r/bhr00​4

	 65.	 Kim HJ, Taylor JP (2017) Lost in transportation: nucleocyto-
plasmic transport defects in ALS and other neurodegenerative 
diseases. Neuron 96:285–297. https​://doi.org/10.1016/j.neuro​
n.2017.07.029

	 66.	 Kinoshita Y, Ito H, Hirano A, Fujita K, Wate R, Nakamura M, 
Kaneko S, Nakano S, Kusaka H (2009) Nuclear contour irregu-
larity and abnormal transporter protein distribution in anterior 
horn cells in amyotrophic lateral sclerosis. J Neuropathol Exp 
Neurol 68:1184–1192. https​://doi.org/10.1097/NEN.0b013​e3181​
bc3be​c

	 67.	 Kovanda A, Zalar M, Sket P, Plavec J, Rogelj B (2015) Anti-
sense DNA d(GGC​CCC​)n expansions in C9ORF72 form 
i-motifs and protonated hairpins. Sci Rep 5:17944. https​://doi.
org/10.1038/srep1​7944

	 68.	 Kraemer BC, Schuck T, Wheeler JM, Robinson LC, Trojanowski 
JQ, Lee VM, Schellenberg GD (2010) Loss of murine TDP-43 
disrupts motor function and plays an essential role in embryo-
genesis. Acta Neuropathol 119:409–419. https​://doi.org/10.1007/
s0040​1-010-0659-0

	 69.	 Kuersten S, Ohno M, Mattaj IW (2001) Nucleocytoplasmic trans-
port: ran, beta and beyond. Trends Cell Biol 11:497–503

	 70.	 Kwon I, Xiang S, Kato M, Wu L, Theodoropoulos P, Wang 
T, Kim J, Yun J, Xie Y, McKnight SL (2014) Poly-dipeptides 
encoded by the C9orf72 repeats bind nucleoli, impede RNA 
biogenesis, and kill cells. Science 345:1139–1145. https​://doi.
org/10.1126/scien​ce.12549​17

	 71.	 Lattante S, Millecamps S, Stevanin G, Rivaud-Pechoux S, 
Moigneu C, Camuzat A, Da Barroca S, Mundwiller E, Couarch 
P, Salachas F et al (2014) Contribution of ATXN2 intermediary 
polyQ expansions in a spectrum of neurodegenerative disorders. 
Neurology 83:990–995. https​://doi.org/10.1212/WNL.00000​
00000​00077​8

	 72.	 Lee SE, Khazenzon AM, Trujillo AJ, Guo CC, Yokoyama JS, 
Sha SJ, Takada LT, Karydas AM, Block NR, Coppola G et al 
(2014) Altered network connectivity in frontotemporal dementia 
with C9orf72 hexanucleotide repeat expansion. Brain 137:3047–
3060. https​://doi.org/10.1093/brain​/awu24​8

	 73.	 Lee SE, Sias AC, Mandelli ML, Brown JA, Brown AB, Khazen-
zon AM, Vidovszky AA, Zanto TP, Karydas AM, Pribadi M et al 
(2017) Network degeneration and dysfunction in presymptomatic 
C9ORF72 expansion carriers. Neuroimage Clin 14:286–297. 
https​://doi.org/10.1016/j.nicl.2016.12.006

	 74.	 Lee YB, Chen HJ, Peres JN, Gomez-Deza J, Attig J, Stalekar M, 
Troakes C, Nishimura AL, Scotter EL, Vance C et al (2013) Hex-
anucleotide repeats in ALS/FTD form length-dependent RNA 
foci, sequester RNA binding proteins, and are neurotoxic. Cell 
Rep 5:1178–1186. https​://doi.org/10.1016/j.celre​p.2013.10.049

	 75.	 Lehmer C, Oeckl P, Weishaupt JH, Volk AE, Diehl-Schmid J, 
Schroeter ML, Lauer M, Kornhuber J, Levin J, Fassbender K et al 
(2017) Poly-GP in cerebrospinal fluid links C9orf72-associated 
dipeptide repeat expression to the asymptomatic phase of ALS/
FTD. EMBO Mol Med 9:859–868. https​://doi.org/10.15252​/
emmm.20160​7486

	 76.	 Ling JP, Pletnikova O, Troncoso JC, Wong PC (2015) TDP-43 
repression of nonconserved cryptic exons is compromised in 
ALS-FTD. Science 349:650–655. https​://doi.org/10.1126/scien​
ce.aab09​83

	 77.	 Liu EY, Russ J, Wu K, Neal D, Suh E, McNally AG, Irwin DJ, 
Van Deerlin VM, Lee EB (2014) C9orf72 hypermethylation pro-
tects against repeat expansion-associated pathology in ALS/FTD. 
Acta Neuropathol 128:525–541. https​://doi.org/10.1007/s0040​
1-014-1286-y

	 78.	 Liu F, Liu Q, Lu CX, Cui B, Guo XN, Wang RR, Liu MS, Li XG, 
Cui LY, Zhang X (2016) Identification of a novel loss-of-function 
C9orf72 splice site mutation in a patient with amyotrophic lateral 
sclerosis. Neurobiol Aging 47:219 e211–219 e215. https​://doi.
org/10.1016/j.neuro​biola​ging.2016.07.027

	 79.	 Liu Y, Pattamatta A, Zu T, Reid T, Bardhi O, Borchelt DR, 
Yachnis AT, Ranum LP (2016) C9orf72 BAC mouse model with 
motor deficits and neurodegenerative features of ALS/FTD. Neu-
ron 90:521–534. https​://doi.org/10.1016/j.neuro​n.2016.04.005

	 80.	 Lomen-Hoerth C, Anderson T, Miller BL (2002) The overlap 
of amyotrophic lateral sclerosis and frontotemporal dementia. 
Neurology 59:1077–1079

	 81.	 Lopez-Gonzalez R, Lu Y, Gendron TF, Karydas A, Tran H, Yang 
D, Petrucelli L, Miller BL, Almeida S, Gao FB (2016) Poly(GR) 
in C9ORF72-related ALS/FTD compromises mitochondrial 
function and increases oxidative stress and DNA damage in 
iPSC-derived motor neurons. Neuron 92:383–391. https​://doi.
org/10.1016/j.neuro​n.2016.09.015

	 82.	 Mackenzie IR, Arzberger T, Kremmer E, Troost D, Lorenzl S, 
Mori K, Weng SM, Haass C, Kretzschmar HA, Edbauer D et al 
(2013) Dipeptide repeat protein pathology in C9ORF72 muta-
tion cases: clinico-pathological correlations. Acta Neuropathol 
126:859–879. https​://doi.org/10.1007/s0040​1-013-1181-y

	 83.	 Mackenzie IR, Frick P, Grasser FA, Gendron TF, Petrucelli 
L, Cashman NR, Edbauer D, Kremmer E, Prudlo J, Troost D 
et al (2015) Quantitative analysis and clinico-pathological cor-
relations of different dipeptide repeat protein pathologies in 
C9ORF72 mutation carriers. Acta Neuropathol 130:845–861. 
https​://doi.org/10.1007/s0040​1-015-1476-2

	 84.	 Mahoney CJ, Beck J, Rohrer JD, Lashley T, Mok K, Shake-
speare T, Yeatman T, Warrington EK, Schott JM, Fox NC et al 
(2012) Frontotemporal dementia with the C9ORF72 hexanu-
cleotide repeat expansion: clinical, neuroanatomical and neuro-
pathological features. Brain J Neurol 135:736–750. https​://doi.
org/10.1093/brain​/awr36​1

	 85.	 Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rol-
linson S, Chio A, Restagno G, Nicolaou N, Simon-Sanchez J 
et al (2012) Frequency of the C9orf72 hexanucleotide repeat 
expansion in patients with amyotrophic lateral sclerosis and 
frontotemporal dementia: a cross-sectional study. Lancet Neurol 
11:323–330. https​://doi.org/10.1016/S1474​-4422(12)70043​-1

https://doi.org/10.1093/hmg/ddh327
https://doi.org/10.1038/nn.4085
https://doi.org/10.1038/nn.4085
https://doi.org/10.1093/hmg/ddw432
https://doi.org/10.1093/hmg/ddw432
https://doi.org/10.1093/cercor/bhr004
https://doi.org/10.1093/cercor/bhr004
https://doi.org/10.1016/j.neuron.2017.07.029
https://doi.org/10.1016/j.neuron.2017.07.029
https://doi.org/10.1097/NEN.0b013e3181bc3bec
https://doi.org/10.1097/NEN.0b013e3181bc3bec
https://doi.org/10.1038/srep17944
https://doi.org/10.1038/srep17944
https://doi.org/10.1007/s00401-010-0659-0
https://doi.org/10.1007/s00401-010-0659-0
https://doi.org/10.1126/science.1254917
https://doi.org/10.1126/science.1254917
https://doi.org/10.1212/WNL.0000000000000778
https://doi.org/10.1212/WNL.0000000000000778
https://doi.org/10.1093/brain/awu248
https://doi.org/10.1016/j.nicl.2016.12.006
https://doi.org/10.1016/j.celrep.2013.10.049
https://doi.org/10.15252/emmm.201607486
https://doi.org/10.15252/emmm.201607486
https://doi.org/10.1126/science.aab0983
https://doi.org/10.1126/science.aab0983
https://doi.org/10.1007/s00401-014-1286-y
https://doi.org/10.1007/s00401-014-1286-y
https://doi.org/10.1016/j.neurobiolaging.2016.07.027
https://doi.org/10.1016/j.neurobiolaging.2016.07.027
https://doi.org/10.1016/j.neuron.2016.04.005
https://doi.org/10.1016/j.neuron.2016.09.015
https://doi.org/10.1016/j.neuron.2016.09.015
https://doi.org/10.1007/s00401-013-1181-y
https://doi.org/10.1007/s00401-015-1476-2
https://doi.org/10.1093/brain/awr361
https://doi.org/10.1093/brain/awr361
https://doi.org/10.1016/S1474-4422(12)70043-1


23Acta Neuropathologica (2019) 137:1–26	

1 3

	 85.	 Mankodi A, Urbinati CR, Yuan QP, Moxley RT, Sansone V, 
Krym M, Henderson D, Schalling M, Swanson MS, Thornton 
CA (2001) Muscleblind localizes to nuclear foci of aberrant 
RNA in myotonic dystrophy types 1 and 2. Hum Mol Genet 
10:2165–2170

	 87.	 Mann DM, Rollinson S, Robinson A, Bennion Callister J, 
Thompson JC, Snowden JS, Gendron T, Petrucelli L, Masuda-
Suzukake M, Hasegawa M et al (2013) Dipeptide repeat proteins 
are present in the p62 positive inclusions in patients with fronto-
temporal lobar degeneration and motor neurone disease associ-
ated with expansions in C9ORF72. Acta Neuropathol Commun 
1:68. https​://doi.org/10.1186/2051-5960-1-68

	 88.	 May S, Hornburg D, Schludi MH, Arzberger T, Rentzsch K, 
Schwenk BM, Grasser FA, Mori K, Kremmer E, Banzhaf-
Strathmann J et  al (2014) C9orf72 FTLD/ALS-associated 
Gly-Ala dipeptide repeat proteins cause neuronal toxicity and 
Unc119 sequestration. Acta Neuropathol 128:485–503. https​://
doi.org/10.1007/s0040​1-014-1329-4

	 89.	 McGoldrick P, Zhang M, van Blitterswijk M, Sato C, Moreno 
D, Xiao S, Zhang AB, McKeever PM, Weichert A, Schneider R 
et al (2018) Unaffected mosaic C9orf72 case: RNA foci, dipep-
tide proteins, but upregulated C9orf72 expression. Neurology 
90:e323–e331. https​://doi.org/10.1212/WNL.00000​00000​00486​
5

	 90.	 Millecamps S, Boillee S, Le Ber I, Seilhean D, Teyssou E, 
Giraudeau M, Moigneu C, Vandenberghe N, Danel-Brunaud V, 
Corcia P et al (2012) Phenotype difference between ALS patients 
with expanded repeats in C9ORF72 and patients with mutations 
in other ALS-related genes. J Med Genet 49:258–263. https​://
doi.org/10.1136/jmedg​enet-2011-10069​9

	 91.	 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. https​://doi.
org/10.1093/emboj​/19.17.4439

	 92.	 Miller ZA, Rankin KP, Graff-Radford NR, Takada LT, Sturm 
VE, Cleveland CM, Criswell LA, Jaeger PA, Stan T, Heggeli 
KA et al (2013) TDP-43 frontotemporal lobar degeneration and 
autoimmune disease. J Neurol Neurosurg Psychiatry. https​://doi.
org/10.1136/jnnp-2012-30464​4

	 93.	 Miller ZA, Sturm VE, Camsari GB, Karydas A, Yokoyama 
JS, Grinberg LT, Boxer AL, Rosen HJ, Rankin KP, Gorno-
Tempini ML et al (2016) Increased prevalence of autoimmune 
disease within C9 and FTD/MND cohorts: completing the pic-
ture. Neurol Neuroimmunol Neuroinflamm 3:e301. https​://doi.
org/10.1212/NXI.00000​00000​00030​1

	 95.	 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 anti-
sense RNA foci. Acta Neuropathol 126:845–857. https​://doi.
org/10.1007/s0040​1-013-1200-z

	 95.	 Mizielinska S, Ridler CE, Balendra R, Thoeng A, Woodling NS, 
Grasser FA, Plagnol V, Lashley T, Partridge L, Isaacs AM (2017) 
Bidirectional nucleolar dysfunction in C9orf72 frontotemporal 
lobar degeneration. Acta Neuropathol Commun 5:29. https​://doi.
org/10.1186/s4047​8-017-0432-x

	 96.	 Mori K, Arzberger T, Grasser FA, Gijselinck I, May S, Rentzsch 
K, Weng SM, Schludi MH, van der Zee J, Cruts M et al (2013) 
Bidirectional transcripts of the expanded C9orf72 hexanucleotide 
repeat are translated into aggregating dipeptide repeat proteins. 
Acta Neuropathol 126:881–893. https​://doi.org/10.1007/s0040​
1-013-1189-3

	 97.	 Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Krem-
mer E, Schmid B, Kretzschmar HA, Cruts M, Van Broeckhoven 
C et al (2013) The C9orf72 GGG​GCC​ repeat is translated into 

aggregating dipeptide-repeat proteins in FTLD/ALS. Science 
339:1335–1338. https​://doi.org/10.1126/scien​ce.12329​27

	 98.	 Neumann M, Kwong LK, Truax AC, Vanmassenhove B, 
Kretzschmar HA, Van Deerlin VM, Clark CM, Grossman 
M, Miller BL, Trojanowski JQ et al (2007) TDP-43-positive 
white matter pathology in frontotemporal lobar degeneration 
with ubiquitin-positive inclusions. J Neuropathol Exp Neurol 
66:177–183

	 99.	 Neumann M, Tolnay M, Mackenzie I (2009) The molecular 
basis of frontotemporal dementia. Expert Rev Mol Med 11:e23. 
https​://doi.org/10.1017/S1462​39940​90011​36

	100.	 Nicholson AM, Finch NA, Wojtas A, Baker MC, Perkerson 
RB 3rd, Castanedes-Casey M, Rousseau L, Benussi L, Binetti 
G, Ghidoni R et  al (2013) TMEM106B p. T185S regulates 
TMEM106B protein levels: implications for frontotemporal 
dementia. J Neurochem 126:781–791. https​://doi.org/10.1111/
jnc.12329​

	101.	 Nicholson AM, Rademakers R (2016) What we know about 
TMEM106B in neurodegeneration. Acta Neuropathol 132:639–
651. https​://doi.org/10.1007/s0040​1-016-1610-9

	102.	 Nishimura AL, Zupunski V, Troakes C, Kathe C, Fratta P, Howell 
M, Gallo JM, Hortobagyi T, Shaw CE, Rogelj B (2010) Nuclear 
import impairment causes cytoplasmic trans-activation response 
DNA-binding protein accumulation and is associated with fron-
totemporal lobar degeneration. Brain 133:1763–1771. https​://doi.
org/10.1093/brain​/awq11​1

	103.	 Nonaka T, Masuda-Suzukake M, Hosokawa M, Shimozawa 
A, Hirai S, Okado H, Hasegawa M (2018) C9ORF72 dipep-
tide repeat poly-GA inclusions promote: intracellular aggrega-
tion of phosphorylated TDP-43. Hum Mol Genet. https​://doi.
org/10.1093/hmg/ddy17​4

	104.	 Nordin A, Akimoto C, Wuolikainen A, Alstermark H, Jonsson 
P, Birve A, Marklund SL, Graffmo KS, Forsberg K, Brannstrom 
T et al (2015) Extensive size variability of the GGG​GCC​ expan-
sion in C9orf72 in both neuronal and non-neuronal tissues in 18 
patients with ALS or FTD. Hum Mol Genet 24:3133–3142. https​
://doi.org/10.1093/hmg/ddv06​4

	105.	 O’Rourke JG, Bogdanik L, Yanez A, Lall D, Wolf AJ, Muham-
mad AK, Ho R, Carmona S, Vit JP, Zarrow J et  al (2016) 
C9orf72 is required for proper macrophage and microglial func-
tion in mice. Science 351:1324–1329. https​://doi.org/10.1126/
scien​ce.aaf10​64

	106.	 Ou SH, Wu F, Harrich D, Garcia-Martinez LF, Gaynor RB 
(1995) Cloning and characterization of a novel cellular protein, 
TDP-43, that binds to human immunodeficiency virus type 1 
TAR DNA sequence motifs. J Virol 69:3584–3596

	107.	 Pamphlett R, Cheong PL, Trent RJ, Yu B (2012) Transmission 
of C9orf72 hexanucleotide repeat expansions in sporadic amyo-
trophic lateral sclerosis: an Australian trio study. NeuroReport 
23:556–559. https​://doi.org/10.1097/WNR.0b013​e3283​54471​8

	108.	 Perry DC, Brown JA, Possin KL, Datta S, Trujillo A, Radke A, 
Karydas A, Kornak J, Sias AC, Rabinovici GD et al (2017) Clin-
icopathological correlations in behavioural variant frontotem-
poral dementia. Brain 140:3329–3345. https​://doi.org/10.1093/
brain​/awx25​4

	109.	 Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, 
Moran J, Liang TY, Ling SC, Sun E, Wancewicz E, Mazur C 
et al (2011) Long pre-mRNA depletion and RNA missplicing 
contribute to neuronal vulnerability from loss of TDP-43. Nat 
Neurosci 14:459–468. https​://doi.org/10.1038/nn.2779

	110.	 Porta S, Kwong LK, Trojanowski JQ, Lee VM (2015) Drosha 
inclusions are new components of dipeptide-repeat protein 
aggregates in FTLD-TDP and ALS C9orf72 expansion cases. 
J Neuropathol Exp Neurol 74:380–387. https​://doi.org/10.1097/
NEN.00000​00000​00018​2

https://doi.org/10.1186/2051-5960-1-68
https://doi.org/10.1007/s00401-014-1329-4
https://doi.org/10.1007/s00401-014-1329-4
https://doi.org/10.1212/WNL.0000000000004865
https://doi.org/10.1212/WNL.0000000000004865
https://doi.org/10.1136/jmedgenet-2011-100699
https://doi.org/10.1136/jmedgenet-2011-100699
https://doi.org/10.1093/emboj/19.17.4439
https://doi.org/10.1093/emboj/19.17.4439
https://doi.org/10.1136/jnnp-2012-304644
https://doi.org/10.1136/jnnp-2012-304644
https://doi.org/10.1212/NXI.0000000000000301
https://doi.org/10.1212/NXI.0000000000000301
https://doi.org/10.1007/s00401-013-1200-z
https://doi.org/10.1007/s00401-013-1200-z
https://doi.org/10.1186/s40478-017-0432-x
https://doi.org/10.1186/s40478-017-0432-x
https://doi.org/10.1007/s00401-013-1189-3
https://doi.org/10.1007/s00401-013-1189-3
https://doi.org/10.1126/science.1232927
https://doi.org/10.1017/S1462399409001136
https://doi.org/10.1111/jnc.12329
https://doi.org/10.1111/jnc.12329
https://doi.org/10.1007/s00401-016-1610-9
https://doi.org/10.1093/brain/awq111
https://doi.org/10.1093/brain/awq111
https://doi.org/10.1093/hmg/ddy174
https://doi.org/10.1093/hmg/ddy174
https://doi.org/10.1093/hmg/ddv064
https://doi.org/10.1093/hmg/ddv064
https://doi.org/10.1126/science.aaf1064
https://doi.org/10.1126/science.aaf1064
https://doi.org/10.1097/WNR.0b013e3283544718
https://doi.org/10.1093/brain/awx254
https://doi.org/10.1093/brain/awx254
https://doi.org/10.1038/nn.2779
https://doi.org/10.1097/NEN.0000000000000182
https://doi.org/10.1097/NEN.0000000000000182


24	 Acta Neuropathologica (2019) 137:1–26

1 3

	111.	 Proudfoot M, Gutowski NJ, Edbauer D, Hilton DA, Stephens M, 
Rankin J, Mackenzie IR (2014) Early dipeptide repeat pathology 
in a frontotemporal dementia kindred with C9ORF72 mutation 
and intellectual disability. Acta Neuropathol 127:451–458. https​
://doi.org/10.1007/s0040​1-014-1245-7

	112.	 Prpar Mihevc S, Baralle M, Buratti E, Rogelj B (2016) TDP-43 
aggregation mirrors TDP-43 knockdown, affecting the expres-
sion levels of a common set of proteins. Sci Rep 6:33996. https​
://doi.org/10.1038/srep3​3996

	113.	 Prpar Mihevc S, Darovic S, Kovanda A, Bajc Cesnik A, Zupunski 
V, Rogelj B (2017) Nuclear trafficking in amyotrophic lateral 
sclerosis and frontotemporal lobar degeneration. Brain 140:13–
26. https​://doi.org/10.1093/brain​/aww19​7

	114.	 Reddy K, Zamiri B, Stanley SY, Macgregor RB Jr, Pearson CE 
(2013) The disease-associated r(GGG​GCC​)n repeat from the 
C9orf72 gene forms tract length-dependent uni- and multimolec-
ular RNA G-quadruplex structures. J Biol Chem 288:9860–9866. 
https​://doi.org/10.1074/jbc.C113.45253​2

	115.	 Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollin-
son S, Gibbs JR, Schymick JC, Laaksovirta H, van Swieten JC, 
Myllykangas L et al (2011) A hexanucleotide repeat expansion 
in C9ORF72 is the cause of chromosome 9p21-linked ALS-
FTD. Neuron 72:257–268. https​://doi.org/10.1016/j.neuro​
n.2011.09.010

	116.	 Rohrer JD, Nicholas JM, Cash DM, van Swieten J, Dopper E, 
Jiskoot L, van Minkelen R, Rombouts SA, Cardoso MJ, Clegg 
S et al (2015) Presymptomatic cognitive and neuroanatomical 
changes in genetic frontotemporal dementia in the Genetic Fron-
totemporal dementia Initiative (GENFI) study: a cross-sectional 
analysis. Lancet Neurol 14:253–262. https​://doi.org/10.1016/
S1474​-4422(14)70324​-2

	117.	 Russ J, Liu EY, Wu K, Neal D, Suh E, Irwin DJ, McMillan CT, 
Harms MB, Cairns NJ, Wood EM et al (2015) Hypermethylation 
of repeat expanded C9orf72 is a clinical and molecular disease 
modifier. Acta Neuropathol 129:39–52. https​://doi.org/10.1007/
s0040​1-014-1365-0

	118.	 Rutherford NJ, Heckman MG, Dejesus-Hernandez M, Baker MC, 
Soto-Ortolaza AI, Rayaprolu S, Stewart H, Finger E, Volkening 
K, Seeley WW et al (2012) Length of normal alleles of C9ORF72 
GGG​GCC​ repeat do not influence disease phenotype. Neurobiol 
Aging 33(2950):e2955–e2957. https​://doi.org/10.1016/j.neuro​
biola​ging.2012.07.005

	119.	 Saberi S, Stauffer JE, Jiang J, Garcia SD, Taylor AE, Schulte 
D, Ohkubo T, Schloffman CL, Maldonado M, Baughn M et al 
(2018) Sense-encoded poly-GR dipeptide repeat proteins cor-
relate to neurodegeneration and uniquely co-localize with 
TDP-43 in dendrites of repeat-expanded C9orf72 amyotrophic 
lateral sclerosis. Acta Neuropathol 135:459–474. https​://doi.
org/10.1007/s0040​1-017-1793-8

	120.	 Sakae N, Bieniek KF, Zhang Y-J, Ross K, Gendron TF, Murray 
ME, Rademakers R, Petrucelli L, Dickson DW (2018) Poly-GR 
dipeptide repeat polymers correlate with neurodegeneration and 
Clinicopathological subtypes in C9ORF72-related brain dis-
ease. Acta Neuropathologica Communications 6:63. https​://doi.
org/10.1186/s4047​8-018-0564-7

	121.	 Santillo AF, Englund E (2014) Greater loss of von Economo 
neurons than loss of layer II and III neurons in behavioral variant 
frontotemporal dementia. Am J Neurodegener Dis 3:64–71

	122.	 Santillo AF, Nilsson C, Englund E (2013) von Economo neu-
rones are selectively targeted in frontotemporal dementia. Neu-
ropathol Appl Neurobiol 39:572–579. https​://doi.org/10.1111/
nan.12021​

	123.	 Sareen D, O’Rourke JG, Meera P, Muhammad AK, Grant S, 
Simpkinson M, Bell S, Carmona S, Ornelas L, Sahabian A et al 
(2013) Targeting RNA foci in iPSC-derived motor neurons from 

ALS patients with a C9ORF72 repeat expansion. Sci Transl Med 
5:208ra149. https​://doi.org/10.1126/scitr​anslm​ed.30075​29

	124.	 Schludi MH, May S, Grasser FA, Rentzsch K, Kremmer E, 
Kupper C, Klopstock T, Arzberger T, German Consortium for 
Frontotemporal Lobar D, Bavarian Brain Banking A et al (2015) 
Distribution of dipeptide repeat proteins in cellular models and 
C9orf72 mutation cases suggests link to transcriptional silencing. 
Acta Neuropathol 130:537–555. https​://doi.org/10.1007/s0040​
1-015-1450-z

	125.	 Schroeter ML, Raczka K, Neumann J, von Cramon DY (2006) 
Neural networks in frontotemporal dementia—a meta-analysis. 
Neurobiol Aging 29:418–426

	126.	 Seeley WW, Carlin DA, Allman JM, Macedo MN, Bush C, Miller 
BL, Dearmond SJ (2006) Early frontotemporal dementia targets 
neurons unique to apes and humans. Ann Neurol 60:660–667

	127.	 Seeley WW, Crawford R, Rascovsky K, Kramer JH, Weiner 
M, Miller BL, Gorno-Tempini ML (2008) Frontal paralimbic 
network atrophy in very mild behavioral variant frontotemporal 
dementia. Arch Neurol 65:249–255

	128.	 Seeley WW, Zhou J, Kim EJ (2011) Frontotemporal dementia: 
what can the behavioral variant teach us about human brain 
organization? Neuroscientist. https​://doi.org/10.1177/10738​
58411​41035​4

	129.	 Sellier C, Campanari ML, Julie Corbier C, Gaucherot A, Kolb-
Cheynel I, Oulad-Abdelghani M, Ruffenach F, Page A, Ciura 
S, Kabashi E et al (2016) Loss of C9ORF72 impairs autophagy 
and synergizes with polyQ Ataxin-2 to induce motor neuron 
dysfunction and cell death. EMBO J 35:1276–1297. https​://doi.
org/10.15252​/embj.20159​3350

	130.	 Sephton CF, Good SK, Atkin S, Dewey CM, Mayer P 3rd, Herz 
J, Yu G (2010) TDP-43 is a developmentally regulated pro-
tein essential for early embryonic development. J Biol Chem 
285:6826–6834. https​://doi.org/10.1074/jbc.M109.06184​6

	131.	 Sha SJ, Takada LT, Rankin KP, Yokoyama JS, Rutherford NJ, 
Fong JC, Khan B, Karydas A, Baker MC, DeJesus-Hernandez 
M et al (2012) Frontotemporal dementia due to C9ORF72 muta-
tions: clinical and imaging features. Neurology 79:1002–1011. 
https​://doi.org/10.1212/WNL.0b013​e3182​68452​e

	132.	 Shi KY, Mori E, Nizami ZF, Lin Y, Kato M, Xiang S, Wu LC, 
Ding M, Yu Y, Gall JG et al (2017) Toxic PRn poly-dipeptides 
encoded by the C9orf72 repeat expansion block nuclear import 
and export. Proc Natl Acad Sci USA 114:E1111–E1117. https​://
doi.org/10.1073/pnas.16202​93114​

	133.	 Snowden JS, Rollinson S, Thompson JC, Harris JM, Stopford 
CL, Richardson AM, Jones M, Gerhard A, Davidson YS, Rob-
inson A et al (2012) Distinct clinical and pathological charac-
teristics of frontotemporal dementia associated with C9ORF72 
mutations. Brain J Neurol 135:693–708. https​://doi.org/10.1093/
brain​/awr35​5

	134.	 Solomon DA, Stepto A, Au WH, Adachi Y, Diaper DC, Hall 
R, Rekhi A, Boudi A, Tziortzouda P, Lee YB et al (2018) A 
feedback loop between dipeptide-repeat protein, TDP-43 and 
karyopherin-alpha mediates C9orf72-related neurodegeneration. 
Brain 141:2908–2924. https​://doi.org/10.1093/brain​/awy24​1

	135.	 Spector DL, Lamond AI (2011) Nuclear speckles. Cold Spring 
Harb Perspect Biol. https​://doi.org/10.1101/cshpe​rspec​t.a0006​46

	136.	 Stalekar M, Yin X, Rebolj K, Darovic S, Troakes C, Mayr M, 
Shaw CE, Rogelj B (2015) Proteomic analyses reveal that loss 
of TDP-43 affects RNA processing and intracellular transport. 
Neuroscience 293:157–170. https​://doi.org/10.1016/j.neuro​scien​
ce.2015.02.046

	137.	 Stewart H, Rutherford NJ, Briemberg H, Krieger C, Cashman 
N, Fabros M, Baker M, Fok A, Dejesus-Hernandez M, Eisen A 
et al (2012) Clinical and pathological features of amyotrophic 
lateral sclerosis caused by mutation in the C9ORF72 gene on 

https://doi.org/10.1007/s00401-014-1245-7
https://doi.org/10.1007/s00401-014-1245-7
https://doi.org/10.1038/srep33996
https://doi.org/10.1038/srep33996
https://doi.org/10.1093/brain/aww197
https://doi.org/10.1074/jbc.C113.452532
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/S1474-4422(14)70324-2
https://doi.org/10.1016/S1474-4422(14)70324-2
https://doi.org/10.1007/s00401-014-1365-0
https://doi.org/10.1007/s00401-014-1365-0
https://doi.org/10.1016/j.neurobiolaging.2012.07.005
https://doi.org/10.1016/j.neurobiolaging.2012.07.005
https://doi.org/10.1007/s00401-017-1793-8
https://doi.org/10.1007/s00401-017-1793-8
https://doi.org/10.1186/s40478-018-0564-7
https://doi.org/10.1186/s40478-018-0564-7
https://doi.org/10.1111/nan.12021
https://doi.org/10.1111/nan.12021
https://doi.org/10.1126/scitranslmed.3007529
https://doi.org/10.1007/s00401-015-1450-z
https://doi.org/10.1007/s00401-015-1450-z
https://doi.org/10.1177/1073858411410354
https://doi.org/10.1177/1073858411410354
https://doi.org/10.15252/embj.201593350
https://doi.org/10.15252/embj.201593350
https://doi.org/10.1074/jbc.M109.061846
https://doi.org/10.1212/WNL.0b013e318268452e
https://doi.org/10.1073/pnas.1620293114
https://doi.org/10.1073/pnas.1620293114
https://doi.org/10.1093/brain/awr355
https://doi.org/10.1093/brain/awr355
https://doi.org/10.1093/brain/awy241
https://doi.org/10.1101/cshperspect.a000646
https://doi.org/10.1016/j.neuroscience.2015.02.046
https://doi.org/10.1016/j.neuroscience.2015.02.046


25Acta Neuropathologica (2019) 137:1–26	

1 3

chromosome 9p. Acta Neuropathol. https​://doi.org/10.1007/
s0040​1-011-0937-5

	138.	 Stoyas CA, La Spada AR (2018) The CAG-polyglutamine 
repeat diseases: a clinical, molecular, genetic, and pathophysi-
ologic nosology. Handb Clin Neurol 147:143–170. https​://doi.
org/10.1016/B978-0-444-63233​-3.00011​-7

	139.	 Suh E, Lee EB, Neal D, Wood EM, Toledo JB, Rennert L, Irwin 
DJ, McMillan CT, Krock B, Elman LB et al (2015) Semi-auto-
mated quantification of C9orf72 expansion size reveals inverse 
correlation between hexanucleotide repeat number and disease 
duration in frontotemporal degeneration. Acta Neuropathol 
130:363–372. https​://doi.org/10.1007/s0040​1-015-1445-9

	140.	 Sun M, Bell W, LaClair KD, Ling JP, Han H, Kageyama Y, Plet-
nikova O, Troncoso JC, Wong PC, Chen LL (2017) Cryptic exon 
incorporation occurs in Alzheimer’s brain lacking TDP-43 inclu-
sion but exhibiting nuclear clearance of TDP-43. Acta Neuro-
pathol 133:923–931. https​://doi.org/10.1007/s0040​1-017-1701-2

	141.	 Talbot PR, Goulding PJ, Lloyd JJ, Snowden JS, Neary D, Testa 
HJ (1995) Inter-relation between “classic” motor neuron disease 
and frontotemporal dementia: neuropsychological and single 
photon emission computed tomography study. J Neurol Neuro-
surg Psychiatry 58:541–547

	142.	 Tan Q, Yalamanchili HK, Park J, De Maio A, Lu HC, Wan YW, 
White JJ, Bondar VV, Sayegh LS, Liu X et al (2016) Extensive 
cryptic splicing upon loss of RBM17 and TDP43 in neurode-
generation models. Hum Mol Genet 25:5083–5093. https​://doi.
org/10.1093/hmg/ddw33​7

	143.	 Tan RH, Kril JJ, McGinley C, Hassani M, Masuda-Suzukake M, 
Hasegawa M, Mito R, Kiernan MC, Halliday GM (2016) Cer-
ebellar neuronal loss in amyotrophic lateral sclerosis cases with 
ATXN2 intermediate repeat expansions. Ann Neurol 79:295–
305. https​://doi.org/10.1002/ana.24565​

	144.	 Tao Z, Wang H, Xia Q, Li K, Li K, Jiang X, Xu G, Wang G, Ying 
Z (2015) Nucleolar stress and impaired stress granule formation 
contribute to C9orf72 RAN translation-induced cytotoxicity. 
Hum Mol Genet 24:2426–2441. https​://doi.org/10.1093/hmg/
ddv00​5

	145.	 Tollervey JR, Curk T, Rogelj B, Briese M, Cereda M, Kayikci M, 
Konig J, Hortobagyi T, Nishimura AL, Zupunski V et al (2011) 
Characterizing the RNA targets and position-dependent splic-
ing regulation by TDP-43. Nat Neurosci 14:452–458. https​://doi.
org/10.1038/nn.2778

	146.	 Torres P, Ramirez-Nunez O, Romero-Guevara R, Bares G, Gra-
nado-Serrano AB, Ayala V, Boada J, Fontdevila L, Povedano M, 
Sanchis D et al (2018) Cryptic exon splicing function of TAR-
DBP interacts with autophagy in nervous tissue. Autophagy 
14:1398–1403. https​://doi.org/10.1080/15548​627.2018.14743​11

	147.	 Turner MR, Goldacre R, Ramagopalan S, Talbot K, Goldacre MJ 
(2013) Autoimmune disease preceding amyotrophic lateral scle-
rosis: an epidemiologic study. Neurology 81:1222–1225. https​://
doi.org/10.1212/WNL.0b013​e3182​a6cc1​3

	148.	 Umoh ME, Fournier C, Li Y, Polak M, Shaw L, Landers JE, Hu 
W, Gearing M, Glass JD (2016) Comparative analysis of C9orf72 
and sporadic disease in an ALS clinic population. Neurology 
87:1024–1030. https​://doi.org/10.1212/WNL.00000​00000​00306​
7

	149.	 van Blitterswijk M, DeJesus-Hernandez M, Niemantsverdriet E, 
Murray ME, Heckman MG, Diehl NN, Brown PH, Baker MC, 
Finch NA, Bauer PO et al (2013) Association between repeat 
sizes and clinical and pathological characteristics in carriers of 
C9ORF72 repeat expansions (Xpansize-72): a cross-sectional 
cohort study. Lancet Neurol 12:978–988. https​://doi.org/10.1016/
S1474​-4422(13)70210​-2

	150.	 van Blitterswijk M, Mullen B, Heckman MG, Baker MC, DeJe-
sus-Hernandez M, Brown PH, Murray ME, Hsiung GY, Stew-
art H, Karydas AM et al (2014) Ataxin-2 as potential disease 

modifier in C9ORF72 expansion carriers. Neurobiol Aging 
35(2421):e2413–e2427. https​://doi.org/10.1016/j.neuro​biola​
ging.2014.04.016

	151.	 van Blitterswijk M, Mullen B, Nicholson AM, Bieniek KF, 
Heckman MG, Baker MC, DeJesus-Hernandez M, Finch NA, 
Brown PH, Murray ME et  al (2014) TMEM106B protects 
C9ORF72 expansion carriers against frontotemporal dementia. 
Acta Neuropathol 127:397–406. https​://doi.org/10.1007/s0040​
1-013-1240-4

	152.	 Van Deerlin VM, Sleiman PM, Martinez-Lage M, Chen-Plot-
kin A, Wang LS, Graff-Radford NR, Dickson DW, Rademakers 
R, Boeve BF, Grossman M et al (2010) Common variants at 
7p21 are associated with frontotemporal lobar degeneration 
with TDP-43 inclusions. Nat Genet 42:234–239. https​://doi.
org/10.1038/ng.536

	153.	 van der Zee J, Gijselinck I, Dillen L, Van Langenhove T, Theuns 
J, Engelborghs S, Philtjens S, Vandenbulcke M, Sleegers K, Sie-
ben A et al (2013) A pan-European study of the C9orf72 repeat 
associated with FTLD: geographic prevalence, genomic instabil-
ity, and intermediate repeats. Hum Mutat 34:363–373. https​://
doi.org/10.1002/humu.22244​

	154.	 Van Mossevelde S, van der Zee J, Gijselinck I, Sleegers K, De 
Bleecker J, Sieben A, Vandenberghe R, Van Langenhove T, Baets 
J, Deryck O et al (2017) Clinical evidence of disease anticipation 
in families segregating a C9orf72 repeat expansion. JAMA Neu-
rol 74:445–452. https​://doi.org/10.1001/jaman​eurol​.2016.4847

	155.	 Vatsavayai SC, Yoon SJ, Gardner RC, Gendron TF, Vargas JN, 
Trujillo A, Pribadi M, Phillips JJ, Gaus SE, Hixson JD et al 
(2016) Timing and significance of pathological features in 
C9orf72 expansion-associated frontotemporal dementia. Brain. 
https​://doi.org/10.1093/brain​/aww25​0

	156.	 Waite AJ, Baumer D, East S, Neal J, Morris HR, Ansorge O, 
Blake DJ (2014) Reduced C9orf72 protein levels in frontal cor-
tex of amyotrophic lateral sclerosis and frontotemporal degen-
eration brain with the C9ORF72 hexanucleotide repeat expan-
sion. Neurobiol Aging 35:1779 e1775–1779 e1713. https​://doi.
org/10.1016/j.neuro​biola​ging.2014.01.016

	157.	 Walker C, Herranz-Martin S, Karyka E, Liao C, Lewis K, 
Elsayed W, Lukashchuk V, Chiang SC, Ray S, Mulcahy PJ et al 
(2017) C9orf72 expansion disrupts ATM-mediated chromo-
somal break repair. Nat Neurosci 20:1225–1235. https​://doi.
org/10.1038/nn.4604

	158.	 Wang IF, Wu LS, Chang HY, Shen CK (2008) TDP-43, the 
signature protein of FTLD-U, is a neuronal activity-respon-
sive factor. J Neurochem 105:797–806. https​://doi.org/10.111
1/j.1471-4159.2007.05190​.x

	159.	 Ward ME, Taubes A, Chen R, Miller BL, Sephton CF, Gelfand 
JM, Minami S, Boscardin J, Martens LH, Seeley WW et al 
(2014) Early retinal neurodegeneration and impaired Ran-medi-
ated nuclear import of TDP-43 in progranulin-deficient FTLD. J 
Exp Med 211:1937–1945. https​://doi.org/10.1084/jem.20140​214

	160.	 Wen X, Tan W, Westergard T, Krishnamurthy K, Markandaiah 
SS, Shi Y, Lin S, Shneider NA, Monaghan J, Pandey UB et al 
(2014) Antisense proline-arginine RAN dipeptides linked to 
C9ORF72-ALS/FTD form toxic nuclear aggregates that initiate 
in vitro and in vivo neuronal death. Neuron 84:1213–1225. https​
://doi.org/10.1016/j.neuro​n.2014.12.010

	161.	 Xi Z, Rainero I, Rubino E, Pinessi L, Bruni AC, Maletta RG, 
Nacmias B, Sorbi S, Galimberti D, Surace EI et al (2014) Hyper-
methylation of the CpG-island near the C9orf72 G(4)C(2)-repeat 
expansion in FTLD patients. Hum Mol Genet 23:5630–5637. 
https​://doi.org/10.1093/hmg/ddu27​9

	162.	 Xi Z, Zinman L, Grinberg Y, Moreno D, Sato C, Bilbao JM, 
Ghani M, Hernandez I, Ruiz A, Boada M et al (2012) Investiga-
tion of c9orf72 in 4 neurodegenerative disorders. Arch Neurol 
69:1583–1590. https​://doi.org/10.1001/archn​eurol​.2012.2016

https://doi.org/10.1007/s00401-011-0937-5
https://doi.org/10.1007/s00401-011-0937-5
https://doi.org/10.1016/B978-0-444-63233-3.00011-7
https://doi.org/10.1016/B978-0-444-63233-3.00011-7
https://doi.org/10.1007/s00401-015-1445-9
https://doi.org/10.1007/s00401-017-1701-2
https://doi.org/10.1093/hmg/ddw337
https://doi.org/10.1093/hmg/ddw337
https://doi.org/10.1002/ana.24565
https://doi.org/10.1093/hmg/ddv005
https://doi.org/10.1093/hmg/ddv005
https://doi.org/10.1038/nn.2778
https://doi.org/10.1038/nn.2778
https://doi.org/10.1080/15548627.2018.1474311
https://doi.org/10.1212/WNL.0b013e3182a6cc13
https://doi.org/10.1212/WNL.0b013e3182a6cc13
https://doi.org/10.1212/WNL.0000000000003067
https://doi.org/10.1212/WNL.0000000000003067
https://doi.org/10.1016/S1474-4422(13)70210-2
https://doi.org/10.1016/S1474-4422(13)70210-2
https://doi.org/10.1016/j.neurobiolaging.2014.04.016
https://doi.org/10.1016/j.neurobiolaging.2014.04.016
https://doi.org/10.1007/s00401-013-1240-4
https://doi.org/10.1007/s00401-013-1240-4
https://doi.org/10.1038/ng.536
https://doi.org/10.1038/ng.536
https://doi.org/10.1002/humu.22244
https://doi.org/10.1002/humu.22244
https://doi.org/10.1001/jamaneurol.2016.4847
https://doi.org/10.1093/brain/aww250
https://doi.org/10.1016/j.neurobiolaging.2014.01.016
https://doi.org/10.1016/j.neurobiolaging.2014.01.016
https://doi.org/10.1038/nn.4604
https://doi.org/10.1038/nn.4604
https://doi.org/10.1111/j.1471-4159.2007.05190.x
https://doi.org/10.1111/j.1471-4159.2007.05190.x
https://doi.org/10.1084/jem.20140214
https://doi.org/10.1016/j.neuron.2014.12.010
https://doi.org/10.1016/j.neuron.2014.12.010
https://doi.org/10.1093/hmg/ddu279
https://doi.org/10.1001/archneurol.2012.2016


26	 Acta Neuropathologica (2019) 137:1–26

1 3

	163.	 Xiao S, MacNair L, McGoldrick P, McKeever PM, McLean JR, 
Zhang M, Keith J, Zinman L, Rogaeva E, Robertson J (2015) 
Isoform-specific antibodies reveal distinct subcellular localiza-
tions of C9orf72 in amyotrophic lateral sclerosis. Ann Neurol 
78:568–583. https​://doi.org/10.1002/ana.24469​

	164.	 Xiao S, MacNair L, McLean J, McGoldrick P, McKeever P, 
Soleimani S, Keith J, Zinman L, Rogaeva E, Robertson J (2016) 
C9orf72 isoforms in Amyotrophic Lateral Sclerosis and Fronto-
temporal Lobar Degeneration. Brain Res 1647:43–49. https​://doi.
org/10.1016/j.brain​res.2016.04.062

	165.	 Yang C, Wang H, Qiao T, Yang B, Aliaga L, Qiu L, Tan W, 
Salameh J, McKenna-Yasek DM, Smith T et al (2014) Partial loss 
of TDP-43 function causes phenotypes of amyotrophic lateral 
sclerosis. Proc Natl Acad Sci USA 111:E1121–E1129. https​://
doi.org/10.1073/pnas.13226​41111​

	166.	 Yang D, Abdallah A, Li Z, Lu Y, Almeida S, Gao FB (2015) 
FTD/ALS-associated poly(GR) protein impairs the Notch path-
way and is recruited by poly(GA) into cytoplasmic inclusions. 
Acta Neuropathol 130:525–535. https​://doi.org/10.1007/s0040​
1-015-1448-6

	167.	 Yang Y, Halliday GM, Hodges JR, Tan RH (2017) von economo 
neuron density and thalamus volumes in behavioral deficits in 
frontotemporal dementia cases with and without a C9ORF72 
repeat expansion. J Alzheimers Dis 58:701–709. https​://doi.
org/10.3233/JAD-17000​2

	168.	 Yuva-Aydemir Y, Almeida S, Gao FB (2018) Insights into 
C9ORF72-related ALS/FTD from drosophila and iPSC mod-
els. Trends Neurosci 41:457–469. https​://doi.org/10.1016/j.
tins.2018.04.002

	169.	 Zamiri B, Mirceta M, Bomsztyk K, Macgregor RB Jr, Pearson 
CE (2015) Quadruplex formation by both G-rich and C-rich 
DNA strands of the C9orf72 (GGG​GCC​)8*(GGC​CCC​)8 repeat: 
effect of CpG methylation. Nucleic Acids Res 43:10055–10064. 
https​://doi.org/10.1093/nar/gkv10​08

	170.	 Zhang K, Donnelly CJ, Haeusler AR, Grima JC, Machamer JB, 
Steinwald P, Daley EL, Miller SJ, Cunningham KM, Vidensky 
S et al (2015) The C9orf72 repeat expansion disrupts nucleocy-
toplasmic transport. Nature 525:56–61. https​://doi.org/10.1038/
natur​e1497​3

	171.	 Zhang M, Ferrari R, Tartaglia MC, Keith J, Surace EI, Wolf 
U, Sato C, Grinberg M, Liang Y, Xi Z et al (2018) A C6orf10/
LOC101929163 locus is associated with age of onset in C9orf72 
carriers. Brain 141:2895–2907. https​://doi.org/10.1093/brain​/
awy23​8

	172.	 Zhang YJ, Gendron TF, Ebbert MTW, O’Raw AD, Yue M, 
Jansen-West K, Zhang X, Prudencio M, Chew J, Cook CN et al 
(2018) Poly(GR) impairs protein translation and stress granule 
dynamics in C9orf72-associated frontotemporal dementia and 
amyotrophic lateral sclerosis. Nat Med. https​://doi.org/10.1038/
s4159​1-018-0071-1

	173.	 Zhang YJ, Gendron TF, Grima JC, Sasaguri H, Jansen-West K, 
Xu YF, Katzman RB, Gass J, Murray ME, Shinohara M et al 
(2016) C9ORF72 poly(GA) aggregates sequester and impair 
HR23 and nucleocytoplasmic transport proteins. Nat Neurosci 
19:668–677. https​://doi.org/10.1038/nn.4272

	174.	 Zhang YJ, Jansen-West K, Xu YF, Gendron TF, Bieniek KF, 
Lin WL, Sasaguri H, Caulfield T, Hubbard J, Daughrity L 
et al (2014) Aggregation-prone c9FTD/ALS poly(GA) RAN-
translated proteins cause neurotoxicity by inducing ER stress. 
Acta Neuropathol 128:505–524. https​://doi.org/10.1007/s0040​
1-014-1336-5

	175.	 Zu T, Liu Y, Banez-Coronel M, Reid T, Pletnikova O, Lewis 
J, Miller TM, Harms MB, Falchook AE, Subramony SH et al 
(2013) RAN proteins and RNA foci from antisense transcripts in 
C9ORF72 ALS and frontotemporal dementia. Proc Natl Acad Sci 
U S A 110:E4968–E4977. https​://doi.org/10.1073/pnas.13154​
38110​

https://doi.org/10.1002/ana.24469
https://doi.org/10.1016/j.brainres.2016.04.062
https://doi.org/10.1016/j.brainres.2016.04.062
https://doi.org/10.1073/pnas.1322641111
https://doi.org/10.1073/pnas.1322641111
https://doi.org/10.1007/s00401-015-1448-6
https://doi.org/10.1007/s00401-015-1448-6
https://doi.org/10.3233/JAD-170002
https://doi.org/10.3233/JAD-170002
https://doi.org/10.1016/j.tins.2018.04.002
https://doi.org/10.1016/j.tins.2018.04.002
https://doi.org/10.1093/nar/gkv1008
https://doi.org/10.1038/nature14973
https://doi.org/10.1038/nature14973
https://doi.org/10.1093/brain/awy238
https://doi.org/10.1093/brain/awy238
https://doi.org/10.1038/s41591-018-0071-1
https://doi.org/10.1038/s41591-018-0071-1
https://doi.org/10.1038/nn.4272
https://doi.org/10.1007/s00401-014-1336-5
https://doi.org/10.1007/s00401-014-1336-5
https://doi.org/10.1073/pnas.1315438110
https://doi.org/10.1073/pnas.1315438110

	C9orf72-FTDALS pathogenesis: evidence from human neuropathological studies
	Abstract
	Introduction
	Clinical and anatomical features of C9orf72-FTDALS
	C9orf72-specific mechanisms
	C9orf72 haploinsufficiency
	Repeat RNA foci
	RNA foci: regional, cellular, and subcellular distribution
	RNA foci sequester RNA-binding proteins
	Are RNA foci pathogenic or protective in humans?

	Dipeptide repeat proteins: prevalent, but relevant?
	RAN translation in C9orf72 patient tissue
	Regional, cellular, and subcellular distribution of DPR inclusions in C9orf72-FTDALS
	The relationship of DPR inclusions to disease: clinico-pathological correlation studies


	C9orf72-associated mechanisms
	TDP pathobiology: loss-of-function, aggregate toxicity, both, or neither?
	Nuclear importexport

	Interactions among candidate mechanisms
	Disease modifying factors
	Methylation of the C9orf72 pathogenic hexanucleotide repeat expansion
	TMEM106B and ATXN2: phenotype-modifying genes involved in lysosomal biology

	Natural history considerations
	Limitations and frontiers in the human C9orf72-FTDALS literature
	A path forward: leveraging selective vulnerability to understand ftdals
	Summary
	Acknowledgements 
	References




