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Abstract
A hexanucleotide repeat expansion in the C9orf72 gene is the most common genetic cause of amyotrophic lateral sclerosis 
(ALS) and frontotemporal dementia (FTD) with synaptic dysfunction identified as an early pathological hallmark. Although 
TDP-43 pathology and overt neurodegeneration are largely absent from the cerebellum, the pathological hallmarks of RNA 
foci and dipeptide repeat protein (DPR) inclusions are most abundant. Here, we present a systematic literature search in 
the databases of PubMed, Scopus, Embase, Web of Science and Science Direct up until March 5, 2021, which yielded 
19,515 publications. Following the exclusion criteria, 72 articles were included having referred to C9orf72, synapses and 
the cerebellum. Meta-analyses were conducted on studies which reported experimental and control groups with means and 
standard deviations extracted from figures using the online tool PlotDigitizer. This revealed dendritic defects (P = 0.03), 
reduced C9orf72 in human patients (P = 0.005) and DPR-related neuronal loss (P = 0.0006) but no neuromuscular junc-
tion abnormalities (P = 0.29) or cerebellar neuronal loss (P = 0.23). Our results suggest that dendritic arborisation defects, 
synaptic gene dysregulation and altered synaptic neurotransmission may drive cerebellar synaptic dysfunction in C9-ALS/
FTD. In this review, we discuss how the chronological appearance of the different pathological hallmarks alters synaptic 
integrity which may have profound implications for disease progression. We conclude that a reduction in C9orf72 protein 
levels combined with the accumulation of RNA foci and DPRs act synergistically to drive C9 synaptopathy in the cerebel-
lum of C9-ALS/FTD patients.
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Introduction

The most common genetic cause of both amyotrophic lat-
eral sclerosis (ALS) and frontotemporal dementia (FTD) has 
been proven to be a large hexanucleotide repeat expansion 
 (G4C2)n within intron 1 of C9orf72 (C9) [1, 2]. As a result 
of the expansion, three pathogenic mechanisms have been 

proposed as the underlying cause of C9-ALS/FTD: (1) loss 
of function due to G4C2 repeat expansion leading to down-
regulation of C9orf72 protein expression; (2) toxic gain of 
function by recruitment of other RNA-binding proteins into 
 G4C2 RNA foci; and (3) the non-ATG initiated RAN transla-
tion of RNA repeats, which results in the production of toxic 
dipeptide protein repeat (DPRs) [3–5].

The cerebellum is home to approximately 80% of all neu-
rons in the human brain, which mediate reciprocal connec-
tions with multiple regions throughout the brain and spinal 
cord [6, 7]. Importantly, Renton et al. (2011) [2] detected the 
highest expression level of C9orf72 RNA within the cerebel-
lum of neuropathologically normal individuals. This finding 
is relevant as the cerebellum executes a major role in regulat-
ing sensorimotor control and higher order cognitive func-
tions such as gait, coordination and fine balance, as well as 
spatial memory, apathy and executive control — all of which 
can be impaired in patients diagnosed with C9-ALS/FTD 
[8, 9]. However, this dysfunction is ascribed to frontal lobe 
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pathology, and the cerebellum has been largely overlooked 
as a region of interest in patients with ALS/FTD, despite key 
findings suggesting the relevance of this brain region. In this 
review, we want to focus on the roles played by decreased 
C9orf72 protein, RNA foci and DPRs in displaying differ-
ent toxic properties in distinct animal and cellular models 
[10–15] and specifically in developing cerebellar synaptic 
dysfunction.

C9orf72 protein is predominantly localised to the pre-
synaptic and post-synaptic compartments in the mouse 
brain [16, 17]. Xiao et al. (2019) have shown that C9orf72 
is present in synapses of the granular layer of the cerebellum 
when comparing C9-wild type versus C9-knockout animals 
[17], resulting in the suggestion that it may be involved in 
synaptic transmission and autophagy [16–19]. Downregula-
tion of C9orf72 impairs autophagy and may contribute to 
the accumulation of the transactive response DNA-binding 
protein 43 kDa (TDP-43) and p62 [18]. However, a distinct 
characteristic of C9-ALS/FTD is identifiable in the spatial 
segregation of TDP-43 and p62 proteinaceous inclusions, 
which are most abundant in the cerebellum [20].

The role of C9 RAN-translated DPRs in synaptic dys-
function was illustrated by Xu and Xu (2018) who induced 
the expression of different DPRs in Drosophila models [21]. 
They observed that poly-GR and poly-PR overexpressing 
flies presented altered synaptic boutons at neuromuscu-
lar junctions (NMJs). In contrast, Jensen et al. (2020) [4] 
observed that poly-GA aggregates are located in neurites 
and are less mobile at longer length repeats (400 compared 
to 50 repeats). Moreover, the authors found that poly-GA 
causes reductions in synaptic vesicle-associated protein 2 
(SV2), alters  Ca2+ influx and inhibits synaptic vesicle release 
resulting in earlier iPSC death [4]. In addition, the presence 
of DPRs has been linked to marked reductions in dendritic 
spine densities and overall dendritic arborisation in both 
in vitro and in vivo models [22–24].

Indeed, May et al. (2014) [22] have shown that overex-
pression of poly-GA in primary neuronal cultures caused 
severe reductions in dendritic arborisation due to the co-
aggregation and sequestration of Unc119, a protein also 
known to suppress axonal arborisation. In another study 
by Park et al. (2020) [24], the most significant reduction 
in dendritic branches was associated with the presence of 
arginine-rich DPRs (PR and GR) in C9orf72 Drosophila 
neurons. Moreover, Schweizer-Burguete et al. (2015) [23] 
showed that the overexpression of 48 × GGG GCC  repeat 
RNA (G4C2-48) caused dendritic branching defects and 
decreased synaptic densities in rodent spinal cord neurons.

Interestingly, there is evidence supporting DPR aggrega-
tion in cerebellar tissues of C9-ALS/FTD patients [25–29]. 
Several studies have documented that poly-GA and poly-GP 
DPR aggregates predominate in the cerebellum of C9-ALS/
FTD patients and may contribute to disease progression [11, 

27, 29–32]. Indeed, Zhang et al. (2014) [28] have shown 
that in primary mouse neuronal cultures, the overexpres-
sion of poly-GA leads to the upregulation of cytoplasmic 
p62-immunopositive inclusions within the granule cell layer 
of the cerebellum in the absence of neurodegeneration. 
Moreover, in vivo green fluorescent protein (GFP) tagged 
mouse models overexpressing poly-GA (GFP-GA50), dem-
onstrating more severe neuronal cell loss in the Purkinje 
layer of the cerebellum which were associated to the aggre-
gation and sequestration of HR23 proteins, responsible for 
normal proteasome degradation and nucleocytoplasmic 
transport functions [33]. Conversely, there are conflicting 
studies where, despite detecting significant poly-GA, GP and 
GR inclusions in the cerebellar tissues of C9orf72 patients, 
no sign of neurodegeneration in the cerebellum, cognitive 
decline or clinical phenotypes have been found [30–32, 34, 
35].

Furthermore, RNA foci are also frequently identified in 
the molecular and granular cell layers of the cerebellum, 
where intranuclear foci were significantly larger (~ 500 nm) 
in comparison to the neocortex (~ 200 nm) in both in vitro 
and zebrafish models. This has been suggested to be linked 
to caspase-3-initiated mechanisms of apoptotic neurodegen-
eration [36]. Interestingly, a more recent clinico-pathological 
study examining cerebellar and frontal cortical post-mortem 
tissue from C9orf72 expansion mutation carriers identified 
the largest RNA foci burden levels in the Purkinje cells of 
the cerebellum (~ 70%) compared to all other regional tissue 
types, without any cerebellar neuronal loss [37]. All these 
results could suggest a synergistic combination of RNA foci 
and DPR accumulation which could be underlying cerebellar 
synaptic dysfunction usually overlooked in C9-ALS/FTD 
patients (overviewed in Fig. 1).

In the present systematic review, we will examine the 
most recent literature for cerebellar synaptic dysfunction in 
C9orf72 gene mutation carriers of ALS/FTD. We will dis-
cuss alterations in neuronal morphology, including structural 
and functional changes to synapses, deterioration in den-
dritic morphology and axonal degeneration. Finally, we will 
address the role of DPRs and RNA foci and whether these 
pathological features precede cerebellar neuronal dysfunc-
tion during the course of gradual neurodegeneration in the 
cerebellum of C9-ALS/FTD patients.

Methods

Literature Search

A systematic literature search was conducted in accord-
ance to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines 
[38]. Original research articles and reviews pertaining 
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to cerebellar synaptic dysfunction in C9-ALS/FTD have 
been independently searched for in five electronic data-
bases — PubMed, Web of Science (WoS), Scopus, Sci-
ence Direct and EMBASE. The search was performed by 
three researchers (NA, JA, AK) on March 5, 2021, using 
the following search terms and combinations: [“cerebel-
lum” AND “synaptic” AND “C9ORF72”], [“cerebellum” 
AND “synapsis” AND “C9ORF72”], [“cerebellum” AND 
“pruning” AND “C9ORF72”], [“cerebellum” AND “den-
drites” AND “C9ORF72”], [“cerebellum” AND “neuronal 
loss” AND “C9ORF72”], [“cerebellum” AND “axonal” 
AND “C9ORF72”], [“cerebellum” AND “neuron” AND 
“C9ORF72”], [“cerebellum” AND “C9ORF72” AND 
“ALS” “cerebellum” AND “C9ORF72” AND “ALS” OR 

“Amyotrophic lateral sclerosis”], [“cerebellum” AND 
“C9ORF72” AND “FTD” OR “frontotemporal demen-
tia”], [“synaptic” AND “C9ORF72”], [“dendrites” AND 
“C9ORF72”], [“axon” AND “C9ORF72”], [“neuronal 
loss” AND “C9ORF72”]; [“neuronal degeneration” 
AND “C9ORF72”], [“neuron” AND “C9ORF72” AND 
“ALS” OR “amyotrophic lateral sclerosis”] and [“neu-
ron” AND “C9ORF72” AND “FTD” OR “Frontotemporal 
dementia”]. No chronological, language or methodologi-
cal filters have been imposed on the search engines, and 
all resulting data sets were exported and compiled in an 
Excel document. The search strategy was further broad-
ened to include screening of references cited in relevant 
review articles.

Fig. 1  Putative mechanisms underlying synaptic dysfunction in 
C9orf72-ALS/FTD. A schematic detailing the role of the hexanu-
cleotide expansion,  (G4C2)n, of the C9orf72 gene in driving synap-
tic, axonal and dendritic dysfunction. This operates through the three 
main pathogenic mechanisms implicated in C9-ALS/FTD which are 

haploinsufficiency of the C9orf72 protein and the accumulation of 
RNA foci and dipeptide repeats (DPRs). Abbreviations: p53, tumour 
protein p53; RAN, repeat-associated non-AUG; Ca2+, calcium ions; 
mRNP, messenger ribonucleoprotein; RNA, ribonucleic acid
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Study Selection

Following the removal of duplicates, all remaining articles had 
their titles and abstracts screened for eligibility. Epidemiologi-
cal studies and articles which did not specifically pertain to 
C9orf72 mutation in ALS-FTD were deemed ineligible. After 
the initial screening phase, full texts of selected studies were 
retrieved and reviewed in detail against the inclusion criteria. 
In order for a study to be included in the systematic review, it 
had to (i) show clear evidence of either synaptic dysfunction 
or findings relating to C9orf72 protein/ DPR aggregates/RNA 
foci, (ii) employ genetic models of C9orf72 mutation and/ or 
C9-ALS/FTD patient samples and (iii) examine cerebellum 
tissue or present findings which can be extrapolated to cerebel-
lar synaptic pathology.

Meta‑Analysis

A continuous random effects model with a standard mean dif-
ference was employed to conduct the meta-analysis. Publica-
tions that reported (i) dendritic arborisation defects, (ii) NMJ 
abnormalities, (iii) alterations in neurite length, (iv) reduc-
tions in C9orf72 protein, (v) cerebellar neuronal loss and (vi) 
DPR-related neuronal loss underwent methodological qual-
ity assessment performed by two independent researchers to 
minimise the risk of bias. Studies were excluded from meta-
analysis for not reporting the mean, standard deviation (SD) 
or sample size such as Zhang et al. (2014) [28] and lack of 
quantitative analysis such as Lee et al. (2017) [39]. Addition-
ally,  G4C2related neuronal loss was not statistically assessed 
due to several factors (RNA foci, DPRs, reduced C9orf72) 
having a potential role in neuronal loss. Significance played 
no role in the selection process, with studies reporting null 
findings included by the experimenters. Authors of the relevant 
publications were not contacted directly regarding the raw data 
sets. Instead, numerical data was extracted directly from the 
figures using the online data extractor tool PlotDigitizer. Infor-
mation regarding the figures used to calculate the different 
outcomes of meta-analysis is summarised in Table 1. Means, 
standard deviations and sample sizes were entered into Review 
Manager [40] which automatically calculated standard mean 
difference (SMD), confidence intervals (CIs), heterogeneity 
and overall effect size using a random effects model. Studies 
were weighted in the final analysis based on the precision of 
their data as determined by confidence intervals, with greater 
weights usually indicative of larger sample sizes.

Results

The searches conducted in PubMed, Scopus, Web of Sci-
ence (WoS), EMBASE and Science Direct electronic data-
bases yielded 1489, 2561, 1664, 3144 and 10,293 articles, 

respectively, reaching a total of 19,515 publications, of 
which 16,754 were identified as duplicates and removed 
from the data set. The titles and abstracts of the remain-
ing 2397 articles were screened for eligibility, with 2292 
publications deemed to fall outside the scope of the system-
atic review and excluded. Full texts of the final 105 articles 
were retrieved, read in full and carefully assessed against 
the inclusion criteria, with 70 studies deemed eligible for 
inclusion in the systematic review. Additionally, two relevant 
studies have been identified through cross-reference screen-
ing of relevant literature, giving rise to a total of 72 studies 
included in our analysis (see Fig. 2).

General Characteristics of Selected Studies

The studies selected for inclusion in the systematic review 
were published between 2011 and 2021 (n = 72). Of the 
papers included, approximately half used C9orf72 muta-
tion-positive subjects (n = 49) whilst the remaining papers 
attempted to recapitulate C9-ALS/FTD pathology in either 
in vitro models (n = 28) or in vivo models (n = 30). The char-
acteristics of all selected studies, including the methodology 
and main findings reported, are summarised in Tables 2, 3 
and 4 and in Fig. 3.

In total, 23 studies which specifically referenced the syn-
apse were found, although two of these reported no changes 
(Table 2). The most frequent finding was that of dendritic 
arborisation defects (n = 8). Moreover, studies reported dys-
regulation in synaptic genes (n = 2), synaptic neurotrans-
mission (n = 2) and NMJ morphological changes such as 
blebbing and loss of synaptic boutons (n = 5). Three studies 
focused on the interaction of C9orf72 with synaptic proteins, 
such as the Rab family of GTPases, and two other studies 
reported axonal degeneration (n = 1) and axonal projection 
impairments (n = 1). Of the remaining 50 papers, 32 dis-
cussed changes in the cerebellum (Table 3) and the other 18 
were relevant publications to C9orf72 pathology (Table 4).

All human patient data was derived from ALS/FTD cases 
with a confirmed C9 mutation. The majority of human stud-
ies employed histological and/ or molecular analysis of post-
mortem tissue (n = 45). Publications analysing post-mortem 
tissue of C9-ALS/FTD cases most commonly reported (i) 
reduced levels of C9orf72 proteins (n = 5), (ii) DPR aggre-
gates/ toxicity (n = 24), (iii) abundant RNA foci (n = 10) and 
(iv) brain region-specific neuronal loss (n = 5). There were 
also case study reports (n = 2) demonstrating a link between 
C9 mutation and cerebellar pathology (cerebellar ataxia and 
pure cerebellar syndrome) and a large-scale screening clini-
cal study (n = 1).

The methodologies used to recapitulate C9-ALS/FTD 
pathology in vivo and in vitro can be broadly divided into 
two categories: (i) insertion of  G4C2 repeat expansions of 
varying length and (ii) expression of DPRs in the absence of 

684



The Cerebellum (2022) 21:681–714

1 3

Table 1  Overview of the studies included for meta-analysis

Study Included? Figure chosen Relevant meta-analysis Comment

Herranz-Martin et al. [111] Yes Fig. S2D Cerebellar neuronal loss Purkinje cell counts between HRE-10 
(disease control) and HRE-102

Tan et al. [93] Yes Table 3 Cerebellar neuronal loss Spino- and Cerebro-cerebellum were aver-
aged for Purkinje cells — other studies 
did not state a specific area of the cer-
ebellum; therefore, both were included 
to avoid bias

Hao et al. [56] Yes Figure 5D Cerebellar neuronal loss; DPR-related 
neuronal loss

Purkinje counts across an age range (aver-
aged over time) comparing poly-PR 
with controls. Figure 5D — molecular 
layer thickness was not chosen as it 
is not directly neuronal counts (i.e. 
neuronal density could be increased in a 
smaller area)

Zhang et al. [69] Yes Fig. S3G Cerebellar neuronal loss; DPR-related 
neuronal loss

Purkinje cell counts between GFP and 
poly-PR. Time points were averaged

May et al. [22] Yes Figure 3B Dendritic arborisations Number of dendritic crossings. All 
distances from the soma of dendritic 
crossings were averaged to give a total 
effect across the neuron

Park et al. [24] Yes Figure 1B Dendritic arborisations Number of dendritic branch points under 
different DPR transgenes (DPR effect 
was averaged)

Schweizer Burguete et al. [23] Yes Fig. S4B Dendritic arborisations Shows late control versus late experimen-
tal of dendritic crossings. Preferred to 
Fig. 3H due to similarity to May 2014

Perry et al. [44] Yes Figure 2J Dendritic arborisations Percentage retractions of synapses at 
the NMJ. Means were not multiplied 
by − 1 as, unlike other studies, a positive 
increase was reflective of a negative 
effect

O’Rourke et al. [99] Yes Figure 3G Dendritic arborisations; NMJ abnor-
malities

Percentage of fragmented NMJs. Means 
were not multiplied by − 1 as, unlike 
other studies, a positive increase was 
reflective of a negative effect

LaClair et al. [80] Yes Figure 2E/F DPR-related neuronal loss Figure 2E (GA) and F (PR) were averaged 
to give an overall DPR effect on hip-
pocampal neuron density as well as to 
avoid bias regarding which DPR was the 
most important

Darling et al. [77] Yes Figure 1A DPR-related neuronal loss All DPRs were averaged to compare 
against the control. Cell viability of 
iPSCs was assessed

Zhang et al. [65] Yes Figure 1G DPR-related neuronal loss Score of hippocampal neuronal loss — 
time points were averaged

Xu and Xu [21] Yes Figure 5E NMJ abnormalities Total bouton counts
Perry et al. [44] Yes Figure 1D NMJ abnormalities Total bouton counts.  (G4C2)8 was aver-

aged as a control, whilst  (G4C2)58 and 
 GR36/100 were averaged as experimental

Freibaum et al. [42] Yes Figure 1F NMJ abnormalities Total bouton counts — control and 
 (G4C2)8 were averaged as this is to 
represent disease control
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 G4C2 repeats. In all selected studies, in vitro data was com-
plemented by post-mortem human data and/or in vivo data. 
Investigating the contribution of RNA repeats, studies uti-
lised sense and antisense  (G4C2)n expression vectors (n = 6) 
which were used to transfect cell culture lines and study the 
formation of RNA foci and DPRs. In vitro transfection of 
DPRs was even more frequently used (n = 13). Alternatively, 
ten studies used C9orf72-ALS/FTD patient iPSC-derived 
neurons. In contrast, a model composed of 100 synthetic 
cDNA encoded repeats of the five main DPRs — GA, PA, 
PR, GP and GR — was used to study the effect of those 
DPRs on transfected cells and primary neuronal cultures.

Transgenic mouse lines were the most commonly used 
in vivo (n = 17) with models generated to contain  G4C2 
repeats (n = 3), express DPR proteins (n = 9) or knock-
out the C9orf72 gene (n = 5).  G4C2 repeats and DPR 
models were created by means of AAV viral injections. 
Viral transduction was achieved in the CNS through dif-
ferent promotors such as the cyan fluorescent protein 

(CFP)-GA149 line which expressed DPRs under the control 
of the Thy1 promotor, ensuring neuron-specific expres-
sion. Alternatively, DPR-Nestin lines were generated to 
drive ubiquitous CNS expression. Of the transgenic mouse 
lines used to study DPRs, poly-GA (n = 4) and poly-
PR (n = 4) were the most common models followed by 
poly-GR (n = 1). Drosophila models were also frequent 
throughout the studies (n = 11). Transgenic fly lines were 
generated using traditional crossing methods to investigate 
DPRs (n = 7) and  G4C2 repeat-mediated (n = 6) pathology. 
Drosophila lines expressing poly-GR (n = 6) were the most 
common, followed by poly-PR (n = 5), poly-PA (n = 3) and 
poly-GA (n = 2). Zebrafish models (n = 3) were generated 
to study the effect of reduced C9orf72 protein expression 
by injection of antisense oligonucleotides (n = 1), transient 
expression of DPRs (n = 1) and  (G4C2)n repeats (n = 1). 
Additionally, a C. elegans model expressing 50 repeats of 
-GA, -PA, -GR or -PR DPRs (n = 1) and two chick embryo 
models expressing DPRs and  G4C2 repeats were used.

Studies that are italicised had their means multiplied by − 1 as these studies measured negative effects but as a percentage (an increase in per-
centage is a negative outcome) and therefore were brought in line with the other studies. Abbreviations: HRE, hexanucleotide repeat expansion; 
GFP, green fluorescent protein; DPR, dipeptide repeat protein; NMJ, neuromuscular junction; iPSCs, induced pluripotent stem cells

Table 1  (continued)

Study Included? Figure chosen Relevant meta-analysis Comment

Herranz-Martin et al. [111] Yes Figure 3B NMJ abnormalities Percentage of pathological NMJs — not 
included for dendrites as pathological 
is ambiguous. HRE-10 was averaged 
with control. Means were not multiplied 
by − 1 as, unlike other studies, a positive 
increase was reflective of a negative 
effect

Frick et al. [16] Yes Figure 6B Reduced C9orf72 Normalised C9orf72 levels in the cerebel-
lum

Saberi et al. [96] Yes Figure 5N Reduced C9orf72 Normalised C9orf72 levels in the frontal 
cortex (chosen over occipital cortex)

Belzil et al. [103] Yes Figure 1B Reduced C9orf72 Normalised C9orf72 levels in the frontal 
cortex (chosen over CB due to frontal 
cortex being more widely studied)

Waite et al. [92] Yes Figure 3B Reduced C9orf72 Normalised C9orf72 levels in the frontal 
cortex (C9-ALL was chosen over spe-
cific variants)

Yang et al. [76] No Figure 2B Dendritic arborisations Not included as only the number of 
neurons counted were given, not the 
number of animals per genotype (such 
as other studies) which would skew the 
weighting

Park et al. [24] No Figure 1C Neurite length Dendritic length — N not high enough for 
meta-analysis of neurite length

Zhang et al. [28] No Fig. S5B Neurite length No sample sizes were given — unable to 
calculate confidence intervals

Swaminathan et al. [73] No Figure 5B Neurite length Neurite length meta-analysis N was too 
small
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Meta‑Analyses

Of the included papers, meta-analysis was conducted on 
dendritic arborisation defects (n = 8) with this being refined 
to dendritic abnormalities (n = 5) and neurite length (n = 3) 
as two separate analyses and NMJ abnormalities (n = 5). 
Furthermore, reductions in C9orf72 protein (n = 4), cere-
bellar- and DPR-related neuronal loss were also conducted 
(n = 4 and n = 5, respectively). When analysing articles, we 
also found that many studies reported results that would fit 
into the previously mentioned categorisations; however, fre-
quently, the data reported was visual (i.e. immunofluorescent 
imaging) without any quantitative data supporting gain/loss 
or no effect of each analysis and was therefore excluded.

We found that in all meta-analyses (Figs. 4 and 5), the 
studies were highly heterogenous (I2 > 75%; P ≤ 0.001), 
most likely a result of different species, repeat lengths, DPR 
models and other variables changing in each study. Nev-
ertheless, significant dendritic abnormalities were seen in 
C9orf72 models of disease (P = 0.03) as well as reductions 

in C9orf72 protein in human patients (P = 0.005) and DPR-
related neuronal loss (P = 0.0006). Whereas NMJ abnormali-
ties and cerebellar neuronal loss failed to reach significance 
(P = 0.29 and P = 0.23, respectively). Moreover, neurite 
length data was extracted with the intent to analyse; how-
ever, the required study size (n = 3) was not reached. There-
fore, we have included the already extracted data values in 
Table 5 to be used in future meta-analyses.

Discussion

Synaptic dysfunction is a common feature in neurodegenera-
tive disease which represents an early disease event taking 
place before the development of neuronal degeneration and 
loss [5, 21, 41–45]. Freibaum et al. (2015) [42] assessed the 
impact of C9orf72 repeat pathology in Drosophila larvae, 
showing not only a dramatic loss in synapse structure, with 
severe reductions found at presynaptic active zones [42, 43], 

Fig. 2  Inclusion of articles 
by Preferred Reporting Items 
for Systematic Reviews and 
Meta-Analyses (PRISMA) flow 
diagram

687



The Cerebellum (2022) 21:681–714 

1 3

Ta
bl

e 
2 

 P
ub

lic
at

io
ns

 re
tri

ev
ed

 c
on

ce
rn

in
g 

sy
na

pt
ic

 fu
nc

tio
n 

an
d 

m
or

ph
ol

og
y

St
ud

y
M

et
ho

do
lo

gy
M

ai
n 

fin
di

ng
s

B
ie

ni
ek

 e
t a

l. 
[1

07
]

FT
D

-C
9o

rf
72

 a
nd

 -p
ro

gr
an

ul
in

 p
at

ie
nt

 ti
ss

ue
PC

R
, T

hi
ofl

av
in

-S
 st

ai
ni

ng
, I

H
C

 a
nd

 IF
• 

C
9o

rf
72

 p
at

ie
nt

s h
ad

 h
ig

he
r d

eg
re

es
 o

f n
eu

ro
fib

ril
la

ry
 ta

ng
le

s a
nd

 ta
u 

pa
th

ol
-

og
y 

w
he

n 
co

m
pa

re
d 

to
 o

th
er

 g
en

et
ic

 c
au

se
s o

f F
TD

• 
Sp

or
ad

ic
 c

as
es

 o
f F

TD
 h

ad
 a

 si
m

ila
r T

au
 b

ur
de

n 
to

 C
9o

rf
72

• 
P6

2 
la

be
lle

d 
ne

ur
ofi

br
ill

ar
y 

ta
ng

le
s a

nd
 u

bi
qu

iti
n.

 U
bi

qu
ili

n 
2 

w
as

 m
or

e 
sp

ec
ifi

c 
in

 it
s l

ab
el

lin
g 

an
d 

la
be

lle
d 

dy
str

op
hi

c 
ne

ur
ite

s i
n 

th
e 

m
ol

ec
ul

ar
 la

ye
r 

of
 th

e 
de

nt
at

e 
fa

sc
ia

 a
nd

 C
A

3 
of

 th
e 

hi
pp

oc
am

pu
s

D
ev

lin
 e

t a
l. 

[4
1]

Pa
tie

nt
-d

er
iv

ed
 iP

SC
 M

N
s w

ith
 C

9o
rf

72
 o

r T
AR

D
BP

 m
ut

at
io

ns
R

N
A

 F
IS

H
, I

F,
 re

pe
at

 P
C

R
, e

le
ct

ro
ph

ys
io

lo
gy

 a
nd

 c
el

l v
ia

bi
lit

y 
as

sa
ys

• 
Re

ga
rd

le
ss

 o
f m

ut
at

io
n,

 n
eu

ro
ns

 w
er

e 
hy

pe
re

xc
ita

bl
e 

fo
llo

w
ed

 b
y 

lo
ss

 o
f 

ac
tio

n 
po

te
nt

ia
l a

nd
 sy

na
ps

e 
ac

tiv
ity

• 
Fu

nc
tio

na
l l

os
s w

as
 a

 re
su

lt 
of

 re
du

ct
io

ns
 in

  N
a+

 a
nd

  K
+
 v

ol
ta

ge
 c

ur
re

nt
s

• 
D

es
pi

te
 lo

ss
 in

 a
ct

io
n 

po
te

nt
ia

l o
ut

pu
t, 

ne
ur

on
s r

em
ai

ne
d 

vi
ab

le
Fr

ei
ba

um
 e

t a
l. 

[4
2]

Tr
an

sg
en

ic
 D

ro
so

ph
ila

 li
ne

s e
xp

re
ss

in
g ×

 8,
 ×

 28
 o

r ×
 58

  G
4C

2 r
ep

ea
t-c

on
ta

in
-

in
g 

co
ns

tru
ct

s;
 iP

SC
s-

de
riv

ed
 n

eu
ro

ns
 g

en
er

at
ed

 fr
om

 C
9o

rf
72

 p
at

ie
nt

s;
 

H
eL

a 
an

d 
H

EK
29

3T
 c

el
ls

 e
xp

re
ss

in
g 

 (G
4C

2)
n r

ep
ea

ts
D

ro
so

ph
ila

 p
he

no
ty

pe
 a

na
ly

si
s;

 IF
; v

is
ua

liz
at

io
n 

of
 D

PR
s i

n 
D

ro
so

ph
ila

; 
im

m
un

ob
lo

ts
; R

N
A

 F
IS

H

• 
Re

pe
at

 le
ng

th
-d

ep
en

de
nt

 n
eu

ro
de

ge
ne

ra
tio

n 
ac

co
m

pa
ni

ed
 b

y 
D

PR
s w

as
 d

em
-

on
str

at
ed

 to
 o

cc
ur

 in
 th

e 
tra

ns
ge

ni
c 

D
ro

so
ph

ila
 m

od
el

• 
A

 la
rg

e-
sc

al
e 

un
bi

as
ed

 g
en

et
ic

 sc
re

en
 c

on
du

ct
ed

 in
 th

es
e 

an
im

al
s i

de
nt

ifi
ed

 1
8 

ge
ne

tic
 m

od
ifi

er
s e

nc
od

in
g 

co
m

po
ne

nt
s o

f t
he

 n
uc

le
ar

 p
or

e 
co

m
pl

ex
 (N

PC
) 

an
d 

nu
cl

eo
cy

to
pl

as
m

ic
 tr

an
sp

or
t

• 
D

ef
ec

ts
 in

 th
e 

m
or

ph
ol

og
y 

of
 n

uc
le

ar
 e

nv
el

op
e 

an
d 

de
fe

ct
iv

e 
R

N
A

 e
xp

or
t 

w
er

e 
ob

se
rv

ed
 in

 c
el

ls
 li

ne
s e

xp
re

ss
in

g 
 G

4C
2 r

ep
ea

ts
 in

 v
itr

o 
an

d 
in

 v
iv

o
• 

C
ha

ng
es

 in
 th

e 
N

M
J w

er
e 

se
en

 w
ith

 re
du

ct
io

ns
 in

 sy
na

pt
ic

 b
ou

to
ns

 a
nd

 a
ct

iv
e 

zo
ne

s
Fr

ic
k 

et
 a

l. 
[1

6]
Po

st-
m

or
te

m
 ti

ss
ue

 fr
om

 A
LS

/F
TD

/A
LS

-F
TD

 p
at

ie
nt

s w
ith

 C
9o

rf
72

 m
ut

at
io

n 
an

d 
C

9 
ne

ga
tiv

e 
co

nt
ro

ls
; h

um
an

 iP
SC

 d
er

iv
ed

 m
ot

or
 n

eu
ro

ns
; C

57
B

L/
6 

N
 

an
d 

C
9o

rf
72

 K
O

 m
ic

e
G

en
er

at
io

n 
an

d 
ch

ar
ac

te
ris

at
io

n 
of

 n
ov

el
 m

on
oc

lo
na

l a
nt

ib
od

ie
s a

ga
in

st 
C

9o
rf

72
; I

C
C

, I
F 

an
d 

bi
oc

he
m

ist
ry

 te
ch

ni
qu

es
 to

 d
et

ec
t, 

qu
an

tif
y 

an
d 

co
-

lo
ca

lis
e 

C
9 

pr
ot

ei
n

• 
80

%
 re

du
ct

io
n 

in
 th

e 
ab

un
da

nc
e 

of
 C

9o
rf

72
 p

ro
te

in
 in

 th
e 

ce
re

be
llu

m
 o

f 
C

9o
rf

72
 m

ut
at

io
n 

ca
rr

ie
rs

 c
om

pa
re

d 
to

 c
on

tro
ls

• 
N

o 
as

so
ci

at
io

n 
be

tw
ee

n 
ce

re
be

lla
r l

ev
el

s o
f C

9o
rf

72
 p

ro
te

in
 a

nd
 c

lin
ic

al
 p

he
-

no
ty

pe
s, 

ag
e 

of
 o

ns
et

 n
or

 d
is

ea
se

 d
ur

at
io

n
• 

U
si

ng
 n

ov
el

 m
on

oc
lo

na
l a

nt
ib

od
ie

s a
ga

in
st 

C
9o

rf
72

 sh
ow

n 
C

9 
pr

ot
ei

n 
to

 b
e 

ex
pr

es
se

d 
pr

es
yn

ap
tic

al
ly

 a
nd

 in
te

ra
ct

 w
ith

 R
A

B
3 

pr
ot

ei
ns

• 
Fi

nd
in

gs
 su

gg
es

t C
9 

re
gu

la
te

s s
yn

ap
tic

 v
es

ic
ul

ar
 fu

nc
tio

ns
 a

nd
 h

en
ce

 se
rv

es
 a

 
ph

ys
io

lo
gi

ca
l f

un
ct

io
n 

in
 th

e 
br

ai
n

H
ao

 e
t a

l. 
[5

6]
Tr

an
sg

en
ic

 m
ou

se
 m

od
el

 e
xp

re
ss

in
g 

po
ly

-P
R

 u
nd

er
 th

e 
co

nt
ro

l o
f n

eu
ro

na
l 

Th
y1

 p
ro

m
ot

er
 (G

FP
-P

R
28

)
H

ist
op

at
ho

lo
gi

ca
l, 

be
ha

vi
ou

ra
l, 

R
N

A
 se

qu
en

ci
ng

 a
nd

 g
en

e 
on

to
lo

gy
 a

na
ly

si
s

• 
M

ot
or

 d
efi

ci
ts

 a
nd

 a
ta

xi
a-

lik
e 

ph
en

ot
yp

e 
in

 G
FP

-P
R

28
 h

et
er

oz
yg

ou
s m

ic
e

• 
C

er
eb

el
la

r c
or

te
x 

at
ro

ph
y

• 
Lo

ss
 o

f P
ur

ki
nj

e 
ce

lls
• 

In
cr

ea
se

d 
m

ic
ro

gl
ia

l a
nd

 a
str

oc
yt

e 
ac

tiv
at

io
n 

in
 th

e 
ce

re
be

llu
m

 a
nd

 sp
in

al
 c

or
d

• 
D

ys
re

gu
la

tio
n 

of
 sy

na
pt

ic
 tr

an
sm

is
si

on
- a

nd
 E

R
 st

re
ss

-r
el

at
ed

 g
en

es
 re

ve
al

ed
 

by
 g

en
e 

on
to

lo
gy

688



The Cerebellum (2022) 21:681–714

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

St
ud

y
M

et
ho

do
lo

gy
M

ai
n 

fin
di

ng
s

H
er

ra
nz

-M
ar

tin
 e

t a
l. 

[1
11

]
Tw

o 
m

ou
se

 li
ne

s o
ve

re
xp

re
ss

in
g 

ei
th

er
 1

0 
pu

re
 o

r 1
02

 in
te

rr
up

te
d 

 G
4C

2 
re

pe
at

s m
ed

ia
te

d 
by

 A
AV

 v
ira

l i
nj

ec
tio

n 
(i.

e.
 H

R
E-

10
 a

nd
 H

R
E-

10
2 

m
ic

e)
M

ou
se

 b
eh

av
io

ur
al

 te
sti

ng
, R

N
A

 F
IS

H
 to

 d
et

ec
t i

nt
ra

ce
llu

la
r R

N
A

 fo
ci

, I
F,

 
im

m
un

ob
lo

tti
ng

• 
Pu

rk
in

je
 c

el
l l

ay
er

 o
f t

he
 c

er
eb

el
lu

m
 w

as
 o

ne
 o

f t
he

 b
ra

in
 re

gi
on

s w
ith

 th
e 

hi
gh

es
t a

bu
nd

an
ce

 o
f R

N
A

 fo
ci

 p
er

 a
re

a,
 w

ith
 n

o 
di

ffe
re

nc
es

 re
po

rte
d 

be
tw

ee
n 

• 
H

R
E-

10
 a

nd
 H

R
E-

10
2 

m
ic

e 
br

ai
ns

 a
t 1

2 
m

on
th

s
Po

ly
-G

A
 a

gg
re

ga
te

s w
er

e 
w

id
es

pr
ea

d 
in

 th
e 

ce
re

be
llu

m
 o

f H
R

E-
10

2 
bu

t n
ot

 
H

R
E-

10
 m

ic
e,

 a
cc

om
pa

ni
ed

 b
y 

hi
gh

 e
xp

re
ss

io
n 

of
 p

62
• 

D
es

pi
te

 a
n 

in
cr

ea
se

 in
 m

ar
ke

rs
 o

f a
po

pt
ot

ic
 c

el
l d

ea
th

 in
 H

R
E-

10
2 

an
im

al
s, 

th
er

e 
w

as
 n

o 
ev

id
en

ce
 o

f c
er

eb
el

la
r a

str
og

lio
si

s o
r n

eu
ro

de
ge

ne
ra

tiv
e 

da
m

ag
e 

in
 H

R
E-

10
2 

m
ic

e
• 

In
fr

eq
ue

nt
 T

D
P-

43
 a

gg
re

ga
te

s w
er

e 
re

po
rte

d 
in

 th
e 

ce
re

be
llu

m
 o

f t
ho

se
 a

ni
-

m
al

s, 
th

e 
m

aj
or

ity
 o

f w
hi

ch
 w

er
e 

cy
to

pl
as

m
ic

• 
Sy

na
pt

ic
 p

at
ho

lo
gy

 a
t N

M
J

Je
ns

en
 e

t a
l. 

[4
]

20
-m

on
th

 o
ld

 tr
an

sg
en

ic
 m

ou
se

 li
ne

 e
xp

re
ss

in
g 

po
ly

-G
A

14
9; 

Tr
an

sf
ec

te
d 

pr
i-

m
ar

y 
ra

t c
or

tic
al

 a
nd

 m
ot

or
 n

eu
ro

ns
 w

ith
 p

ol
y-

G
A

;
Pa

tie
nt

-d
er

iv
ed

 C
9o

rf
72

 iP
SC

 c
el

ls
Im

m
un

oc
yt

oc
he

m
ist

ry
, i

m
m

un
ob

lo
tti

ng
 a

nd
 IH

C
; l

iv
e-

ce
ll 

im
ag

in
g,

 q
RT

-P
C

R

• 
G

A
 a

gg
re

ga
te

s a
re

 m
ob

ile
 w

ith
in

 th
e 

cy
to

pl
as

m
 a

nd
 a

xo
ns

 o
f M

N
s a

nd
 c

or
ti-

ca
l n

eu
ro

ns
• 

In
cr

ea
se

d 
 C

a2+
 d

ep
ol

ar
is

at
io

n 
bu

t i
m

pa
ire

d 
sy

na
pt

ic
 u

nl
oa

di
ng

 re
du

ce
d 

sy
na

p-
tic

 fu
nc

tio
n

• 
Sy

na
pt

ic
 v

es
ic

le
-a

ss
oc

ia
te

d 
pr

ot
ei

n 
2 

(S
V

2)
 w

as
 re

du
ce

d 
in

 a
ll 

m
od

el
s u

se
d 

in
 

th
is

 st
ud

y
• 

U
po

n 
th

e 
in

tro
du

ct
io

n 
of

 e
xo

ge
no

us
 S

V
2 

in
 th

e 
m

ou
se

 m
od

el
, n

eu
ro

na
l d

ea
th

 
w

as
 p

re
ve

nt
ed

La
C

la
ir 

et
 a

l. 
[8

1]
D

ou
bl

e 
tra

ns
ge

ni
c 

m
ou

se
 li

ne
s (

po
ly

-G
A

-N
es

 a
nd

 -P
R-

N
es

) g
en

er
at

ed
 b

y 
cr

os
si

ng
 p

ol
y-

G
A

17
5 a

nd
 G

FP
-P

R
17

5 m
ic

e 
(e

xp
re

ss
in

g 
po

ly
-G

A
 a

nd
 p

ol
y-

PR
) w

ith
 N

es
tin

-C
re

 d
riv

er
 li

ne
 to

 a
llo

w
 fo

r C
N

S-
w

id
e 

ne
ur

on
al

 h
ig

h-
le

ve
l 

ex
pr

es
si

on
 o

f t
he

 tw
o 

ke
y 

D
PR

s
Q

ua
nt

ita
tiv

e 
IC

C
 a

nd
 IF

 o
f D

PR
s a

nd
 N

eu
N

-p
os

iti
ve

 c
el

ls
; W

es
te

rn
 b

lo
tti

ng
, 

EL
IS

A
, q

PC
R

 a
nd

 g
en

e 
on

to
lo

gy

• 
In

 v
iv

o 
co

m
pa

ris
on

 o
f p

ol
y-

G
A

 a
nd

 p
ol

y-
PR

 to
xi

ci
ty

 re
ve

al
ed

 p
ol

y-
G

A
 to

 
be

 th
e 

do
m

in
an

t d
riv

er
 o

f C
9o

rf
72

-A
LS

/F
TD

 p
at

ho
ge

ne
si

s w
ith

 w
id

es
pr

ea
d 

ex
pr

es
si

on
 o

f p
ol

y-
G

A
, b

ut
 n

ot
 p

ol
y-

PR
, g

iv
in

g 
ris

e 
to

 d
is

ea
se

-r
el

ev
an

t p
he

no
-

ty
pe

s i
n 

th
e 

C
N

S 
in

 v
iv

o
• 

Po
ly

-G
A

 e
xp

re
ss

io
n 

in
du

ce
d 

in
te

rfe
ro

n 
re

sp
on

se
s r

es
ul

tin
g 

in
 in

fla
m

m
at

io
n,

 
se

le
ct

iv
e 

ne
ur

on
al

 lo
ss

 o
f s

pi
na

l c
or

d 
m

ot
or

 n
eu

ro
ns

, m
us

cl
e 

de
ne

rv
at

io
n,

 
TD

P-
43

 in
cl

us
io

ns
 in

 th
e 

fo
re

br
ai

n 
an

d 
do

w
nr

eg
ul

at
io

n 
of

 sy
na

pt
ic

 g
en

es
, 

re
qu

iri
ng

 e
ut

ha
na

si
a 

at
 7

 w
ee

ks
 o

f a
ge

Le
e 

et
 a

l. 
[3

9]
H

EK
-2

93
 c

el
ls

 tr
an

sf
ec

te
d 

w
ith

 v
ec

to
rs

 c
on

ta
in

in
g 

12
5 

re
pe

at
s o

f D
PR

s;
 c

hi
ck

 
em

br
yo

s e
xp

re
ss

in
g 

D
PR

 c
on

str
uc

ts
; c

hi
ck

 e
m

br
yo

s e
le

ct
ro

po
ra

te
d 

w
ith

 
 G

4C
2 c

on
str

uc
ts

 (8
x,

 3
8x

, 7
2 ×

 an
d 

12
8)

; p
os

t-m
or

te
m

 ti
ss

ue
 fr

om
 C

9o
rf

72
 

po
si

tiv
e 

A
LS

 c
as

es
IF

 st
ai

ni
ng

; F
IS

H
; W

es
te

rn
 b

lo
tti

ng
; fi

lte
r t

ra
p 

as
sa

y;
 T

U
N

EL
 to

xi
ci

ty
 a

ss
ay

• 
 G

4C
2 r

ep
ea

ts
 in

du
ce

 n
eu

ro
to

xi
ci

ty
 in

 a
 le

ng
th

-d
ep

en
de

nt
 m

an
ne

r i
n 

vi
vo

, w
ith

 
ch

ic
k 

em
br

yo
s e

le
ct

ro
po

ra
te

d 
w

ith
 3

8 ×
 co

ns
tru

ct
s s

ho
w

in
g 

th
e 

hi
gh

es
t l

ev
el

s 
of

 c
el

l d
ea

th
 (T

U
N

EL
-p

os
iti

ve
 c

el
ls

)
• 

R
N

A
 fo

ci
 w

er
e 

ab
un

da
nt

 in
 th

e 
sp

in
al

 c
or

d 
of

 c
hi

ck
s e

le
ct

ro
po

ra
te

d 
w

ith
  G

4C
2 

re
pe

at
s o

f d
is

ea
se

-a
ss

oc
ia

te
d 

le
ng

th
s (

× 
38

, 7
2x

, 1
28

x)
. T

he
 h

ig
he

st 
pr

ev
a-

le
nc

e 
of

 R
N

A
 fo

ci
 w

as
 fo

un
d 

in
 e

m
br

yo
s e

xp
re

ss
in

g ×
 38

 re
pe

at
 c

on
str

uc
ts

• 
C

hi
ck

 e
m

br
yo

s e
xp

re
ss

in
g 

lo
ng

er
 (>

 ×
 8)

  G
4C

2 c
on

str
uc

ts
 sh

ow
ed

 lo
ss

 o
f 

m
ot

or
 n

eu
ro

ns
 o

n 
th

e 
el

ec
tro

po
ra

te
d 

si
de

 o
f t

he
 sp

in
al

 c
or

d 
an

d 
m

ot
or

 a
xo

n 
pa

th
w

ay
 a

bn
or

m
al

iti
es

 w
ith

 e
vi

de
nc

e 
of

 n
er

ve
 tr

un
ca

tio
n 

an
d 

fa
ilu

re
 o

f a
xo

n 
bu

nd
le

s t
o 

re
ac

h 
th

e 
pe

rip
he

ry
• 

Po
ly

-G
A

 w
as

 th
e 

m
os

t a
bu

nd
an

t D
PR

 in
 th

e 
co

rte
x 

of
 C

9-
A

LS
 c

as
es

. I
t w

as
 

al
so

 sh
ow

n 
to

 b
e 

th
e 

m
os

t t
ox

ic
 in

 v
itr

o 
an

d 
in

 v
iv

o
• 

D
PR

s w
er

e 
fo

un
d 

to
 in

te
ra

ct
 w

ith
 e

ac
h 

ot
he

r, 
w

ith
 p

ol
y-

G
A

 sh
ow

n 
to

 se
qu

es
-

te
r -

G
P 

an
d 

-P
A

 w
he

n 
co

-e
xp

re
ss

ed
 in

 v
itr

o.
 D

ua
l e

xp
re

ss
io

n 
of

 -G
A

 a
nd

 -P
A

 
am

el
io

ra
te

d 
-G

A
-in

du
ce

d 
to

xi
ci

ty
 b

y 
in

hi
bi

tin
g 

its
 a

gg
re

ga
tio

n 
in

 v
itr

o 
an

d 
in

 v
iv

o

689



The Cerebellum (2022) 21:681–714 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

St
ud

y
M

et
ho

do
lo

gy
M

ai
n 

fin
di

ng
s

M
ac

ke
nz

ie
 e

t a
l. 

[2
6]

C
9o

rf
72

 p
at

ie
nt

 b
ra

in
 ti

ss
ue

IH
C

, I
F 

an
d 

ha
em

at
ox

yl
in

 a
nd

 E
os

in
 st

ai
ni

ng
, i

m
m

un
ob

lo
tti

ng
, fi

lte
r t

ra
p 

as
sa

ys

• 
Po

ly
-D

PR
 in

cl
us

io
ns

 w
er

e 
m

os
t c

om
m

on
 in

 o
rd

er
 o

f G
A

 >
 G

P 
>

 G
R

 >
 P

R
/P

A
 

in
 th

e 
fro

nt
al

 c
or

te
x 

an
d 

ce
re

be
llu

m
• 

M
od

er
at

e 
as

so
ci

at
io

n 
of

 p
ol

y-
G

A
 p

os
iti

ve
 d

ys
tro

ph
ic

 n
eu

rit
es

 a
nd

 n
eu

ro
de

-
ge

ne
ra

tio
n 

in
 th

e 
fro

nt
al

 c
or

te
x

• 
To

ta
l p

ol
y-

G
A

 b
ur

de
n 

co
rr

el
at

ed
 w

ith
 d

is
ea

se
 o

ns
et

M
ao

r-N
of

 e
t a

l. 
[8

2]
W

ild
-ty

pe
 a

nd
 p

53
-k

no
ck

ou
t M

ou
se

 p
rim

ar
y 

co
rti

ca
l n

eu
ro

ns
 w

er
e 

tra
ns

du
ce

d 
w

ith
 p

ol
y-

PR
50

; P
ol

y-
PR

50
 m

ou
se

 m
od

el
;  (

G
4C

2)
30

 e
xp

re
ss

in
g 

D
ro

so
ph

ila
 

lin
e

IF
, fl

y-
ey

e 
de

ge
ne

ra
tio

n 
as

sa
y,

 su
rv

iv
al

 a
ss

ay
, c

om
et

 a
ss

ay
, i

m
m

un
ob

lo
tti

ng
, 

A
TA

C
-s

eq
ue

nc
in

g,
 R

N
A

-s
eq

ue
nc

in
g,

 C
R

IS
PR

-C
as

9

• 
N

eu
ro

ns
 e

xp
re

ss
in

g 
po

ly
-P

R
 a

nd
 -G

R
 a

ct
iv

at
e 

p5
3 

si
gn

al
lin

g,
 a

nd
 re

du
ct

io
n 

of
 p

53
 w

as
 su

ffi
ci

en
t t

o 
sto

p 
po

ly
-P

R
 a

nd
 -G

R
 m

ed
ia

te
d 

to
xi

ci
ty

 a
nd

 in
cr

ea
se

d 
th

e 
lif

es
pa

n 
of

 a
 m

ou
se

 m
od

el
• 

P5
3 

re
du

ct
io

n 
re

sc
ue

d 
ax

on
al

 d
eg

en
er

at
io

n 
el

ic
ite

d 
by

 p
ol

y-
PR

 a
nd

 -G
R

• 
P5

3 
dr

iv
es

 n
eu

ro
de

ge
ne

ra
tio

n 
by

 a
ct

iv
at

io
n 

of
 P

um
a

M
ay

 e
t a

l. 
[2

2]
Pr

im
ar

y 
ne

ur
on

al
 c

el
l c

ul
tu

re
 a

nd
 H

EK
29

3 
in

 v
itr

o 
cu

ltu
re

s t
ra

ns
fe

ct
ed

 
w

ith
 c

on
str

uc
ts

 e
nc

od
in

g 
sy

nt
he

tic
 g

en
es

 fo
r D

PR
s i

n 
th

e 
ab

se
nc

e 
of

  G
4C

2 
re

pe
at

s;
 p

os
t-m

or
te

m
 ti

ss
ue

 fr
om

 C
9o

rf
72

 p
at

ie
nt

s
A

na
ly

si
s o

f D
PR

 to
xi

ci
ty

 a
nd

 a
gg

re
ga

tio
n 

pr
op

er
tie

s;
 q

ua
nt

ita
tiv

e 
m

as
s s

pe
c-

tro
m

et
ry

 to
 id

en
tif

y 
co

-a
gg

re
ga

te
s o

f P
ol

y-
G

A

• 
P6

2 
co

-lo
ca

lis
es

 w
ith

 D
PR

s, 
sp

ec
ifi

ca
lly

 p
ol

y-
G

A
 w

hi
ch

 se
qu

es
te

rs
 U

nc
11

9
• 

A
bu

nd
an

t p
ol

y-
G

A
 p

at
ho

lo
gy

 in
 th

e 
ce

re
be

llu
m

• 
P6

2-
po

si
tiv

e 
po

ly
-G

A
 a

gg
re

ga
te

s, 
as

 w
el

l a
s k

no
ck

do
w

n 
of

 U
nc

11
9,

 in
hi

bi
t 

de
nd

rit
ic

 a
rb

or
is

at
io

n 
an

d 
in

du
ce

 a
po

pt
ot

ic
 c

el
l d

ea
th

 in
 v

itr
o

• 
O

ve
re

xp
re

ss
io

n 
of

 U
nc

11
9 

re
du

ce
d 

po
ly

-G
A

 to
xi

ci
ty

• 
In

 C
9-

pa
tie

nt
s, 

1.
6%

 o
f p

ol
y-

G
A

 in
cl

us
io

ns
 in

 th
e 

ce
re

be
llu

m
 a

re
 U

nc
11

9-
po

si
tiv

e,
 c

om
pa

re
d 

to
 9

.5
%

 o
f p

ol
y-

G
A

 in
cl

us
io

ns
 in

 th
e 

fro
nt

al
 c

or
te

x
O

’R
ou

rk
e 

et
 a

l. 
[9

9]
Tr

an
sg

en
ic

 m
ic

e 
ca

rr
yi

ng
 b

ac
te

ria
l a

rti
fic

ia
l c

hr
om

os
om

e 
(B

A
C

) c
on

ta
in

in
g 

hu
m

an
 C

9o
rf

72
 g

en
e 

w
ith

 e
ith

er
 th

e 
he

al
th

y 
al

le
le

 (1
5 

re
pe

at
s)

 o
r 1

00
–1

00
0 

re
pe

at
s e

xp
an

si
on

 —
 C

9-
BA

C
ex

p; 
pr

im
ar

y 
co

rti
ca

l c
ul

tu
re

s g
en

er
at

ed
 fr

om
 

th
os

e 
m

ic
e

FI
SH

 o
f s

en
se

 a
nd

 a
nt

is
en

se
 R

N
A

 fo
ci

; i
m

m
un

os
ta

in
in

g 
of

 D
PR

s;
 b

eh
av

io
ur

al
 

te
sti

ng
; h

ist
ol

og
ic

al
 e

xa
m

in
at

io
n 

of
 n

eu
ro

na
l a

nd
 m

ot
or

 d
am

ag
e;

 R
N

A
-s

eq
 

an
al

ys
is

• 
Se

ns
e 

an
d 

an
tis

en
se

 R
N

A
 fo

ci
 w

er
e 

pr
es

en
t t

hr
ou

gh
ou

t t
he

 C
N

S,
 in

cl
ud

in
g 

Pu
rk

in
je

 c
el

ls
 a

nd
 to

 a
 le

ss
er

 d
eg

re
e 

ce
re

be
lla

r g
ra

nu
la

r l
ay

er
 o

f C
9-

BA
C

ex
p 

m
ic

e 
fro

m
 F

11
2 

to
 F

11
3 

lin
es

• 
B

ot
h 

so
lu

bl
e 

an
d 

in
so

lu
bl

e 
fr

ac
tio

ns
 o

f p
ol

y-
G

P 
w

er
e 

ab
un

da
nt

 in
 th

e 
br

ai
ns

 
of

 C
9-

BA
C

ex
p m

ic
e 

as
 y

ou
ng

 a
s 6

 m
on

th
s

• 
D

es
pi

te
 th

e 
pr

es
en

ce
 o

f D
PR

s a
nd

 R
N

A
 fo

ci
, c

ha
ra

ct
er

ist
ic

 o
f C

9-
A

LS
/F

TD
 

pa
th

ol
og

y,
 th

e 
m

ic
e 

di
d 

no
t d

is
pl

ay
 a

ny
 b

eh
av

io
ur

al
 a

bn
or

m
al

iti
es

 n
or

 n
eu

ro
-

de
ge

ne
ra

tio
n

• 
Th

er
e 

w
as

 n
o 

ev
id

en
ce

 o
f T

D
P-

43
, u

bi
qu

iti
n 

or
 p

62
 in

cl
us

io
ns

, a
nd

 n
o 

si
gn

s 
of

 g
lio

si
s o

r i
nfl

am
m

at
io

n
• 

N
eu

ro
na

l l
os

s w
as

 n
ot

 o
bs

er
ve

d,
 a

nd
 sy

na
ps

es
 a

pp
ea

re
d 

to
 b

e 
un

aff
ec

te
d

• 
R

N
A

-b
in

di
ng

 p
ro

te
in

s P
ur

-α
, h

nR
N

PA
3,

 h
nR

N
PA

2/
B

1 
an

d 
hn

R
N

P-
H

 w
er

e 
no

t c
on

si
ste

nt
ly

 c
o-

lo
ca

lis
in

g 
w

ith
 R

N
A

 fo
ci

 in
 C

9-
BA

C
ex

p m
ic

e,
 a

nd
 th

er
e 

w
as

 n
o 

ev
id

en
ce

 o
f s

eq
ue

str
at

io
n

• 
N

uc
le

ol
ar

 in
te

gr
ity

 a
pp

ea
re

d 
to

 b
e 

di
sr

up
te

d 
in

 C
9-

BA
C

ex
p m

ic
e 

ca
rr

yi
ng

 
di

se
as

e-
as

so
ci

at
ed

 re
pe

at
 e

xp
an

si
on

• 
D

is
pe

rs
io

n 
of

 n
uc

le
ol

in
 fr

om
 th

e 
nu

cl
eu

s w
as

 o
bs

er
ve

d 
in

 th
os

e 
m

ic
e

• 
A

dm
in

ist
ra

tio
n 

of
 a

nt
is

en
se

 o
lig

on
uc

le
ot

id
es

 ta
rg

et
in

g 
ex

on
 2

 o
f h

um
an

 
C

9o
rf

72
 su

pp
re

ss
ed

 R
N

A
 fo

ci
 a

nd
 D

PR
s i

n 
C

9-
BA

C
ex

p m
ic

e 
pr

im
ar

y 
co

rti
ca

l 
cu

ltu
re

s
Pa

rk
 e

t a
l. 

[2
4]

C
9o

rf
72

 D
ro

so
ph

ila
 m

od
el

 —
 tr

an
sg

en
e 

lin
es

 e
xp

re
ss

in
g 

po
ly

-P
A

, p
ol

y-
G

A
, 

po
ly

-P
R

 a
nd

 p
ol

y-
G

R
A

na
ly

si
s o

f d
en

dr
iti

c 
le

ng
th

 a
nd

 b
ra

nc
hi

ng
 p

oi
nt

s o
f c

la
ss

 IV
 d

en
dr

iti
c 

ar
bo

ri-
sa

tio
n 

(C
4 

da
) n

eu
ro

ns
, R

T-
PC

R
 a

na
ly

si
s o

f C
re

bA
 m

R
N

A
 le

ve
ls

• 
Ex

pr
es

si
on

 o
f a

rg
in

in
e-

ric
h 

D
PR

s (
po

ly
-P

R
 a

nd
 -G

R
) w

as
 a

ss
oc

ia
te

d 
w

ith
 th

e 
m

os
t s

ig
ni

fic
an

t r
ed

uc
tio

n 
in

 d
en

dr
iti

c 
br

an
ch

es
 a

nd
 n

um
be

r o
f G

ol
gi

 o
ut

po
sts

 
in

 d
en

dr
ite

s o
f C

4 
da

 n
eu

ro
ns

• 
m

R
N

A
 le

ve
ls

 o
f C

re
bA

 tr
an

sc
rip

tio
n 

fa
ct

or
 w

er
e 

m
ar

ke
dl

y 
re

du
ce

d 
in

 b
ra

in
s 

of
 D

ro
so

ph
ila

 e
xp

re
ss

in
g 

po
ly

-P
R

 b
ut

 n
ot

 p
ol

y-
G

R

690



The Cerebellum (2022) 21:681–714

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

St
ud

y
M

et
ho

do
lo

gy
M

ai
n 

fin
di

ng
s

Pe
rr

y 
et

 a
l. 

[4
4]

D
ro

so
ph

ila
 li

ne
s f

or
  G

4C
2 r

ep
ea

ts
, p

ol
y-

G
R

 a
nd

 S
O

D
1 

m
ut

at
io

ns
IF

, e
le

ct
ro

ph
ys

io
lo

gy
 a

nd
 b

eh
av

io
ur

al
 a

ss
ay

s
• 

Re
du

ct
io

ns
 in

 sy
na

pt
ic

 a
rb

or
is

at
io

n 
an

d 
ac

tiv
e 

zo
ne

s a
t t

he
 N

M
J i

n 
th

ird
-in

st
ar

 
la

rv
ae

 fo
llo

w
in

g 
 G

4C
2 r

ep
ea

t t
ra

ns
du

ct
io

n
• 

N
eu

ro
tra

ns
m

is
si

on
 w

as
 re

du
ce

d,
 b

ut
 h

om
eo

st
at

ic
 p

la
sti

ci
ty

 o
f t

he
 ju

nc
tio

n 
w

as
 

re
ta

in
ed

• 
En

ha
nc

in
g 

th
is

 p
la

sti
ci

ty
 c

an
 st

re
ng

th
en

 sy
na

pt
ic

 fu
nc

tio
n 

ev
en

 w
ith

 C
9 

re
pe

at
s b

ei
ng

 p
re

se
nt

Sa
be

ri 
et

 a
l. 

[9
6]

Po
st-

m
or

te
m

 b
ra

in
 a

nd
 sp

in
al

 c
or

d 
tis

su
e 

of
 C

9-
A

LS
 p

at
ie

nt
s

Q
ua

nt
ita

tiv
e 

an
al

ys
is

 o
f D

PR
s, 

nu
cl

ea
r p

or
e 

pr
ot

ei
ns

 a
nd

 C
9o

rf
72

 p
ro

te
in

• 
Re

du
ce

d 
le

ve
ls

 o
f C

9o
rf

72
 p

ro
te

in
 in

 fr
on

ta
l a

nd
 o

cc
ip

ita
l c

or
tic

es
 c

om
pa

re
d 

to
 c

on
tro

ls
, w

ith
 n

o 
ch

an
ge

 in
 th

e 
ce

re
be

llu
m

• 
D

PR
s a

bu
nd

an
tly

 o
bs

er
ve

d 
in

 g
ra

nu
la

r, 
m

ol
ec

ul
ar

 a
nd

 P
ur

ki
nj

e 
ce

ll 
la

ye
rs

 o
f 

th
e 

ce
re

be
llu

m
• 

Po
ly

-G
R

 D
PR

s a
bu

nd
an

tly
 lo

ca
lis

ed
 in

 d
en

dr
ite

s f
or

m
in

g 
ag

gr
eg

at
es

 in
 th

e 
m

ot
or

 c
or

te
x

• 
N

o 
D

PR
 a

gg
re

ga
te

s i
n 

ax
on

s n
or

 a
xo

na
l d

eg
en

er
at

io
n

Se
lli

er
 e

t a
l. 

[1
8]

M
ou

se
 c

or
tic

al
 n

eu
ro

ns
 w

er
e 

tra
ns

du
ce

d 
w

ith
 sh

R
N

A
 a

ga
in

st 
C

9o
rf

72
; 

ze
br

afi
sh

 w
ith

 d
ec

re
as

ed
 C

9o
rf

72
 a

nd
 A

ta
xi

n2
 m

ut
an

t e
xp

re
ss

io
n 

w
er

e 
ge

n-
er

at
ed

 v
ia

 a
nt

is
en

se
 o

lig
on

uc
le

ot
id

es
IF

, i
m

m
un

op
re

ci
pi

ta
tio

n,
 W

es
te

rn
 b

lo
t, 

no
ve

l a
nt

ib
od

y 
m

an
uf

ac
tu

re
, b

eh
av

-
io

ur
al

 st
ud

ie
s, 

gr
os

s m
or

ph
ol

og
ic

al
 a

na
ly

si
s

• 
C

9o
rf

72
 fo

rm
s a

 c
om

pl
ex

 w
ith

 S
M

C
R

8 
an

d 
W

D
R

41
 w

ith
 su

bs
eq

ue
nt

 in
te

ra
c-

tio
n 

w
ith

 R
A

B
8a

 a
nd

 R
A

B
39

b 
as

 a
 G

TP
/G

D
P 

ex
ch

an
ge

 fa
ct

or
• 

Lo
ss

 o
f C

9o
rf

72
 d

oe
s n

ot
 im

pa
ct

 c
el

l v
ia

bi
lit

y 
bu

t i
nc

re
as

es
 a

gg
re

ga
tio

n 
of

 
TD

P-
43

 a
nd

 p
62

• 
C

9o
rf

72
 is

 p
ar

tic
ul

ar
ly

 d
el

et
er

io
us

 in
 c

om
bi

na
tio

n 
w

ith
 a

ta
xi

n-
2 

Q
30

Sc
hw

ei
ze

r B
ur

gu
et

e 
et

 a
l. 

[2
3]

(G
4C

2)
48

 re
pe

at
 tr

an
sd

uc
ed

 d
ro

so
ph

ila
; p

rim
ar

y 
ra

t s
pi

na
l c

or
d 

ne
ur

on
s;

 
C

9o
rf

72
 p

at
ie

nt
-d

er
iv

ed
 iP

SC
s

Li
ve

 im
ag

in
g,

 F
IS

H
, i

m
m

un
ofl

uo
re

sc
en

ce

• 
R

N
A

 fo
ci

 w
er

e 
lo

ca
lis

ed
 to

 th
e 

nu
cl

eu
s a

nd
 th

e 
cy

to
pl

as
m

 a
nd

 n
eu

rit
es

• 
N

eu
rit

ic
 fo

ci
 a

lo
ne

 c
or

re
la

te
 w

ith
 n

eu
ro

na
l b

ra
nc

hi
ng

 d
efi

ci
ts

• 
R

N
A

 fo
ci

 c
an

 b
e 

tra
ns

lo
ca

te
d 

ac
ro

ss
 th

e 
ne

ur
on

 a
nd

 k
no

ck
ou

t o
f t

ra
ns

po
rt 

sy
ste

m
s s

uc
h 

as
 F

ra
gi

le
 X

 m
en

ta
l r

et
ar

da
tio

n 
pr

ot
ei

n 
(F

M
R

P)
 p

re
ve

nt
s n

eu
rit

ic
 

lo
ca

lis
at

io
n 

an
d 

br
an

ch
in

g 
de

fe
ct

s
Sw

am
in

at
ha

n 
et

 a
l. 

[7
4]

Ze
br

afi
sh

 m
od

el
 tr

an
si

en
tly

 e
xp

re
ss

in
g 

co
ns

tru
ct

s c
on

ta
in

in
g 

D
PR

s o
f v

ar
yi

ng
 

le
ng

th
s (

40
, 2

00
 a

nd
 1

00
0)

; t
ra

ns
ge

ni
c 

ze
br

afi
sh

 li
ne

 e
xp

re
ss

in
g 

10
0 

re
pe

at
s 

of
 p

ol
y-

G
R

To
uc

h-
ev

ok
ed

 e
sc

ap
e 

re
sp

on
se

 te
st

; W
es

te
rn

 b
lo

tti
ng

; a
cr

id
in

e 
or

an
ge

 st
ai

ni
ng

; 
as

se
ss

m
en

t o
f m

ot
or

 n
eu

ro
n 

m
or

ph
ol

og
y

• 
Ex

pr
es

si
on

 o
f p

ol
y-

G
R

 w
as

 a
ss

oc
ia

te
d 

w
ith

 th
e 

gr
ea

te
st 

in
ci

de
nc

e 
of

 d
ev

el
op

-
m

en
ta

l l
et

ha
lit

y 
an

d 
m

or
ph

ol
og

ic
al

 d
ef

ec
ts

 in
 z

eb
ra

fis
h.

 P
ol

y-
G

A
 w

as
 fo

un
d 

to
 

be
 th

e 
le

as
t t

ox
ic

 o
ut

 o
f t

he
 fi

ve
 D

PR
s s

tu
di

ed
• 

Ex
pr

es
si

on
 o

f 1
00

0 
re

pe
at

s o
f a

ny
 o

f t
he

 D
PR

s, 
ev

en
 th

e 
‘n

on
-to

xi
c’

 p
ol

y-
G

A
 

in
du

ce
d 

lo
co

m
ot

or
 d

efi
ci

ts
 in

 z
eb

ra
fis

h
• 

Po
ly

-G
R

 a
ffe

ct
ed

 m
ot

or
 n

eu
ro

n 
gr

ow
th

 in
 tr

an
sg

en
ic

 z
eb

ra
fis

h 
lin

e 
ov

er
ex

-
pr

es
si

ng
 1

00
 -G

R
 re

pe
at

s
X

ia
o 

et
 a

l. 
[1

7]
C

9o
rf

72
 k

no
ck

ou
t m

ic
e 

an
d 

W
ild

-ty
pe

 ti
ss

ue
s

Im
m

un
op

re
ci

pi
ta

tio
n,

 e
le

ct
ro

ph
or

es
is

 a
nd

 im
m

un
ob

lo
tti

ng
, I

F,
 sy

na
pt

os
om

e 
fr

ag
m

en
ta

tio
n

• 
C

9o
rf

72
 is

 lo
ca

lis
ed

 to
 b

ot
h 

th
e 

pr
es

yn
ap

tic
 a

nd
 p

os
ts

yn
ap

tic
 c

om
pa

rtm
en

ts
• 

D
es

pi
te

 C
9o

rf
72

 k
no

ck
ou

t, 
ex

pr
es

si
on

 le
ve

ls
 o

f p
re

sy
na

pt
ic

 c
om

pa
rtm

en
ts

 d
id

 
no

t v
ar

y 
in

 th
e 

fo
re

br
ai

n
• 

Po
st-

sy
na

pt
ic

 c
om

pa
rtm

en
ts

 sh
ow

ed
 lo

ss
 o

f S
m

cr
8 

pr
ot

ei
n,

 re
du

ct
io

ns
 in

 
R

ab
39

b 
an

d 
up

re
gu

la
te

d 
G

lu
R

1.
 T

hi
s c

ha
ng

e 
in

 e
xp

re
ss

io
n 

w
as

 v
is

ua
lis

ed
 in

 
th

e 
do

rs
al

 h
ip

po
ca

m
pu

s
X

u 
an

d 
X

u 
[2

1]
U

A
S-

D
PR

 D
ro

so
ph

ila
 w

er
e 

ge
ne

ra
te

d 
ex

pr
es

si
ng

 p
ol

y-
PR

36
, -

G
R

36
, a

nd
 -P

A
36

B
eh

av
io

ur
al

 a
ss

ay
s a

nd
 li

fe
sp

an
 a

ss
ay

; i
m

m
un

ob
lo

tti
ng

 a
nd

 IH
C

, l
iv

e 
im

ag
in

g,
 

qP
C

R
, d

ru
g 

tre
at

m
en

t

• 
G

lu
ta

m
at

er
gi

c 
ne

ur
on

al
 d

eg
en

er
at

io
n 

is
 o

bs
er

ve
d 

up
on

 tr
an

sf
ec

tio
n 

in
 D

ro
s-

op
hi

la
• 

Po
ly

-G
R

 a
nd

 -P
R

 e
xp

re
ss

in
g 

ne
ur

on
s h

ad
 h

ig
he

r l
ev

el
s o

f i
nt

ra
ce

llu
la

r  C
a2+

• 
In

cr
ea

se
d 

sy
na

pt
ic

 b
ou

to
ns

 a
nd

 a
ct

iv
e 

zo
ne

s i
n 

la
rv

al
 N

M
Js

• 
A

rg
in

in
e 

D
PR

-d
ep

en
de

nt
 N

M
D

A
-d

ep
en

de
nt

 e
xc

ito
to

xi
c 

m
ec

ha
ni

sm
s w

er
e 

re
po

rte
d 

in
 th

e 
pr

es
yn

ap
tic

 te
rm

in
al

 o
f g

lu
ta

m
at

er
gi

c 
ne

ur
on

s

691



The Cerebellum (2022) 21:681–714 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

St
ud

y
M

et
ho

do
lo

gy
M

ai
n 

fin
di

ng
s

Ya
ng

 e
t a

l. 
[7

7]
Tr

an
sg

en
ic

 D
ro

so
ph

ila
 li

ne
s e

xp
re

ss
in

g 
po

ly
-G

R
80

 a
nd

 -P
R

80
 c

on
str

uc
ts

; 
iP

SC
-d

er
iv

ed
 c

or
tic

al
 n

eu
ro

ns
 g

en
er

at
ed

 fr
om

 C
9o

rf
72

 p
at

ie
nt

s;
 p

os
t-m

or
-

te
m

 b
ra

in
 ti

ss
ue

 o
f C

9 
ca

se
s;

 H
eL

a 
ce

lls
 tr

an
sf

ec
te

d 
w

ith
 (G

R
) 8

0
Fl

y 
w

in
g 

no
tc

hi
ng

 p
he

no
ty

pi
ng

; c
lim

bi
ng

 a
ss

ay
 a

nd
 q

ua
nt

ifi
ca

tio
n 

of
 d

en
dr

iti
c 

br
an

ch
in

g;
 IH

C
, q

RT
-P

C
R

• 
Ex

pr
es

si
on

 o
f p

ol
y-

G
R

80
 a

nd
 -P

R
80

 c
on

str
uc

ts
 in

du
ce

 to
xi

ci
ty

 in
 b

ot
h 

ne
ur

on
al

 
an

d 
no

n-
ne

ur
on

al
 c

el
ls

 o
f D

ro
so

ph
ila

• 
Po

ly
-G

R
80

 is
 p

re
se

nt
 p

re
do

m
in

an
tly

 in
 th

e 
cy

to
so

l w
ith

 n
eg

lig
ib

le
 e

xp
re

ss
io

n 
in

 th
e 

nu
cl

eo
lu

s a
nd

 re
su

lts
 in

 su
pp

re
ss

io
n 

of
 N

ot
ch

 si
gn

al
lin

g 
an

d 
lo

ss
 o

f c
el

ls
 

in
 th

e 
w

in
gs

 o
f t

ho
se

 a
ni

m
al

s a
nd

 d
ec

re
as

ed
 d

en
dr

iti
c 

br
an

ch
in

g 
in

 se
ns

or
y 

ne
ur

on
s

• 
iP

SC
-d

er
iv

ed
 c

or
tic

al
 n

eu
ro

ns
 g

en
er

at
ed

 fr
om

 C
9o

rf
72

 p
at

ie
nt

s a
nd

 p
os

t-m
or

-
te

m
 b

ra
in

 ti
ss

ue
 o

f C
9 

ca
se

s s
ho

w
 a

 d
ow

nr
eg

ul
at

io
n 

of
 N

ot
ch

 ta
rg

et
 g

en
es

• 
C

o-
ex

pr
es

si
on

 o
f p

ol
y-

G
R

80
 a

nd
 -P

R
80

 re
su

lte
d 

in
 se

qu
es

tra
tio

n 
of

 -G
R

 b
y 

-G
P 

w
hi

ch
 a

m
el

io
ra

te
d 

-G
R

 to
xi

ci
ty

 in
 v

itr
o 

an
d 

re
sto

re
d 

N
ot

ch
 si

gn
al

lin
g 

in
 

D
ro

so
ph

ila
Zh

an
g 

et
 a

l. 
[2

8]
C

ul
tu

re
d 

ce
lls

 a
nd

 p
rim

ar
y 

ne
ur

on
s t

ra
ns

fe
ct

ed
 w

ith
 G

FP
-G

A
50

, G
FP

-G
P 4

7, 
G

FP
-G

R
50

, G
FP

-P
R

50
 o

r G
FP

-P
A

50
 e

xp
re

ss
io

n 
ve

ct
or

s;
 p

os
t-m

or
te

m
 ti

ss
ue

 
fro

m
 C

9-
A

LS
/F

TD
 c

as
es

IH
C

; e
le

ct
ro

n 
m

ic
ro

sc
op

y;
 im

m
un

e-
el

ec
tro

n 
m

ic
ro

sc
op

y;
 F

IS
H

; l
iv

e 
ce

ll 
im

ag
-

in
g;

 W
es

te
rn

 b
lo

t; 
qR

T-
PC

R

• 
Ex

pr
es

si
on

 o
f p

ol
y-

G
A

 in
du

ce
s f

or
m

at
io

n 
of

 so
lu

bl
e 

an
d 

in
so

lu
bl

e 
sp

ec
ie

s a
nd

 
fil

am
en

t-r
ic

h 
in

cl
us

io
ns

 in
 v

itr
o 

an
d 

in
 v

iv
o

• 
Po

ly
-G

A
 a

ct
iv

at
es

 c
as

pa
se

-3
 a

po
pt

ot
ic

 p
at

hw
ay

 a
nd

 le
ad

s t
o 

ne
ur

ite
 o

ut
gr

ow
th

 
im

pa
irm

en
t, 

in
hi

bi
tio

n 
of

 p
ro

te
as

om
al

 a
ct

iv
ity

 a
nd

 E
R

 st
re

ss
• 

A
dm

in
ist

ra
tio

n 
of

 E
R

 in
hi

bi
to

rs
 p

ro
te

ct
ed

 a
ga

in
st 

po
ly

-G
A

-in
du

ce
d 

to
xi

ci
ty

A
bb

re
vi

at
io

ns
: A

AV
, a

de
no

-a
ss

oc
ia

te
d 

vi
ru

s;
 A

LS
, a

m
yo

tro
ph

ic
 la

te
ra

l s
cl

er
os

is
; A

TA
C

 , a
ss

ay
 fo

r t
ra

ns
po

sa
se

-a
cc

es
si

bl
e 

ch
ro

m
at

in
; C

a2+
, c

al
ci

um
 io

ns
; C

A3
, C

or
nu

 A
m

m
on

is
 3

; C
as

9,
 C

R
IS

PR
-

as
so

ci
at

ed
 p

ro
te

in
 9

; C
N

S,
 c

en
tra

l n
er

vo
us

 s
ys

te
m

; C
re

bA
, c

yc
lic

 A
M

P 
re

sp
on

se
 e

le
m

en
t b

in
di

ng
 p

ro
te

in
 A

; C
RI

SP
R,

 c
lu

ste
re

d 
re

gu
la

rly
 in

te
rs

pa
ce

s 
sh

or
t p

al
in

dr
om

ic
 re

pe
at

s;
 D

PR
s, 

di
pe

p-
tid

e 
re

pe
at

s;
 E

LI
SA

, e
nz

ym
e-

lin
ke

d 
im

m
un

os
or

be
nt

 a
ss

ay
; E

R,
 e

nd
op

la
sm

ic
 r

et
ic

ul
um

; F
IS

H
, fl

uo
re

sc
en

t i
n-

si
tu

 h
yb

rid
is

at
io

n;
 F

TD
, f

ro
nt

ot
em

po
ra

l d
em

en
tia

; G
D

P,
 g

ua
no

si
ne

 d
ip

ho
sp

ha
te

; 
G

FP
, g

re
en

 fl
uo

re
sc

en
t p

ro
te

in
; G

lu
R1

, g
lu

ta
m

at
e 

re
ce

pt
or

 1
; G

TP
, g

ua
no

si
ne

 tr
ip

ho
sp

ha
te

; H
EK

29
3T

, h
um

an
 e

m
br

yo
ni

c 
ki

dn
ey

 c
el

ls
; h

nR
N

P,
 h

et
er

og
en

ou
s 

nu
cl

ea
r r

ib
on

uc
le

op
ro

te
in

s;
 H

RE
, 

he
xa

nu
cl

eo
tid

e 
re

pe
at

 e
xp

an
si

on
s;

 IC
C

, i
m

m
un

oc
yt

oc
he

m
ist

ry
; I

F,
 im

m
un

ofl
uo

re
sc

en
ce

; I
H

C
, i

m
m

un
oh

ist
oc

he
m

ist
ry

; i
PS

C
, i

nd
uc

ed
 p

lu
rip

ot
en

t s
te

m
 c

el
ls

; K
+
, p

ot
as

si
um

 io
ns

; K
O

, k
no

ck
ou

t; 
M

N
s, 

m
ot

or
 n

eu
ro

ns
; N

a+
, s

od
iu

m
 io

ns
; N

eu
N

, n
eu

ro
na

l n
uc

le
i; 

N
M

J,
 n

eu
ro

m
us

cu
la

r j
un

ct
io

n;
 p

53
, t

um
ou

r p
ro

te
in

 5
3;

 p
62

, u
bi

qu
iti

n-
bi

nd
in

g 
pr

ot
ei

n;
 P

C
R,

 p
ol

ym
er

as
e 

ch
ai

n 
re

ac
tio

n;
 P

U
M

A,
 

p5
3 

up
re

gu
la

te
d 

m
od

ul
at

or
 o

f a
po

pt
os

is
; P

ur
-α

, p
ur

in
e-

ric
h 

el
em

en
t b

in
di

ng
 p

ro
te

in
; q

RT
-P

C
R,

 q
ua

nt
ita

tiv
e 

re
al

-ti
m

e 
PC

R
; R

AB
, r

as
-a

ss
oc

ia
te

d 
bi

nd
in

g;
 R

NA
, r

ib
on

uc
le

ic
 a

ci
d;

 s
hR

NA
, s

m
al

l 
ha

irp
in

 R
N

A
; S

M
C

R8
, S

m
ith

-M
ag

en
is

 sy
nd

ro
m

e 
ch

ro
m

os
om

al
 re

gi
on

 c
an

di
da

te
 g

en
e 

8;
 S

O
D

1,
 su

pe
ro

xi
de

 d
is

m
ut

as
e 

1;
 T

AR
D

BP
, T

ar
-D

N
A

 b
in

di
ng

 p
ro

te
in

; T
D

P-
43

, T
ar

-D
N

A
 b

in
di

ng
 p

ro
te

in
 

43
; T

hy
1,

 th
ym

oc
yt

e 
di

ffe
re

nt
ia

tio
n 

an
tig

en
 1

; T
U

N
EL

, t
er

m
in

al
 d

eo
xy

nu
cl

eo
tid

yl
 tr

an
sf

er
as

e 
dU

TP
 n

ic
k 

en
d 

la
be

lli
ng

; U
AS

, u
ps

tre
am

 a
ct

iv
at

io
n 

se
qu

en
ce

; W
D

R4
1,

 W
D

 re
pe

at
 d

om
ai

n 
41

692



The Cerebellum (2022) 21:681–714

1 3

Ta
bl

e 
3 

 P
ub

lic
at

io
ns

 re
tri

ev
ed

 c
on

ce
rn

in
g 

fin
di

ng
s i

n 
th

e 
ce

re
be

llu
m

St
ud

y
M

et
ho

do
lo

gy
M

ai
n 

fin
di

ng
s

A
l-S

ar
ra

j e
t a

l. 
[2

5]
Po

st-
m

or
te

m
 ti

ss
ue

 fr
om

 M
N

D
/A

LS
, F

TL
D

 a
nd

 A
LS

-F
TL

D
 c

as
es

 w
ith

, a
nd

 
FT

LD
 c

as
es

 w
ith

ou
t C

9 
ex

pa
ns

io
n 

m
ut

at
io

n
N

eu
ro

pa
th

ol
og

ic
al

 a
ss

es
sm

en
t, 

IH
C

 a
nd

 IF
 st

ud
ie

s

• 
p6

2 
po

si
tiv

e,
 p

-T
D

P-
43

 n
eg

at
iv

e 
in

cl
us

io
ns

 w
er

e 
re

po
rte

d 
in

 c
er

eb
el

la
r 

Pu
rk

in
je

 c
el

ls
 a

nd
 m

ol
ec

ul
ar

 la
ye

r o
f C

9-
po

si
tiv

e 
ca

se
s

A
sh

 e
t a

l. 
[1

0]
H

um
an

 C
9o

rf
72

 ti
ss

ue
M

es
o 

sc
al

e 
di

sc
ov

er
y 

as
sa

y,
 IH

C
, I

F;
 g

en
er

at
io

n 
of

 n
ov

el
 a

nt
ib

od
ie

s t
o 

po
ly

-
G

A
, G

P 
an

d 
-G

R

• 
C

9o
rf

72
 R

A
N

 tr
an

sl
at

io
n 

pr
od

uc
ts

 (n
ow

 c
al

le
d 

D
PR

s)
 w

er
e 

de
te

ct
ed

 in
 h

ig
h 

m
ol

ec
ul

ar
 w

ei
gh

t a
gg

re
ga

te
s s

pe
ci

fic
 to

 C
9o

rf
72

 e
xp

an
si

on
 a

nd
 n

ot
 o

th
er

 
ne

ur
od

eg
en

er
at

iv
e 

or
 C

A
G

 e
xp

an
si

on
 d

is
or

de
rs

• 
D

PR
s w

er
e 

ab
un

da
nt

 in
 th

e 
ce

re
be

llu
m

 o
f C

9o
rf

72
 c

as
es

B
el

zi
l e

t a
l. 

[1
03

]
C

9o
rf

72
 p

at
ie

nt
 ti

ss
ue

, s
ki

n 
bi

op
si

es
 a

nd
 b

lo
od

 sa
m

pl
es

 w
ith

 d
er

iv
at

io
n 

of
 

fib
ro

bl
as

ts
qR

T-
PC

R
, d

dP
C

R
 a

nd
 c

hr
om

at
in

 im
m

un
op

re
ci

pi
ta

tio
n

• 
B

ot
h 

th
e 

fro
nt

al
 c

or
tic

es
 a

nd
 c

er
eb

el
lu

m
 h

ad
 re

du
ct

io
ns

 in
 C

9o
rf

72
 m

R
N

A
 in

 
pa

th
og

en
ic

 e
xp

an
si

on
s

• 
C

9o
rf

72
 w

ith
 e

xp
an

si
on

s i
nc

re
as

es
 th

e 
ra

te
 o

f b
in

di
ng

 to
 tr

im
et

hy
la

te
d 

ly
si

ne
 

re
si

du
es

 w
ith

in
 h

ist
on

es
 H

3 
(H

3K
9/

K
27

/K
79

) a
nd

 H
4 

(H
4K

20
) w

hi
ch

 is
 

de
te

ct
ab

le
 in

 th
e 

bl
oo

d 
of

 p
at

ie
nt

s
C

he
w

 e
t a

l. 
[9

4]
Tr

an
sg

en
ic

 m
ou

se
 m

od
el

 e
xp

re
ss

in
g 

 (G
4C

2)
66

 th
ro

ug
ho

ut
 th

e 
C

N
S 

by
 m

ea
ns

 
of

 A
AV

-m
ed

ia
te

d 
so

m
at

ic
 b

ra
in

 tr
an

sg
en

es
is

B
eh

av
io

ur
al

 te
sti

ng
; R

N
A

 F
IS

H
 d

et
ec

tio
n 

of
 R

N
A

 fo
ci

, i
m

m
un

oa
ss

ay
s f

or
 

D
PR

s

• 
R

N
A

 fo
ci

 w
er

e 
ab

un
da

nt
 in

 P
ur

ki
nj

e 
ce

lls
 o

f  (
G

4C
2)

66
 m

ic
e 

at
 6

 m
on

th
s, 

w
ith

 
40

–5
4%

 o
f P

ur
ki

nj
e 

ce
lls

 fo
ci

-p
os

iti
ve

, a
nd

 to
 a

 le
ss

er
 d

eg
re

e,
 in

 g
ra

nu
la

r a
nd

 
m

ol
ec

ul
ar

 la
ye

rs
 o

f c
er

eb
el

lu
m

• 
Po

ly
-G

A
, p

ol
y-

G
P 

an
d 

po
ly

-G
R

 in
cl

us
io

ns
 w

er
e 

de
te

ct
ed

 in
 th
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but also a significant reduction in synaptic bouton counts 
[42, 44] and synaptic quantal content [43, 44].

Interestingly, a meta-analysis conducted to assess the 
state of NMJs (Fig. 4B) found no significant alterations in 
bouton counts and NMJ integrity despite the reports from 
Freibaum et al. (2015) [32, 42]. This may be explained by 
Xu and Xu [21] finding increased synaptic bouton counts 
whilst the remaining studies found the opposite. Given 
that an increase in synaptic bouton count could be a result 
of excitotoxic mechanisms which Xu and Xu themselves 
report, this may then skew the meta-analysis, as this sta-
tistical test is not sensitive to phenomena in which both an 
increase and decrease in synaptic boutons may represent 
pathological changes. Indeed, the presence of excitotoxic 
mechanisms has been reported by other studies [4, 39] in 
the early stages of the disease. Devlin et al. (2014) [41] 
demonstrated that C9orf72 patient iPSC-derived motor 
neurons (MNs) revealed hyperexcitability at early stages in 
culture followed by a progressive loss of action potential 
output, a finding previously reported in other animal mod-
els of ALS [46, 47]. This initial phase of increased activity 
has been suggested to trigger a cascade of excitotoxic dis-
ease mechanisms involving pathological changes in  Ca2+ 
handling [48, 49], accumulation of intracellular  Ca2+ and 
the eventual activation of cell death pathways. Other early 
events observed by the authors were the loss of synaptic 
activity in C9orf72-iPSC-derived MNs which could be 
reflecting a general loss of action potential generation in 
culture; however, due to the evidence of loss and dysfunc-
tion of synapses in ALS [50–55], specific deficits in synaptic 
transmission might also contribute to reductions in synaptic 
activity recorded from patient iPSC-derived MNs. Indeed, 
Jensen et al. (2020) [4] found that the presence of poly-GA 
results in hyperexcitability, through  Ca2+ depolarisation, of 
neurons followed by a reduction in SV2 — mirroring Devlin 
et al.’s [41] results of the initial appearance of excitotoxic 
mechanisms followed by a loss of synaptic activity, or in this 
case, an inability to unload the synaptic vesicles properly. 
Moreover, the animal model used by Jensen et al. [4] exclu-
sively expressed poly-GA in the spinal cord, brainstem and 
cerebellum before any motor neuron loss was observed. This 
resulted in time-dependent and poly-GA-dependent gait and 
behavioural deficits [4], possibly suggesting that SV2 and 
neuronal excitability are more widespread than just MNs 
as Devlin et al. [41] reported and may include any neuron 
which harbours poly-GA expression. Devlin et al. also dem-
onstrated changes in ionic conductance which could indicate 
that early dysfunction or loss of ion channels may contribute 
to the initiation of downstream degenerative pathways that 
ultimately lead to MN loss in ALS [41]. This ‘functional 
loss’ of neurons may render the motor system, including the 
cerebellum, inactive before neurodegeneration occurs. Both 
papers highlight the importance of understanding synaptic Ta

bl
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pathology as this may precede and promote neuronal death. 
Therefore, they present viable therapeutic options to prevent 
neurodegeneration from occurring rather than attempting to 
rescue already dying tissues.

Moreover, the dysregulation in synaptic transmission in 
the motor system was also corroborated by Hao et al. (2019) 
[56]. In their study, they expressed 28 × poly-PR (GFP-PR28) 
under the control of the neuronal Thy1 promoter, and they 
found that heterozygous mice developed deficiency of motor 
performance at 6 months of age. These motor deficits were 
accompanied by cerebellar poly-PR inclusions together with 
increased activation of astrocytes and microglia in the cer-
ebellum and spinal cord, whereas only a few astrocytes in 
the motor cortex and no gliosis in the hippocampus were 
observed in these animals. Moreover, the GFP-PR28 het-
erozygous mice showed atrophy of the cerebral cortex and 
loss of Purkinje cells in the cerebellum and motor neurons 
in the spinal cord. These results are in line with the greater 
cerebellar atrophy showed by Gendron et al. (2013) [27] in 
C9orf72-FTD patients, highlighting the direct relationship 
between the C9orf72 mutation and cerebellar and motor 
defects. Moreover, other subtypes of ALS such as SOD1 
and MAPT have shown cerebellar pathology [57], revealing 
the relevance of this brain region in ALS pathology. Finally, 
we wanted to note that although cerebellar ataxia is not typi-
cally observed in other types of FTD [58–60], Fogel et al. 
(2012) [56] have found a case where cerebellar ataxia was 
identified in C9orf72-ALS/FTD patients.

Understanding the Role of DPRs in C9‑Cerebellar 
Pathology

Moreover, although the evidence has pointed out that the 
expression of DPRs is one of the causative factors for 
C9orf72-ALS/FTD based on the identification of DPRs 
in patient brains [12, 26, 29, 33, 61–68] and expression of 
DPRs without hexanucleotide-repeat RNA in animal mod-
els [33, 64], it is unknown whether DPR localisation corre-
lates to neuronal loss. In order to elucidate this, Zhang et al. 
(2019) [69] generated a mouse model through viral infection 
of AAV1 GFP-PR50. This resulted in motor dysfunction and 
cognitive deficits, with reduced brain weight and an age-
dependent loss of poly-PR expressing Purkinje cells and 
cortical neurons at 3 months of age, suggesting that poly-
PR expression caused cell-autonomous neuron death. These 
pathological hallmarks were also accompanied by increased 
astrogliosis and microgliosis in the cortex and cerebellum of 
GFP-PR50 animals. Moreover, a poly-GR100 AAV-infected 
animal model also showed cortical thinning, hippocam-
pal cell loss and cerebellar Purkinje cell loss from 1.5 to 
6 months of age, whereas no spinal cord neuron loss was 
seen. These changes were parallel to increased astrogliosis 
and microgliosis from 1.5 months in GFP-GR100 mice and 

locomotor impairment [65]. Both studies not only highlight 
the impact of arginine enriched DPRs on the cerebellum and 
motor function, but also the correlation between DPR length 
and onset of pathogenesis, with shorter lengths of poly-PR 
having a later onset of age-related deficits [56, 69].

Indeed, our meta-analysis provides evidence linking 
DPRs with neuronal loss in C9-ALS/FTD (Fig. 5B). How-
ever, the effect DPRs have in the cerebellum specifically is 
difficult to assess due to multiple brain regions being pooled 
for this meta-analysis in order to reach an appropriate study 
number. In fact, when we assessed neuronal loss in the cer-
ebellum, regardless of DPR involvement, we found no sig-
nificant reduction in the Purkinje cells (Fig. 5A). This may 
be due to the fact that different areas in the cerebellum may 
be more prone to degeneration such as the spinocerebellum 
compared to the lateral cerebellar hemispheres [70]. There-
fore, it is important for studies to report which specific sub-
region was used to carry out quantification to allow for more 
accurate pooling of data which may lead to more meaningful 
conclusions from a meta-analysis in the future.

Another important finding in these studies is that differ-
ent DPRs interfere with different cell processes. The gene 
ontology (GO) analyses after RNA sequencing in the GFP-
PR28 heterozygous mice model used by Hao et al. (2019) 
[56] revealed dysregulation of synaptic transmission-related 
genes, specifically downregulated genes included calcium 
ion-regulated exocytosis of neurotransmitters, intracellular 
signal transduction and neurotransmitter secretion. These 
results point out that transmission across chemical synapses 
is a major pathway implicated in  PR28 cerebellar pathology. 
They have also found that two genes (Rims3, Doc2b) related 
to synaptic function were downregulated in the cerebellum 
of 2-month-old heterozygous mice. Moreover, upregulation 
of ER-stress genes (Chac1 and Atf5) has been found in the 
cerebellum of 2-month- and 5- month-old heterozygous 
mice, suggesting that ER stress and synaptic dysfunction 
in the cerebellum are early events in poly-PR expressing 
neurons.

However, the GO analyses in the GFP-GR100 mice 
reported by Zhang et al. (2018) [65] did not show synaptic-
related differences but ribosomal and protein translational 
changes. These results are opposite to the studies where the 
accumulation of arginine-rich DPRs (GR and PR) in the 
nuclei of many cell types [11, 63, 71, 72] have suggested that 
they could be the cause of the dendritic defects observed, 
which is thought to precede neuronal cell death in ALS-FTD 
[24]. Park et al. (2020), using a C9orf72 Drosophila model, 
proved that arginine-rich DPRs led to the most significant 
reduction in dendritic branches and reduced the number 
of Golgi outposts in dendrites, which are organelles with 
a role in the cytoarchitecture of neuronal dendrites, lead-
ing to defective vesicular trafficking in dendrites. Moreo-
ver, Swaminathan et al. (2018) show that [73] poly-GR100 

703



The Cerebellum (2022) 21:681–714 

1 3

704



The Cerebellum (2022) 21:681–714

1 3

was capable of reducing motor neuron length in a zebrafish 
model [74]. Despite the methodological heterogeneity, our 
meta-analysis found significant alterations in dendritic 
branching, further giving evidence that synaptic dysfunc-
tion is a feature of C9-ALS/FTD (Fig. 4A). These results 
encourage further research into the cerebellum where early 
pathological features are detected. Most importantly, these 
studies compile evidence that the accumulation of different 
DPRs in different brain regions during the progression of 
the disease could explain the dynamics contributing to the 
neurodegeneration seen in C9orf72-ALS/FTD patients.

The Relevance of DPR Dynamics in C9‑Cerebellar 
Pathology

A clear example of the need to study DPR dynamics dur-
ing the cerebellar progression of the disease is represented 
by Yamakawa et al. (2015) in the brains of patients with 
C9orf72-ALS/FTD [75]. The authors found that the five 
DPRs (poly-GA, poly-GP, poly-GR, poly-PR and poly-PA) 
are deposited in the granular neurons of the cerebellum as 
reported by others [25, 76]. Further to this, Mackenzie et al. 
(2015) found that poly-GA inclusions (sense transcript) were 
by far the most abundant, followed by poly-GP (sense and 
antisense transcripts) and poly-GR inclusions (sense tran-
script) with only rare poly-PR and poly-PA inclusions (anti-
sense transcripts) throughout the premotor frontal cortex, 
lower spinal cord MNs and cerebellum [26]. These data, as 
well as early-onset DPR inclusions in animal models and 
their inherent toxicity, illustrate the importance of study-
ing the accumulation of brain DPRs in a time- and cell-
dependent fashion and may explain why some poly-DPR 
pathologies are rare in post-mortem brain tissues from 
C9orf72-ALS/FTD patients, which reflect the end stage of 
disease and may likely have neuronal death obscuring the 
mechanisms through which DPRs are causing toxicity.

The toxicity of DPRs may also be related to and depend 
on each other. Zhang et al. (2018) [65] confirmed a previous 
report by Yang et al. (2015) [77] that poly-GR only aggre-
gates in cells that have insoluble poly-GA aggregates and 
remains diffuse without the presence of poly-GA. Interest-
ingly, Yang et al. found that poly-GA recruiting poly-GR to 
aggregates was found to prevent certain measures of toxicity 

and restore defective Notch signalling, suggesting that poly-
GA, which readily aggregates, may provide some defence 
mechanism against toxicity [77]. However, it was revealed 
that poly-GR was still able to interact with ribosomal/mito-
chondrial targets when aggregated [65]. The ability to do so 
may impact the dynamics within the cell such that aggre-
gated poly-GR interacting and binding to targets may impair 
nearby reactions due to steric hindrance.

Moreover, poly-GA’s ability to alter DPR chemistry is not 
limited to poly-GR. Darling et al. (2019) co-expressed poly-
GA with poly-PR and interestingly found that high levels of 
poly-GA in relation to poly-PR — ratios of 10:1 and 5:1 — 
localised poly-PR to the cytoplasm, with the nucleus being 
the typical aggregate locale of poly-PR [78]. Additionally, 
it was found that co-expression of poly-GA50 reduced aber-
rant phosphorylation in the unfolded protein response — a 
characteristic of poly-PR aggregates — preventing potential 
triggering of an apoptotic event through the PERK pathway. 
However, there is some controversy regarding the roles of 
DPR synergy in causing toxicity as Lee et al. (2017) found 
that poly-GA did not co-localise frequently with poly-GR 
and -PR [39]. Although this could be explained by poly-
GR and -PR being much rarer in the brain in general, they 
demonstrated that poly-GA could sequester poly-GP and 
-PA, but, in their model, sequestration of poly-PA with poly-
GA actually prevented GA-mediated toxicity and not GA-
mediated reduction of toxicity of the other DPRs as seen by 
Zhang and Yang (2018; 2015) [65, 77]. Nevertheless, the 
ability for DPRs to interact with one another and alter their 
toxicity suggests that structures which express all variants 
of DPRs such as the cerebellum will likely have different 
alterations to metabolic pathways which could explain dif-
ferences from cortical and motor neuron degeneration along 
the life span of C9orf72 patients [39, 65, 75, 77].

Pathways Mediating DPRs Toxicity in C9‑Cerebellar 
Pathology

Another important hallmark of the cerebellum in C9orf72 
mutation carriers is the presence of TDP-43-negative and 
p62-positive neuronal cytoplasmic inclusions [22, 25, 79, 
80] which have been shown to be associated with poly-GA, 
GP, GR, PA and PR [11, 22, 30, 31, 61, 81]. In this regard, 
Mann (2013) observed a correlation between p62 inclusions 
and poly-GA and poly-GP in the cerebellum [31]. Moreo-
ver, in the study, a correlation between poly-GA and -GP, 
together with poly-GR and -PR, was also demonstrated. 
Although the role of poly-PR was recently established by 
Maor-Nof et al. (2021) [82] and Far and Shorter (2021) 
[83] as a remodeller of the neuronal epigenome to promote 
proapoptotic p53 activity involving PUMA, the inconsist-
ency of its presence in all expansion bearers of the Mann 
study (2013) [31] casts doubt into its relevance to cerebellar 

Fig. 3  Frequency graphs illustrating the characteristics of selected 
studies. (A) Shows the number of studies that report synaptic dys-
function. (B) Illustrates the number of studies which report ALS/FTD 
pathology in C9-patients. (C) Shows the number of different animal 
models used in in  vivo experiments. (D) Shows the number of dif-
ferent in vitro models used in the selected studies. (E) illustrates the 
pathomechanism type assessed in different animal models. (F) Illus-
trates the number of DPR constructs introduced to different animal 
models. Abbreviations: DPRs, dipeptide repeat proteins; NMJ, neuro-
muscular junction; cDNA, circular DNA
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Fig. 4  Meta-analysis using a random effects model of selected stud-
ies relating to synaptic deficits. (A) Shows the meta-analysis for den-
dritic defects assessing reductions in arborisations such as crossings 
and branchpoints (P = 0.03). (B) Shows the meta-analysis for neuro-
muscular junction (NMJs) abnormalities assessing synaptic bouton 
counts and fractured NMJs (P = 0.29). (C) Shows the meta-analysis 

for reductions of C9orf72 protein in human patients using frontal 
cortex and cerebellar samples (P = 0.005). All studies were highly 
heterogenous (I2 ≥ 84%; P ≤ 0.0004). The figure was generated using 
the RevMan 5.4 software. Abbreviations: SD, standard deviation; CI, 
confidence interval

Fig. 5  Meta-analysis using a random effects model of selected stud-
ies relating to neuronal loss in C9orf72. (A) Shows the meta-analysis 
of neuronal loss in the cerebellum as a result of  G4C2 repeats and 
DPR models (P = 0.23). (B) Shows the meta-analysis of DPR-related 

neuronal loss using animal models transfected with DPR constructs 
(P = 0.0006). Studies were highly heterogenous (I2 ≥ 78%; P ≤ 0.001). 
The figure was generated using RevMan 5.4. Abbreviations: SD, 
standard deviation; CI, confidence interval
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pathology. Despite this, Maor-Nof’s study [82] proposed 
for the first time a relationship between poly-PR and axonal 
degeneration that could be rescued by p53 reduction, 
increasing survival of C9orf72-ALS/FTD patient-induced 
pluripotent stem cell (iPSC)-derived motor neurons. Moreo-
ver, we cannot rule out that poly-PR and its inconsistent 
presence may be a result of the toxicity it exerts on the neu-
ron, such that all neurons which are PR positive die earlier 
than neurons which lack PR inclusions or have a low poly-
PR burden.

Furthermore, Lopez-Gonzalez et al. also found that poly-
GR increases p53 levels in neurons of C9orf72 patients, and 
axonal degeneration may be a unique pathology associated 
with arginine-DPRs [84]. Mori et al. (2013b) demonstrated a 
rostro-caudal gradient of poly-GR inclusions being abundant 
in all neocortical areas, hippocampus and cerebellum, with 
moderate abundance in subcortical nuclei and low abun-
dance in the brain stem and spinal cord which may highlight 
areas particularly susceptible to poly-GR-mediated degen-
eration [85]. However, in these studies, the contribution of 
these DPR inclusions to cerebellar synaptic function and 
the pathways potentially involved has been scarcely stud-
ied. Despite this, these results shed light on the relationship 
between DPRs and downstream degenerative cascades that 
could be targeted at early stages in specific brain regions. 
Moreover, p53 cerebellar reduction in relation to poly-PR 
and poly-GR accumulation in C9orf72 ALS/FTD-patient 
remains unclear, but further research may highlight potential 
therapies which could be applicable to other diseases such 
as spinal muscular atrophy and Purkinje cell degeneration 
[86, 87].

In a poly-GA mouse model, LaClair et al. (2020) demon-
strated that poly-GA has a greater propensity to aggregate 
in the cerebellum which may drive toxicity seen in these 
mice [81]. These results are also supported by the increased 
number of inclusions found in the molecular and granular 
layers of the cerebellum of C9orf72 mutation cases by Mori 
et al. (2013b), whereas inclusions were rarely found in the 
Purkinje layer [85]. Moreover, LaClair et al. (2020) [81] 
have shown that poly-GA promotes interferon responses in 

C9orf72 disease and contributes to TDP-43 abnormalities 
and neuron loss selectively in disease-relevant regions.

An important study from May et al. (2014) [22] showed 
that poly-GA co-localised with Unc119, a transport factor 
previously linked to neuromuscular and axonal function, in 
the cerebellum. In the study, it was demonstrated that similar 
to poly-GA expression, Unc119 knockdown inhibits den-
dritic branching and causes neurotoxicity, suggesting that 
poly-GA expression may be the driving force for Unc119 
aggregation. Interestingly, those who present with C9orf72-
FTD have higher aggregated levels of poly-GA and Unc119 
in the cerebellum than those of C9orf72-ALS. However, 
Schludi et al. (2017) [88] have shown that despite eliciting 
behavioural deficits and inflammation, no neuronal loss was 
seen in mouse models expressing poly-GA, suggesting that 
poly-GA may be instrumental in protein sequestration [89] 
and inflammation of ALS but not end-stage neuronal death. 
Jensen et al. (2020) [4] further support this intermediary 
role of poly-GA in reporting aberrant synaptic unloading 
and motor deficits without overt neuronal death, as we have 
previously discussed.

The Role of DPR Solubility in C9‑Cerebellar 
Pathology

Despite the overwhelming evidence of DPR aggregates in 
C9-ALS/FTD, it is unclear whether binding DPRs to insolu-
ble aggregates causes toxicity or whether the soluble form of 
DPRs is toxic and aggregation is a defence mechanism [30, 
90]. In this regard, Quaegebeur et al. (2020) demonstrated 
differing solubility profiles of DPRs across human brain tis-
sue [91]. Notably, soluble DPRs tend to be less abundant in 
areas associated with clinical pathologies, such as the frontal 
cortex in FTD. Interestingly, the cerebellum has significantly 
different dynamics from the other cortices measured. Despite 
the aggregate load of poly-GA and -GR being comparable 
to the frontal and temporal cortices, insoluble poly-GP was 
highest in the cerebellum. Moreover, the soluble forms of 
poly-GA and -GP are at much greater concentrations in 
the cerebellum than other regions, with poly-GR showing 

Table 5  Data table for neurite length meta-analysis

Incomplete meta-analysis of neurite length due to Zhang et al. (2014) not having available sample sizes thus an appropriate study size (N = 3) 
was not reached. The table was produced in RevMan 5.4 with the associated graph, and statistical measures were removed from the image. 
Abbreviations: SD, standard deviation; CI, confidence interval

Study or subgroup Control Experimental Std. mean difference IV, 
random, 95% CI

Mean SD Total Mean SD Total Weight

Park 2020  − 21,200.42 688.9353 6  − 9,966.0752 806.3674322 6 43.7%  − 13.83 [− 20.67, − 6.98]
Swaminathan 2018  − 195.9627 8.074534 7  − 161.95652 5.74534162 7 56.3%  − 4.54 [− 6.79, − 2.30]
Zhang 2014  − 266.422 17.61468 0  − 125.77982 20.36697248 0 Not estimable
Total (95% CI) 13 13 100.0%  − 8.60 [− 17.63, 0.43]
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significant variability between all cortices. With Quaegebeur 
et al. (2020) reporting that reductions in soluble fractions 
were associated with disease severity [91], one would likely 
presume that this is because they are aggregating. Therefore, 
it is surprising that the cerebellum, which has higher levels 
of soluble and insoluble DPRs, shows less neurodegenera-
tion when compared to the frontal cortex. This may indicate 
a mechanism by which the toxicity of DPR aggregation is in 
some way mitigated in the cerebellum and is seen as ‘spared’ 
in C9orf72-ALS/FTD. These regional differences in DPR 
solubility could be pointing out the selective vulnerability 
of different brain regions to DPRs, underlined by different 
degradation pathways along the brain. Furthermore, this 
may mean the cerebellum may present as the most useful 
structure to investigate the effect of synaptopathy and of the 
macro-mechanisms of reduced C9orf72 protein and RNA 
foci due to the mitigation of DPR-dependent toxicity as well 
as investigating solubility mechanisms and its regulation.

Reduced C9orf72 Protein Show Toxicity Through 
Downstream Effects

As a consequence of C9orf72 repeat expansions, C9orf72 
protein levels are reduced, and the resulting loss of func-
tion is one of the key patho-mechanisms of the disease. As 
we have previously mentioned, the cerebellum is a brain 
region known to express high levels of C9orf72 mRNA 
[2], and differences in cerebellar transcript levels between 
C9orf72 mutations carriers and controls [92, 93] have also 
been found. Frick et al. (2018) confirmed previous reports of 
reduced C9orf72 protein levels in the cerebellum of C9orf72 
mutation carriers with no association to clinical phenotypes 
(ALS, ALS/FTD or FTD), age at onset and disease duration 
[16]. The authors explained this finding by a strong posi-
tive correlation between the presence of neurodegeneration/
cell death and C9orf72 levels in cerebellar regions. Similar 
results in post-mortem tissues were reported by Tan et al. 
(2016) [70] where no neuronal loss was identified in the 
cerebellum. However, opposite results were found by Chew 
et al. (2015) in which mouse models of  (G4C2)66 showed 
loss of Purkinje cells [94]. Similar results were found by 
Liu et al. (2016) in a BAC mouse model of C9orf72 [95], so 
Frick’s [16] results might be potentially explained by protein 
degradation due to post-mortem delay in human samples. 
Moreover, Saberi et al. (2017) [96] and Waite et al. (2014) 
[93] found reduced C9orf72 protein expression in frontal 
areas but not in the cerebellum. Nevertheless, performing a 
meta-analysis (Fig. 4C) which combined frontal and cerebel-
lar brain regions found that C9orf72 levels are significantly 
reduced in human patients at the time of autopsy.

It is also important to note that the mechanisms by 
which reduced protein levels contribute to C9orf72 disease 
pathogenesis are still unknown and may not be causing 

neurodegeneration per se. This is evident with reductions 
in C9orf72 being present in brain regions affected by neu-
rodegeneration and those spared from it. Moreover, the lack 
of clinical phenotypes in C9orf72 knockout mice seems to 
support this view [97–100]. However, Frick et al. (2018) 
identified C9orf72 protein to be localised presynaptically 
and able to interact with members of the RAB3 protein 
family, suggestive of a role for C9orf72 in regulating stress 
vesicles function by potentially acting as guanine nucleotide 
exchange factors (GEFs) for specific Rab GTPases (Rabs) 
such as RAB3 [16]. These results could support a role for 
cerebellar C9orf72 in regulating synaptic vesicle function.

Another factor that could be contributing to contradic-
tory results regarding the precise functions and properties 
of C9orf72 protein is the lack of specific antibodies [101, 
102]. In this regard, it is important to mention that C9orf72 
generates three transcripts through alternative splicing that 
encode 2 protein isoforms: a long isoform of approximately 
54 kDa (termed C9-L), corresponding to variants 2 (V2) 
and 3 (V3) and a short isoform of approximately 24 kDa 
(termed C9-S), corresponding to variant 1 (V1) (overviewed 
in Fig. 6) [103]. Haploinsufficiency was initially suggested 
as a disease mechanism owing to the decreased abundance 
of V2 and V3 transcripts in C9orf72-ALS cases, leaving 
the contribution of C9-S to the disease unknown. Xiao et al. 
(2015) reported two antibodies capable of detecting both C9 
isoforms [104]. In their study, C9-L showed diffuse labelling 
in the cytoplasm of cerebellar Purkinje cells, with a striking 
labelling of numerous speckles that were observed in both 
the neuronal perikarya and dendritic processes in C9orf72 
carriers and non-carriers. In contrast, the C9-S antibody gave 
a very specific labelling of the nuclear membrane. These 
data showed that C9-L and C9-S have different subcellu-
lar localisations in Purkinje cells and suggest that C9orf72 
proteins could play a role in the disruption of the nucleocy-
toplasmic transport. Davidson et al. (2018) later expanded 
on this to include commercial antibodies, and whilst some 
could recapitulate the staining of C9-L, none showed similar 
staining to C9-S which remains elusive [105].

Recent evidence suggests that C9orf72 protein complexes 
with p62 and may lead to pathology through inclusion for-
mation [106]. P62-positive inclusions remain a hallmark 
of C9-ALS/FTD; however, little research has been con-
ducted into the side effects of the aggregated protein, and 
there remains a large gap in the current literature [22, 25, 
79, 80]. Having reduced C9orf72 protein, p62 accumulates 
with additional symmetrical methylated arginine proteins 
ordinarily used in the complex with C9orf72 [106]. Bieniek 
et al. (2013) suggest that aggregation of p62 means there is 
less to bind to tau resulting in build-up of hyperphosphoryl-
ated tau and axonopathy [107]. Moreover, as we have previ-
ously discussed, the co-localisation of p62 to DPRs, specifi-
cally poly-GA which sequesters Unc119 [22], highlights the 
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complex and potentially synergistic effects of both reduction 
in C9orf72 protein levels and DPR expression in dendritic 
and axonopathy and the pathogenesis of C9-ALS/FTD [11, 
22, 30, 31, 81, 85].

RNA foci

Finally, we also want to discuss the role of intranuclear 
neuronal RNA foci containing  G4C2 repeats in cerebellar 
ALS and FTD tissues with RNA foci accumulation being 
reported by several authors [27, 36, 37, 108]. Indeed, Lee 
et al. (2013) have found discrete intranuclear neuronal RNA 
foci where larger RNA foci were found in the cerebellum 
(500 nm) compared to the cortex (200 nm), which were most 
frequent in neurons adjacent to Purkinje cells [36]. Also, 
the authors observed co-localisation between the foci and 
hnRNP-H, suggesting that sequestration of hnRNP-H itself, 
other RNA-binding protein and multiple RNA transcripts 
could be leading to significant dysregulation of RNA pro-
cessing and toxicity in the cerebellum. Similar results were 
found by Cooper-Knock et al. (2014) where co-localisation 
of RNA foci and hnRNP in cerebellar granule cells were 
found [109]. More recently, Mehta et al. (2020) found evi-
dence of abundant RNA foci in all cell types of the cerebel-
lum without concomitant TDP-43 pathology in C9orf72 

post-mortem tissue whilst using a high-resolution modified 
in situ hybridisation technique, BaseScope™ [110]. Moreo-
ver, an AAV9-mediated expression of  (G4C2)102 repeats in 
mice leads to increased number of RNA foci in the Purkinje 
cell layer of the cerebellum at 12 months after AAV delivery 
with increased apoptotic markers and infrequent TDP-43 
aggregates [111]. These results are opposite to the corre-
lation identified between antisense RNA foci and TDP-43 
pathology in motor neurons of C9orf72 patients [112], 
where the authors suggested that RNA foci may be a cause 
of TDP-43 inclusions.

Neuritic RNA foci are not a commonly discussed fea-
ture of C9orf72, usually focusing on intranuclear inclu-
sions. However, Schweizer Burguete et al. (2015) found that 
approximately 80% of neurons with intranuclear inclusions 
also presented neuritic foci [23]. Most importantly, neuritic 
RNA foci were found to reduce primary dendritic branching 
by up to 50% which was not a result of branching capabil-
ity being hampered. Indeed, early fly larvae exhibited nor-
mal branching morphologies; however, upon body growth 
within the same instar stage, these dendrites failed to extend 
to cover the increased brain expanse, thereby indicating 
that neuritic foci disrupt the dendrite’s ability to extend its 
branches during growth and may indicate early-stage synap-
topathies in C9orf72 carriers during development. Moreover, 

Fig. 6  Splice variants of human C9orf72 mRNA. An overview of the exons included in the long and short isoforms of C9orf72 and their subcel-
lular localisation. Abbreviations: aa, amino acids; kDa, kilodalton; RNA, ribonucleic acid; V1/2/3, variant 1/2/3
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they found that neuritic-localised foci were the only RNA 
foci to elicit such branching defects with somatic or nuclear 
inclusions not impacting dendritic arborisation. Supporting 
this, foci were bidirectionally transported throughout the 
cell through mRNP transport vesicles, and this was found 
to directly impact morphological features of the dendrites. 
In neurons with a knockdown of FMRP (fragile X mental 
retardation protein) and other transport-associated proteins, 
dendritic pathology was attenuated as foci could no longer 
move from proximal–somatic areas to neuritic–distal locales 
of the neuron. The concomitance of nuclear foci and neu-
ritic foci suggests a role in the cerebellum which has high 
foci pathology; however, the exact abundance of neuritic 
foci is yet to be explored in these areas and therefore may 
help elucidate the state of dendritic processes and ultimately, 
synaptic dysfunction, within the cerebellum. Indeed, special 
attention should be given to understanding the dynamics 
of differentially localised RNA foci in relation to cerebel-
lar synaptic dysfunction and other deleterious effects their 
localisation may result in.

Conclusion

Collectively, the data assembled through this review pro-
vides clear evidence that RNA foci and proteinaceous inclu-
sions contribute to synaptic deficits and cerebellar neurode-
generation and should be considered characteristic features 
of C9-ALS/FTD. This review highlights the relevance of the 
cerebellum in understanding C9orf72 pathology and may 
act as a unique structure to understand synaptic pathology 
which, to date, has been largely neglected. Special attention 
should be given to cerebellar pathology not only at early 
stages, but also throughout the course of the disease, which 
could shed light on some assumptions regarding the com-
bined actions of reductions in C9orf72 protein, RNA foci 
and DPRs as contributing factors to C9 synaptopathy.
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