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A pathologic expansion of a noncoding GGGGCC hexanucleotide repeat of the C9orf72 gene has been
strongly associated with familial amyotrophic lateral sclerosis (ALS) and frontotemporal degeneration
(FTD) cases predominantly in Caucasian populations. In the last decade, scientific interest had been
drawn to this gene and many studies conducted have shown a possible correlation with other neuro-
degenerative diseases as well. We performed an extensive literature search for C9orf72 mutation and its
frequency in various neurological and psychiatric diseases. In addition, we performed a meta-analysis of
the data related to ALS and familial ALS. An online cloud-based database and an interactive map were
developed. The overall mutation frequency of C9orf72 is 20% for familial FTD, 16% for familial ALS and
around 6%—8% for sporadic ALS and FTD. The updated meta-analysis that we performed showed that the
pooled frequency of C9orf72 repeat expansion in patients with familial ALS was 23% (CI: 18%—28%) and in
patients with sporadic ALS 3% (Cl: 3%—4%). The subgroup analysis regarding the origin of the population
revealed significant differences between Caucasian and Asian patients. Our analysis supports the direct
causal relation of the C9orf72 expansion in ALS and FTD. On the contrary, the role of C9orf72 in other
neurodegenerative disorders remains controversial. The system that we developed—the online database
and the interactive map—is hopefully a stepping stone for an ever-growing platform that will aid sci-
entists from all over the world in contributing to the meta-analysis of C9orf72-related publications.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction chromosome 9 (van Es et al., 2009). Later, with the implementation

of a genome-wide association approach, the association between

The C9orf72 gene is located on the short (p) arm of chromosome
9 open reading frame 72, whereas the protein coded by this gene is
found in the cytoplasm of neurons and in presynaptic terminals.
Initially, linkage analysis of kindreds with amyotrophic lateral
sclerosis (ALS), frontotemporal degeneration (FTD), and ALS-FID,
had suggested a susceptibility locus on the short arm of
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the hexanucleotide repeat GGGGCC expansion within the first
intron of the C9orf72 gene and ALS, FTD, ALS/FTD was confirmed
(DeJesus-Hernandez et al., 2011; Renton et al., 2011). Usually, there
are few repeats of this hexanucleotide, typically less than 20—30,
but in individuals with the mutation, the repeat can occur in the
order of hundreds.

It is known that the mutation interferes with the normal
expression of the protein made by C9orf72. Pathogenesis may occur
in 2 different ways. One being the loss of function of the C9orf72
gene and the other is because of a toxic gain of function. The latter
seems more likely and is associated with the production of
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repetitive sense and antisense RNA and/or repetitive dipeptide
repeat proteins (Moens et al., 2017).

The hexanucleotide repeat expansion of the C9orf72 gene has
been proven to be a major genetic factor in ALS and FTD patients as
it accounts for ~40% of familial ALS (FALS), 30% of familial FTD
(FFTD), and ~8% of sporadic ALS (SALS) cases in predominantly
Caucasian populations (Majounie et al., 2012b). The identification of
C9orf72 mutation in ALS and FTD led the scientific community to
the idea that this mutation may be involved in other neurodegen-
erative disorders as well (Beck et al., 2013). Given the clinical and
pathologic overlap between FTD and Alzheimer’s disease, several
studies were conducted to elucidate any possible association be-
tween the C9orf72 hexanucleotide expansion and the susceptibility
to Alzheimer’s disease (Harms et al., 2013; Majounie et al., 2012a).

Scientists have also investigated the possible pathogenic role of
C90rf72 repeat expansion in the spectrum of movement disorders,
such as Parkinson’s disease, atypical parkinsonian syndromes, and
associated clinical phenotypes (Dejesus-Hernandez et al., 2013;
Theuns et al., 2014).

Hence, the purpose of our study was to collect the numerous
studies published in the recent years regarding C9orf72 and its
association with various neurological disorders and to synthesize
the research qualitatively by means of a systematic review and
quantitatively by means of overall and stratified meta-analyses.
Moreover, we created an online database and an interactive
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geographical map with the different frequencies of C9orf72 muta-
tions in these disorders.

2. Materials and methods

We applied the guidelines for Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (Liberati et al., 2009).

2.1. Data sources

We conducted a systematic review of the literature, investi-
gating the frequency of C9orf72 gene mutation in several neuro-
degenerative diseases. We searched PubMed, Cochrane Library, and
Medline (via PubMed) to identify all published studies before 30
May 2018. A combination of the terms “C90rf72", “chromosome 9
open reading frame 72", “ALS”, “FID”, “ALS-FTD”, “Alzheimer’s”,

"o«

“AD”, “Parkinson”, “PD”, “neurodegenerative disease”, “psychiatric
disorders”, “parkinsonism”, and “motor neuron disease” were used.
All studies presenting original data that reported mutation fre-
quencies of the C9orf72 gene in patients with the above diseases
were included for further review. References of selected articles and
reviews were also searched for additional records. Three in-
vestigators (CM, DR, and AP) independently conducted the database

search.
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Fig. 1. A flowchart that shows the steps followed for the selection of studies. Abbreviations: ALS, amyotrophic lateral sclerosis; fALS, familial ALS; sALS, sporadic ALS.
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Fig. 2. A graphical presentation of the articles published per year concerning C9orf72 mutations in several neurological and psychiatric disorders. Abbreviations: AD, Alzheimer’s
disease; ALS, amyotrophic lateral sclerosis; F-ALS, familial ALS; FTD, frontotemporal degeneration; SCA, spinocerebellar ataxia; HDL, Huntington disease—like.

Table 1
Studies and corresponding samples investigating C9orf72 hexanucleotide expansions in various neurological diseases
Disease Data sets Cases C9orf72+ cases Controls C9orf72+ controls Ethnicity®
ALS 64 39,634 2609 23,766 21 44173
FALS 55 8191 1349 12,938 6 36.16.3
AD 15 9019 44 13,664 14 11.3.0.1
ALS-FTD 9 419 124 3396 4 7.2.0
FTD 32 8444 634 15,381 18 2192
FFTD 10 930 190 2178 0 7.1.2
CBS 5 407 19 661 0 4.1.0
PD 14 15,294 20 11,608 12 10.4.2
MSA 6 1074 0 1603 0 332
HDL syndrome 5 1240 20 7579 11 5.0.0
Essential tremor 2 258 0 0 0 1.1.0
Schizophrenia 5 1472 2 337 0 3.2.0
MS 2 1328 6 222 0 2.00
PSP 3 347 2 661 0 2.1.0
SCA 4 942 8 637 0 220
LBD 2 1500 4 0 0 2.0.0
sCJD 1 470 1 7579 11 1.0.0
Spastic paraplegia 2 362 0 308 0 1.1.0
Atypical parkinsonian syndrome 3 265 0 645 0 2.1.0
Dystonia 1 406 0 0 0 0.1.0
SMA 2 442 1 1356 0 2.0.0
RBD 1 344 2 0 0 1.0.0
Psychosis 1 1243 0 1234 0 1.0.0
MND 2 356 5 1536 0 2.0.0
Primary progressive aphasia 1 40 0 0 0 1.0.0
Obsessive-compulsive disorder 1 573 0 0 0 1.0.0
244 94,606" 5008° 106,889° 97°

Key: ALS, amyotrophic lateral sclerosis; FALS, familial ALS; AD, Alzheimer's disease; FTD, frontotemporal degeneration; FFTD, familial FTD; CBS, corticobasal degeneration; PD
Parkinson’s disease; MS, multiple sclerosis; MSA, multiple system atrophy; HDL, Huntington disease—like; PSP, progressive supranuclear palsy; SCA, spinocerebellar ataxia;
LBD, Lewy body dementia; sCJD, sporadic Creutzfeld-Jacobs disease; SMA, spinal muscular atrophy; RBD, rapid eye movement sleep behavior disorder; MND, motor neuron
disease.

2 Ethnicity: Caucasian, Asian, Latin American, African.

b populations include overlapped samples.
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Fig. 3. A live visual representation of the geographic distribution of C9orf72 mutation frequencies. This data changes every time a new publication is added to the data set.

2.2. Data collection and eligibility criteria

Studies reporting C9orf72 mutation frequencies, no matter their
design, primary objective, population, or sample size were included
in the systematic review and online database. For the FALS and SALS
meta-analysis, the additional inclusion criteria were as follows: 1)
Both case-control and case series studies. 2) When the same patient
population was presented in more than one publication, the one
with the largest sample size or most recent publication date was
used as the primary study for data extraction. 3) Diagnostic criteria
of ALS were clearly stated, as the El Escorial criteria/revised El
Escorial or the Awaji criteria and few had only clinical criteria for
the diagnosis (Brooks, 1994; Brooks et al., 2000). 4) Familial history
of patients with ALS enrolled was clear. 5) Only studies with full text
were selected in the systematic review, whereas abstracts pre-
sented in scientific meetings, editorials, letters, or commentaries
were not included. 6) Languages being limited to English.

2.3. Data extraction

The following information was retrieved from each study: title;
author; year of publication; study design; diagnosis criteria

category of ALS; criteria of FALS; total cases and controls (if any)
screened, total cases, and controls (if any) carrying the mutant
allele; the disease group; family history; and the ethnicity of the
sample tested. Extracted data were imported on a searchable online
database and plotted on a world map according to the country of
origin. Data for meta-analysis was extracted from the online
database.

2.4. Design of the online database

The platform was created keeping security and speed in mind.
Ruby on Rails was used as the basic framework for building the
backend of the system. The database is a PostgreSQL hosted on
Amazon’s RDS servers. The entire system is cloud-based and is
currently hosted on Heroku’s constant integration cloud platform
allowing for swift and seamless updates. The system was designed
with scalability as the main concern. It can automatically scale the
available bandwidth and serve more users depending on the overall
server load. Modularity is another key point. The system has been
built with a clear distinction of each component (module) allowing
for the seamless addition of new functionality while at the same
time reducing any upgrade complexity. We will keep on adding
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Fig. 4. Forest plot: pooled frequency of C9orf72 repeat expansion in patients with FALS. Abbreviations: FALS, familial ALS.
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Quality assessment was performed on each included study by 2
reviewers (DR and AP) independently using the Newcastle-Ottawa

Scale (Website: http://www.ohri.ca/programs/clinical_epidemiology/


http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp

238.e31 C. Marogianni et al. / Neurobiology of Aging 84 (2019) 238.e25—238.e34
Table 2
Meta-analysis results of familial and sporadic ALS studies
Disease type Subgroup Number of studies Mutation prevalence OR Cl Q I?
FALS 48 23% 18%—28% 434.63 89%
Caucasian 34 32% 28%—37% 157.4 79%
Asian 14 4% 2%—8% 28.69 55%
Case-control 33 192.94 113.2-328.8 38.82 18%
SALS 52 3% 3%—4% 557.1 91%
Caucasian 38 5% 4%—6% 162.38 77%
Asian 14 1% 0%—1% 19.93 35%
Case-control 40 28.02 19.6—40.0 45.95 15%

Key: FALS, familial ALS; SALS, sporadic ALS; mutation prevalence, pooled prevalence of C9orf72 repeat expansion in random effects model; OR, pooled odds ratio of C9orf72

repeat expansion in mixed effects model.

oxford.asp. Available from: URL: http://www.ohri.ca/programs/
clinical_epidemiology/oxford.asp).

2.6. Statistical analysis

Basic descriptive statistics for the systematic review were
extracted from the online database. It is worth mentioning that the
studies include overlapping populations and the frequencies re-
ported are an indication of magnitude. These features are not
suitable for further statistical analysis.

For the FALS and SALS meta-analysis, mutation frequencies of
C90rf72 gene were reported as the number of the repeat expansion
carriers among all cases and controls of FALS and SALS screened.
Meta-analysis was conducted in 2 separate data sets in each
phenotype (SALS and FALS). First, we calculated the pooled preva-
lence of the mutation in all included studies (both cohort and case-
control) omitting the control samples. We furthermore calculated
the pooled odds ratio in a, case-control studies only, meta-analysis.
In case of substantial heterogeneity (I>>50%), a random effects
model was used. Otherwise, we used the Mantel-Haenszel method
of fixed effects. All meta-analysis calculations were conducted using
the metaXL (www.epigear.com) add-in for Microsoft Excel
(Microsoft Office 365 ProPlus).

Statistical heterogeneity among studies was evaluated using
Cochrane’s Q test and I? statistics. A p-value lower than 0.10 for the
Cochran Q statistic and I exceeding 50% were used as a cutoff for
statistically significant heterogeneity. Sensitivity analysis was
further performed to access the impact of each study on the pooled
result. To explain heterogeneity across studies, we performed
subgroup analysis according to population (Caucasian or Asian) and
study design (cohort or case-control study). Publication bias was
evaluated graphically using funnel plots and Doi plots and
numerically using the LFK index (Furuya-Kanamori et al., 2018). The
Egger linear regression test method was applied to evaluate the
asymmetry of the funnel plot and statistically significant publica-
tion bias was considered when the p-value was less than 0.10.

3. Results
3.1. Study selection

In total, we gathered 3952 articles of which 322 articles were
excluded because of duplication. Subsequently, 2748 articles were
excluded because of incorrect type of studies (animal studies,
in vitro studies, clinical trials) or because of their type (e.g., con-
ference proceedings, reviews, editorials). We retrieved 882 studies
providing original information on C9orf72 mutations in patients
with various neurodegenerative diseases. We further excluded 734
studies, that did not meet the inclusion criteria, after deeper review.
A total of 148 separate studies were retained for the systematic
review. The flowchart in Fig. 1 depicts the selection of studies.

3.2. Systematic review

The hexanucleotide expansion in the C9orf72 was studied in the
past few years, in correlation with ALS and FID, familial and spo-
radic forms. Based on the encouraging results, researchers inves-
tigated any possible correlation that the pathologic mutation might
have with other neurodegenerative diseases and psychiatric dis-
orders. Studies were conducted, investigating C9orf72 gene and
possible relation to Parkinson’s disease, other parkinsonian syn-
dromes, Alzheimer’s, Lewy Body dementia, psychosis, etc. This
ongoing research is reflected in the published studies per year from
2011 until 2018 in Fig. 2. The included 148 studies in our systematic
review comprise a total of 248 separate data sets given that in many
studies, several phenotypes are studied simultaneously. A total of
26 different neurodegenerative diseases were studied for the
C9orf72 mutation, and the participants (patients and controls) were
202.289. Most of the studies investigated the relation of C9orf72
with ALS (63 studies, 64 data sets) and FALS (53), which, along with
FTD (32), FFTD (10), and FTD/ALS (9), were the first, where the
pathologic repeat expansion of C9orf72, was identified. Parkinson’s
(14) and Alzheimer's (15) were also studied while few articles
covered the topic of C9orf72 mutation in atypical parkinsonian
syndromes and psychiatric diseases such as schizophrenia, psy-
chosis, and obsessive-compulsive disorder.

Several articles examined a population of Asian origin (65 data
sets), 10 data sets studied Latin Americans and the remaining 172,
studied Caucasian populations. Only one investigated a population
of African descent. From the 39,634 patients with ALS, that were
included, 2609 were found positive for hexanucleotide repeat
GGGGCC expansion, a mutation rate that reaches 6.6%. The cor-
responding rate for controls was 0.09%. In FALS, the percentage is
approximately 16% for the patients tested positive with the mu-
tation, whereas in FTD and FFTD the positive mutation rates are
7.5% and 20.4%, respectively. The highest frequency was found in
ALS/FTD cases and was almost 30%. All the above rates match the
already published findings, as far as ALS and FTD are concerned.
The frequency of C9orf72 repeats in other diseases barely amount
to 1%. For Parkinson’s disease, the frequency is 0.13% given a
population of 15,294, whereas Alzheimer’s frequency was esti-
mated at 0.49% in 9019 patients. Furthermore, in the case of
schizophrenia, in 1472 patients, the positive cases were 0.13%.
Another interesting observation is that of multiple system atrophy,
with a population of 1074 patients, of which none were found to
have the mutation. The 2 syndromes that stand out were
Huntington-like syndrome with a frequency of 1.6% and cortico-
basal syndrome, with a population of 407 and 19 positive cases. It
should be noted that the above frequencies are indicative of a
tendency due to the probability of having overlapping populations
in the included studies. (Table 1).

A visual representation of the geographic distribution of the
various C9orf72 mutation frequencies is depicted on the interactive
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map that we created. This data changes every time a new publi-
cation is added to the data set (Fig. 3).

3.3. Meta-analysis

The meta-analysis was focused on FALS and SALS. Further
application of the inclusion criteria for the meta-analysis resulted in
the exclusion of 7 FALS and 11 SALS studies.

Forty-eight and 52 studies were included reporting C9orf72
repeat expansions in 3106 FALS and 22,263 SALS patients respec-
tively (supplementary file S5). Pooled frequency of C9orf72 repeat
expansion in FALS patients was 23% (Cl: 18%—28%) and in SALS
patients 3% (Cl: 3%—4%) (Figure 4 and 5). A further meta-analysis of
33 case-control studies including 2110 FALS cases and 12,174 con-
trols revealed a pooled OR of 192.94 (CI: 113.2—328.8). Meta-
analysis of 40 case-control studies including 22.263 SALS patients
and 24.342 controls yielded a pooled OR of 28.02 (CI: 19.6—40.0)
(Table 2 and Supplementary Figures S2 and S3).

3.4. Heterogeneity—subgroup analysis

Substantial heterogeneity was found in the pooled prevalence
meta-analysis on both FALS and SALS overall data sets (1> 89% and
91% respectively). Case-control studies had a much lower hetero-
geneity in both FALS and SALS groups (I%: 18% and 15% respectively)
indicating that study design (either a cohort or a case-control
study) is a major source of heterogeneity.

Subgroup analysis of the (overall) FALS group regarding the
origin population (Caucasian—Asian) showed a pooled mutation
prevalence in Caucasians of 32% (CI: 28%—376%) and Asians of 4%
(CI: 2%—8%). Five percent (CI: 4%—6%) of Caucasian origin and 1%
(CI: 0%—1%) of Asian origin SALS patients had C9orf72 repeat ex-
pansions. The studies regarding Asian SALS patients were less
heterogeneous (I%: 35%) (Table 2). Subgroup analysis into Cauca-
sians and Asians of the case-control only samples further
strengthened the difference between these 2 populations regarding
the pooled OR for having the mutant allele (data not shown).

No single study showed a significant drop in heterogeneity after
sensitivity analysis.

3.5. Publication bias

Significant funnel plot asymmetry and LFK index suggestive of
major asymmetry was found on both (prevalence and OR) groups of
SALS meta-analysis but only on prevalence meta-analysis of FALS
patients (Table 2 and Figure S4).

4. Discussion

In general, there is a vast amount of evidence to support the
direct causal relation of the C9orf72 expansion in ALS and FTD. On
the contrary, the role of C9orf72 in other neurodegenerative dis-
orders remains controversial. It is quite impressive that 26 different
neurodegenerative and psychiatric disorders have been studied so
far. However, the only interesting finding is the association of
C90rf72 expansion with Huntington-like syndrome—phenocopies.
Specifically, according to several studies (Beck et al., 2013), C9orf72
evaluation may be considered for individuals negative for HD ge-
netic testing. Another more recent association refers to the identi-
fication of C9orf72 expansion in patients with corticobasal
syndrome (Lindquist et al., 2013). However, the overall number of
patients studied is quite small and most patients manifested a
possible family history of motor neuron features.

The identification of the pathological expansion in C9orf72 took
place in 2011 and there was an explosion in the number of
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publications related to the estimation of mutation frequency in
various populations in 2013. Since then, the annual number of
publications referring to C9orf72 remains steady. This indicates that
it is still an interesting topic and research is ongoing. Previous
meta-analysis was conducted several years ago and they included
far fewer studies than us (Chio et al,, 2013; Diekstra et al., 2014).
During the last 2 years, the number of C9orf72-related publications
rose at an exponential rate. Most of them were case-control studies
investigating the prevalence of C9orf72 pathogenic expansion in
SALS and FALS (Gibson et al., 2017; Ji et al., 2017). Therefore, a need
was created for an updated meta-analysis with all these available
studies.

We replicated the results from previous studies showing that
C90rf72 repeat expansions were correlated with the risk of FALS
and SALS (Shu et al.,, 2016; Zou et al., 2017). We also managed to
demonstrate the differences in the risk of FALS and SALS between
Asian and Caucasian populations. A previous study clearly showed
that the genetic architecture of FALS and SALS in European and
Asian populations varies significantly (Zou et al., 2017). According to
this, in Asian populations with ALS, SOD1 mutations should be
screened first, whereas C9orf72 expansion is a priority test in Eu-
ropean populations. Our study highlighted this priority in European
populations. In the subgroup analysis that we conducted, the
pooled mutation rate for FALS in Caucasians was 32% while in
Asians was 4%. We had similar results regarding SALS and C9orf72
repeat expansions (Caucasians 5%-Asians 1%). However, we must
emphasize the fact that studies regarding Asian patients with ALS
are far fewer than studies on Caucasian patients.

There were a few limitations in our study. Recent publications
have focused on the size of the repeat and found an association
between the C9orf72 repeat size and age at onset of the disease
(Gijselinck et al., 2016). The pathogenic nature of the repeat de-
pends on its size, but the cutoff between normal and pathogenic
alleles is not well established yet. As a result of the current status,
some studies consider repeats of >30 units as pathogenic, whereas
others use an upper limit of >60 units (Cooper-Knock et al., 2014).
Most of the studies in our meta-analysis use a cutoff of 30 units;
however, of the eligible studies, not all included the cutoff used.
Therefore, it was not feasible to perform a subgroup analysis
regarding the number of C90rf72 repeats considered as pathogenic.
Hence, this difference could be a source of bias and heterogeneity.
Further potential source of bias may be the reliance exclusively on
English-language studies. Although relevant studies found no evi-
dence of a systematic bias from the use of language restrictions in
systematic review-based meta-analyses this possibility should not
be overseen (Morrison et al., 2012).

The presence of statistical heterogeneity is always indicative of
variation and could be attributed to several sources. In our study,
potential sources of heterogeneity could be the origin of the studied
population, the diagnostic criteria that were employed for each
study, the study methodology that was used (case-control, cohort
study, etc.), and even the cutoff between normal and pathogenic
alleles that we thoroughly analyzed previously. A test of hetero-
geneity was performed for the metanalysis within each subgroup
that clearly indicated that the most prevalent incremental factor is
the methodology of the study.

Sex differences in clinical prevalence have been identified in ALS
previously (Curtis et al., 2017). A recent study revealed a higher
prevalence of female patients with C9orf72-related ALS, a finding
that contradicts the fact that men are known to have a higher
prevalence of ALS overall. We chose not to calculate sex-specific
prevalence in our meta-analysis because many studies did not
provide sex-segregated data on mutation and nonmutation car-
riers. The system that we have created, the online database and the
interactive map, is hopefully a stepping stone for an ever-growing
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platform that will aid scientists from all over the world in
contributing to the meta-analysis of C9orf72-related publications.
Eventually, this will prove its significance toward the development
of an ethnicity-based diagnostic algorithm.

The interactive map is the best way to demonstrate the
geographical distribution of the affected population graphically.
This map keeps on evolving as more contributions are being made
to the systematic review data set.

As a result of this project, we hope, in the near future, we can
achieve a milestone where all meta-analysis concerning major
publications will be organized and stored in a similar manner.
Setting this as a standard will alleviate the required research time.
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