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Abstract

The commonest genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) is a large hexa-
nucleotide expansion within the non-coding region of the C90rf72 gene. The pathogenic mechanisms of the mutation seem
toxic gain of functions, while haploinsufficiency alone appears insufficient to cause neurodegeneration. C90rf72~'~ mice
rather develop features of autoimmunity. Immune-mediated dysfunctions are involved in the pathogenesis of ALS and
FTD and high prevalence of autoimmune disease has recently been observed in C90rf72 expansion-positive patients. Since
intermediate repeat expansions result in decreased transcription of the gene, we explored the hypothesis that C9orf72 inter-
mediate alleles could be a genetic risk for autoimmune conditions. We genotyped 69 systemic lupus erythematosus (SLE)
and 77 rheumatoid arthritis (RA) patients, with 68 expansion-negative ALS patients, as control. A cut-off of >9 and <30
hexanucleotide units was chosen to define intermediate-length expansions. In the SLE and SLE + RA cohorts, both the num-
ber of patients with intermediate expansions and the overall number of intermediate alleles were significantly higher than
in controls (23.2% vs. 7.4%, p=0.020; 13.8% vs. 3.7%, p=0.006, and 19.9% vs. 7.4%, p=0.033, 11% vs. 3.7%, p=0.021,
respectively) and discernible although non-significant differences were found for the RA only cohort. Three SLE patients
had intermediate-length expansions on both alleles, two of them harboring sequence variations within the hexanucleotide
downstream region. However, no peculiar clinical features associated with the intermediate expansion were identified. Our
results suggest that C9orf72 intermediate alleles could be associated with systemic autoimmune diseases, indicating a role
of C90rf72 in immunity regulation.

Keywords C90rf72 intermediate alleles - Amyotrophic lateral sclerosis - Frontotemporal dementia - Systemic lupus
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Background

Franco Franceschini and Isabella Zanella share senior authorship. Mounting evidence indicates that neuroinflammation and
immunological mechanisms are involved in the pathogenesis
of amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD), two neurodegenerative disorders charac-
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University of Brescia, Brescia, ltaly play a role in immunity (Lall and Baloh 2017). A systematic
investigation of genetic pleiotropy between ALS- and FTD-
related disorders and immune-mediated diseases, performed
through the analysis of large genome-wide association stud-
ies, has recently demonstrated immune-mediated genetic
enrichment in FTD and, to a lesser extent, in ALS, further
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underscoring the contribution of immune dysfunctions in
these neurodegenerative disorders (Broce et al. 2018).

A large G,C,-hexanucleotide repeat expansion within a
non-coding region of the C9orf72 gene is the most com-
mon genetic cause of ALS and FTD, accounting for several
familial, but also sporadic cases (DeJesus-Hernandez et al.
2011; Renton et al. 2011). A repeat length of > 30 units is
usually defined as pathogenic, with expansions of hundreds
to thousand units typically found in ALS and FTD patients.
Most healthy individuals have 2-30 repeat units on both
alleles, commonly 2, 5, or 8 units. The exact cut-off to dis-
tinguish normal and pathogenic expansions has, however,
not yet been determined. Intermediate expansions (> 8 but
<30 repeat units) are much less frequent in healthy individu-
als (Cacace et al. 2013), while expansions > 20 repeat units
have been described in some ALS and FTD cases (Byrne
et al. 2014; Gomez-Tortosa et al. 2013). Moreover, somatic
instability has been reported and intergenerational changes
have been observed occurring from a repeat number > 10
units (Beck et al. 2013; Van Mossevelde et al. 2017).

In some repeat expansion disorders, intermediate-length
alleles may be associated with pathological evidences of the
same or distinct disorders (Lozano et al. 2014; Semaka and
Hayden 2014). In the case of the C90rf72 gene, as above
mentioned, intermediate expansions have been described in
some FTD and ALS patients, but no significant differences
have been found in intermediate allele frequency in related
or distinct neurological disorders, except for some reports
concerning Parkinson’s disease and atypical parkinsonisms
(Nuytemans et al. 2013; Cannas et al. 2015; Ng and Tan
2017). To date, no data are available from clinical studies,
specifically designed to evaluate the role of C9orf72 inter-
mediate expansions as genetic risk factor in apparently unre-
lated non-neurodegenerative disorders.

The mainly suggested pathogenic mechanism of the
C9orf72 dominant mutation is toxic gain of functions,
through the production of repetitive transcripts and proteins
(Lall and Baloh 2017). Nonetheless, reduced expression
of C90rf72 has been observed in post-mortem brains of
mutated patients, because of epigenetic silencing through
hypermethylation of the CpG islands near the G,C,-repeat
expansion (Xi et al. 2014) or abortive transcription (Haeusler
et al. 2014). Interestingly, methylation levels of homozygous
intermediate repeat carriers (7-24 units) have been shown
slightly but significantly increased in comparison with those
of homozygous short repeat carriers (2—6 units), both in
ALS/FTD patients and healthy individuals (Gijselinck et al.
2016). Moreover, decreased transcriptional activity with
increasing number of repeats (7-24) has been clearly dem-
onstrated in HEK293T and SH-SYSY cells (Gijselinck et al.
2016). Interestingly, while C90rf72 complete loss or haplo-
insufficiency alone seems insufficient to cause neurodegen-
eration in mice, C90rf72" ~ knockout mice exhibit immune

dysregulation and develop features of autoimmunity, like
systemic lymphadenopathy, splenomegaly, high level of
autoantibodies, and membrano-proliferative glomerulone-
phritis reminiscent of systemic lupus erythematosus (SLE),
suggesting a protective role for the COORF72 protein against
autoimmune diseases (Atanasio et al. 2016; Burberry et al.
2016; O’Rourke et al. 2016). This is not surprising, in view
of the fact that COORF72 is highly expressed in myeloid
cells, particularly in CD14% monocytes (Rizzu et al. 2016).
Importantly, even hemizygous C9orf72+~ mice show altered
inflammatory responses, suggesting that not only complete
ablation but also haploinsufficiency could lead to unbalanced
systemic immunity and autoimmunity in mice, under certain
conditions of immunological stress (O’Rourke et al. 2016;
Lall and Baloh 2017). In this respect, C9orf72 haploinsuf-
ficiency could not only contribute to immune dysfunctions
and neuroinflammation in ALS and FTD, but it could also
be a genetic risk factor for autoimmune conditions.

In view of the above, we explored the hypothesis that nor-
mal, but in the upper range G,C,-hexanucleotide expansions
in the C90rf72 gene could be a risk to develop autoimmune
diseases like SLE or rheumatoid arthritis (RA) or influence
the phenotypic expression of these systemic autoimmune
disorders.

Methods

Patients

All the consecutive adult SLE (n=69) and RA (n=77)
patients, seen in the Rheumatology Unit of our Hospital
from January to December 2017, were considered for the
study. Clinical and laboratory data included in the SLICC
criteria for SLE and EULAR/ACR criteria for RA (Petri
et al. 2012; Aletaha et al. 2010) were collected from medi-
cal records and the occurrence of clinical features was
considered at any time during the follow-up. A clinical and
serological evaluation was performed according to recom-
mendations (Aletaha et al. 2010; Petri et al. 2012). Since
most studies found no significant differences in distribu-
tion, range and median repeat number between C9orf72
expansion-negative ALS/FTD cases and healthy subjects
(DeJesus-Hernandez et al. 2011; Renton et al. 2011; Byrne
et al. 2012; Sabatelli et al. 2012; Ng and Tan 2017), as
control group we included 68 patients with ALS, but with-
out C9orf72 pathogenic expansions. ALS patients were
selected at the Centre for Neuromuscular Diseases and
Neuropathies of our Hospital and, in part, have been pre-
viously described (Biasiotto et al. 2017). This study was
performed according to the principles of the Declaration of
Helsinki, with written informed consent from all subjects,
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and was approved by the Ethic Committee of the Promot-
ing Centre (reference no. 2918-Studio COORF72CTD).

Genetic Analyses

Genomic DNA was extracted from peripheral blood using
the Wizard Genomic DNA Purification kit, according to
the manufacturer’s instructions (Promega). Extracted DNA
samples were quantified by the use of Qubit 2.0 Fluorom-
eter (Thermo Fisher Scientific), with Qubit dsSDNA HS
Assay Kit (Thermo Fisher Scientific). All samples were
genotyped with a PCR-based two-step C90rf72 analysis,
including sizing PCR followed by repeat-primed-PCR,
as previously described (Biasiotto et al. 2017). Ampli-
cons were sized by fragment analysis on an automated
ABI 3500 Genetic Analyzer (Thermo Fisher Scientific),
using GeneScan-500LIZ (Thermo Fisher Scientific) as
internal size standard. Data analysis was performed using
GeneMapper v4.0 software (Thermo Fisher Scientific).
Primers flanking the repeats were employed to amplify
alleles suspected to have deletions or insertions within the
GC-rich region immediately downstream the repeat (Bia-
siotto et al. 2017). Amplicons were sequenced by Sanger
sequencing on an automated ABI 3500 Genetic Analyser
(Thermo Fisher Scientific). The single nucleotide poly-
morphism (SNP) rs3849942, tagging the chromosome 9
Finnish founder ALS risk haplotype, was genotyped by
PCR with specific primers, followed by Sanger sequencing
(Biasiotto et al. 2017).

A cut-off of >9 repeat units was chosen to distinguish
short (2-8) from intermediate (9-30) C90rf72 hexanu-
cleotide expansions, on the basis of the following criteria:
(1) most healthy individuals harbor 2—8 repeats (DeJesus-
Hernandez et al. 2011; Renton et al. 2011); (2) decreased
transcriptional activity with increasing number of repeats
(7-24) has been observed in healthy cases (Gijselinck et al.
2016); (3) somatic instability has been shown occurring
from > 10 repeats and the unstable risk haplotype is more
frequent above 8 repeats (Beck et al. 2013; Van Mossev-
elde et al. 2017).

Statistical Analyses

Categorical variables were reported as proportion and/or
percentage, continuous variables as mean (+ SD) values.
Fisher’s exact or Chi-square test for categorical variables
and Student’s 7 test for continuous variables were applied
as appropriate. p values <0.05 were considered significant.
When significant, odds ratio (OR) with 95% confidence
interval (95% CI) were indicated.
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Results

In this study, we included 69 SLE and 77 RA consecu-
tive unrelated patients. Sixty-eight ALS patients, without
C9orf72 large expansions, were considered as control sub-
jects, since several studies in most countries found no dif-
ferences in distribution, range and median repeat number
between C9orf72 expansion-negative ALS/FTD cases and
healthy subjects (DeJesus-Hernandez et al. 2011; Renton
etal. 2011; Byrne et al. 2012; Sabatelli et al. 2012; Ng and
Tan 2017). Demographic data of patients are described in
Table 1. As expected, SLE and RA patients were younger
than control subjects affected by ALS and most of them
were female.

Clinical evaluation of ALS patients did not reveal clear
signs or symptoms of systemic autoimmune diseases.

Genetic analysis on SLE and RA patients did not reveal
large C9orf72 expansions (> 30 repeats). As previously
reported in other populations, 2, 5, and 8 repeats were
the most frequent expansions in our cohorts (Fig. 1).
We identified C9orf72 intermediate (9-30 repeat units)
expansions in 16 (23.2%) SLE, 13 (15.6%) RA, 29 (19.9%)
SLE+RA, and 5 (7.4%) ALS patients. Despite comparable
average, median number of repeat units and interquartile
range, the frequency of patients with intermediate alleles
was significantly higher in the SLE and in the SLE + RA
cohorts compared with the control cohort, while only a
trend towards a higher prevalence of intermediate alleles
was observed for RA patients (Table 1; Fig. 1). Intermedi-
ate expansions were present on both alleles in three SLE
patients, while all RA and ALS and most SLE patients
(81%) harbored only one intermediate allele. Comparing
the overall number of intermediate alleles, we found it
significantly higher in SLE (13.8%) and SLE +RA (11%)
versus ALS (3.7%) patients. We also observed a trend in
higher overall number of intermediate alleles in SLE com-
pared with RA patients, but without reaching statistical
significance (p =0.128) (Table 1). Analyzing only female
patients, we identified a more significant association for
SLE and for SLE + RA patients, both considering the
number of patients with intermediate C9orf72 expansions
(16/69 SLE vs. 1/32 ALS, p=0.011, OR 9.35, CI1 95%
1.19-198.3 and 27/130 SLE+RA vs. 1/32 ALS, p=0.017,
OR 8.12, C195% 1.102-167, respectively) and the over-
all number of C9orf72 intermediate alleles (19/138 SLE
vs. 1/64 ALS, p=0.005, OR 10.05, CI 95% 1.37-206.3,
30/260 SLE + RA vs. 1/64 ALS, p=0.015, OR 8.21, CI
95% 1.16-165.5, respectively).

As expected, the analysis of the rs3849942 SNP in
intermediate allele carriers showed the presence of at
least one risk haplotype allele in all ALS and RA and
all but one SLE patients (Table 1). Among SLE patients
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Table 1 Demographic data and C9orf72 hexanucleotide expansions in sytemic lupus erythematosus SLE, rheumatoid arthritis RA, SLE+RA,

and amyotrophic lateral sclerosis ALS patients

SLE RA SLE+RA ALS

n=69 n="T77 n=146 n=68
Sex, female (%) 69 (100%) 61 (79.2%) 130 (89%) 32
Caucasian ethnicity 63 (91.3%) 74 (96.1%) 137 (93.8%) 66
Mean age +SD 41+12 59+12 51+15 63+11
Age range 20-68 25-71 20-71 30-86
Average number of repeats +SD 5.05+3.57 4.72+3.52 4.9+3.54 4.72+2.92
Median number of repeats 5 4 5 5
Range 2-19 2-24 2-24 2-19
Interquartile range 6 5 5.75 6
Patients with >9 and <30 repeats (%) 16 (23.2%)* 13 (15.6%) 29 (19.9%)° 5 (7.4%)
Alleles with >9 and <30 repeats (%) 19 (13.8%)° 13 (7.8%) 32 (11%)¢ 5 (3.7%)
Patients with homozygous wild-type rs3849942 (%)° 1/16 (6.2%) 0/13 (0%) 1/29 (3.4%) 0/5 (0%)
Patients with heterozygous rs3849942 (%)* 13/16 (81.2%) 12/13 (92.3%) 25/29 (86.25) 4/5(80%)
Patients with homozygous mutated rs3849942 (%)° 2/16 (12.5%) 1/13 (7.7%) 3/29 (10.3%) 1/5(20%)
Patients with duplication (%) 2/69 (2.9%) 0/77 (0%) 2/146 (1.3%) 0/58 (0%)

4SLE versus ALS p=0.020, OR 3.84, C1 95% 1.19-12.85
SLE versus ALS p=0.006, OR 4.18, CI1 95% 1.41-13.24
“SLE + RA versus ALS p=0.033, OR 3.12, CI 95% 1.08-9.70
ISLE+RA versus ALS p=0.021, OR 3.22, CI 95% 1.16-9.65

Calculated on patients with intermediate expansions

with intermediate expansions, we found two patients with
a sequence variation within the GC-rich region immedi-
ately downstream of the repeat. Both patients harbored
intermediate-length expansions on both alleles (9-10
and 10-10 repeats, respectively) and, in one allele, the
same duplication variant (NC_000009.12:g.27573457_
27573470dupGCGGTTGCGGTGCC) within the exon
1B (NM_018325.4) or intron 1 (NM_001256054.2 and
ENSG00000147894) of the gene. The duplication was
located at the beginning of the predicted CpG islands
within the 3’ region of the expansion area, as reported by
the UCSC Genome Browser (https://genome.ucsc.edu/).
Bioinformatics analysis of the region (UCSC Genome
Browser, https://genome.ucsc.edu/) also revealed the
extremely high conservation of the sequence in mammals
and primates (Fig. 2).

The three SLE patients with two intermediate alleles
did not show similarities in their clinical history. Two
of them had the newly described duplication: one is an
Asian patient with a childhood SLE onset, recurrent skin
manifestations, leukopenia, previous glomerulonephritis,
persistent active serology with low complement level, ele-
vated anti-DNA autoantibodies; the other one is an Afro-
American patient, with polyarthritis, skin, and hemato-
logical manifestations. The latter one carries the wild-type
form of rs3849942 SNP on both alleles. The third patient

is Caucasian, with onset with arthritis and pleuropericar-
ditis, without any flare during follow-up.

None of the SLE or RA patients with intermediate expan-
sions experienced either signs/symptoms suggesting ALS or
FTD or had first-degree affected relatives, although we can-
not exclude that some patients with intermediate expansions,
especially young patients, may develop ALS or FTD in the
future, in spite of the fact that they were asymptomatic at
the time of the study. Moreover, we divided our populations
into two subgroups, considering the presence or absence of
intermediate expansions and compared the two subgroups,
analyzing demographical features (age at onset, gender, race)
and the clinical manifestations included in the classification
criteria for both the diseases. No peculiar features associated
with the intermediate expansion were identified in patients
with SLE or RA.

Discussion

In this study, we found that patients with SLE and SLE+RA,
and to a lesser extent RA only, have a high frequency of
intermediate C9orf72 hexanucleotide expansions in at least
one allele. We also found three SLE patients, harboring
intermediate expansions on both alleles, two of whom also
showing the same duplication variant within the downstream
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GC-rich region. Our findings suggest that C9orf72 inter-
mediate alleles may represent a genetic risk factor, contrib-
uting to the occurrence of systemic autoimmune diseases.
However, we identified no peculiar clinical features strictly
associated with expansion length, co-existence of two inter-
mediate alleles or presence of sequence variations.

The genetic association with ALS/FTD spectrum dis-
orders of large C9orf72 hexanucleotide expansions has
been widely demonstrated (DeJesus-Hernandez et al.
2011; Renton et al. 2011; Byrne et al. 2012; Sabatelli
et al. 2012). Nonetheless, a definite pathogenic cut-off for
full mutations has not yet been established (Ng and Tan
2017). In some repeat expansion disorders, pathological
evidences have been found in patients with intermediate
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Alleles with intermediate repeats (9-
30 hexanucleotide units) (%)

premutation alleles (Lozano et al. 2014; Semaka and
Hayden 2014). Full mutations and premutations can also
result in clinically distinct phenotypes, like for intellectual
disability/autism spectrum disorder related to Fragile X
syndrome, due to full mutations in the FMRI gene, and
Fragile X-associated tremor/ataxia syndrome (in males)
or Fragile X-associated primary ovarian insufficiency
(in females), observed in premutation carriers (Lozano
et al. 2014). The presence of C90rf72 intermediate-length
alleles has not been found associated with a higher risk
of neurodegenerative diseases, although it might predis-
pose to neuropsychiatric symptoms (Ng and Tan 2017).
More recently, C9orf72 intermediate alleles > 20 repeat
units have been found significantly increased in patients
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with primary progressive multiple sclerosis (PPMS), a
neurodegenerative and autoimmune condition (Tiloca
et al. 2018) and we have recently reported the finding of
a multiple sclerosis (MS) patient with severe cognitive
decline, harboring C90rf72 alleles with 11 and 15 hexa-
nucleotide repeats (Biasiotto and Zanella 2019), that could
be defined as intermediate repeats (Cacace et al. 2013).
No data are currently available regarding the influence
of C9orf72 intermediate alleles on conferring the risk to
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sequence in mammals

develop non-neurological diseases. The COORF72 pro-
tein is highly expressed in myeloid cells and has a role in
autophagy-related pathways and immunity (Lall and Baloh
2017; Rizzu et al. 2016), acting as a suppressor of auto-
immunity (Zhang et al. 2018). C90rf72~'~ knockout mice
exhibit an autoimmune phenotype and haploinsufficient
hemizygous C90rf72"'~ mice show enhanced cytokine
responses to immune stimuli and partial disruption of mye-
loid cell functions (Atanasio et al. 2016; Burberry et al.
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2016; O’Rourke et al. 2016). Liu et al. (2008) also identi-
fied polymorphisms in the C90rf72 locus, associated with
differential response to anti TNFa (tumor necrosis factor
a) therapies in RA patients. Intermediate C9orf72 alleles
are hypermethylated in the CpG islands, located near the
repeat, and decreased C9orf72 transcriptional activity
has been reported starting from an expansion > 7 units
(Gijselinck et al. 2016). These observations prompted us to
explore the hypothesis that C90rf72 intermediate alleles,
probably through decreased gene expression, might confer
the risk to develop autoimmune diseases. In this regard,
we have recently described reduced expression of C9orf72
mRNA in peripheral blood cells of the above-mentioned
MS patient with cognitive decline, who was found to be
a homozygous carrier of C90rf72 intermediate alleles (11
and 15 repeat units) (Biasiotto and Zanella 2019).

We did not find large C90rf72 expansions in SLE and
RA patients, none of them showed neurological signs or
symptoms, suggestive of ALS, FTD or related neurodegen-
erative diseases, nor had first-degree relatives, affected by
neurological disorders, although we cannot exclude that
some patients, especially young patients, may develop
ALS or FTD in the future. Indeed, as expected, the mean
and median age of SLE and RA patients were lower than
those of control subjects affected by ALS. Our results
indicate that intermediate-length expansions >9 and < 30
repeat units in the C90rf72 gene are significantly more
frequent in SLE patients than in a control ALS population
without large expansions. We also observed a higher fre-
quency of intermediate alleles in a cohort of RA patients,
although the comparison did not reach the statistical sig-
nificance; however, also the SLE + RA cohort showed a
significantly higher prevalence of these alleles. Autoim-
mune manifestations frequently precede ALS symptoms
and epidemiological and genetic studies have thoroughly
documented the strict link between ALS/FTD and autoim-
munity (Lall and Baloh 2017). A genetic overlap between
immune-mediated diseases and ALS/FTD has been
recently demonstrated (Broce et al. 2018) and increased
rates of autoimmune manifestations have been observed
in FTD and FTD-MND (motor neuron disease) patients,
particularly non-thyroid diseases, like inflammatory arthri-
tis, cutaneous conditions, and gastrointestinal disorders
(Miller et al. 2013, 2016; Katisko et al. 2018), although
C90rf72 repeat expansion-positive FTD patients showed
lower prevalence in those studies. To the best of our
knowledge, this is the first study, analyzing C90rf72 gene
in patients with clinically defined systemic autoimmune
diseases. Our findings suggest that C9orf72 intermediate
alleles may represent a genetic risk factor for these condi-
tions. Together with the recent observation of C9orf72
intermediate alleles in patients with PPMS (Tiloca et al.
2018) and MS (Biasiotto and Zanella 2019), our results
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further suggest a central role of the C9ORF72 protein in
regulating autoimmunity.

In our study, three SLE patients harbored intermediate
C90rf72 expansions on both alleles and two of them showed
the same duplication variant. This duplication was not previ-
ously reported and in our cohort it was found in two patients
with different non-Caucasian ethnicity. Sequence variations
(insertions, duplications, and deletions) in the region are
significantly more common in alleles with large expansions
(22.5%) than in normal alleles (2.3%) (Nordin et al. 2017).
These findings have been recently confirmed in two cohorts
of Italian and Turkish ALS patients (Corrado et al. 2018),
although in this study only deletions, and not insertions,
were significantly more frequent in expansion carriers and
the sequence variation frequency among expansion carri-
ers was lower (8.6%). We found 2 out of 69 (2.9%) SLE
patients carrying variants, that is 2 out of 16 (12.5%) with
at least one intermediate allele, a frequency that is nearest
that of largely expanded alleles (Nordin et al. 2017; Cor-
rado et al. 2018). Conversely, we found no sequence vari-
ations in ALS control patients and in an ALS/FTD cohort,
previously studied in our laboratory (Biasiotto et al. 2017).
Homozygous intermediate repeat carriers are hypermethyl-
ated in the C9orf72 promoter region in comparison with
homozygous short repeat carriers and methylation degree is
significantly higher in brain than in blood. Hypermethyla-
tion, although lower than that observed in large expansion
alleles, is suggestive of reduced transcription (Gijselinck
et al. 2016). Decreased transcriptional activity is further
indicated by the presence of sequence variants in the GC-
rich low-complexity region immediately downstream of the
repeat (Gijselinck et al. 2016). In this respect, it is interest-
ing to note that the duplication we found in two patients is
located at the beginning of the CpG islands in the 3’ region
of the repeat. The bioinformatics analysis also reveals the
extremely high conservation of the region in mammals and
primates (Fig. 2). We did not measure C9orf72 transcrip-
tion in our patients, and this is a limitation of our work.
It is, however, noteworthy the fact that we have recently
described reduced C90rf72 mRNA expression in peripheral
blood cells of a MS homozygous carrier of C90rf72 inter-
mediate alleles (Biasiotto and Zanella 2019). Furthermore,
we cannot exclude that patients with intermediate alleles,
found in this study, might have unchanged C9orf72 expres-
sion in total blood cells, but decreased expression in cellu-
lar subsets, involved in the pathogenesis of the autoimmune
disorder. In this regard, it is interesting to note that Rizzu
et al. (2016) observed the highest expression of C90rf72 in
a particular subset of myeloid cells (CD14% monocytes) and
differential expression of distinct transcriptional start sites of
the C9orf72 transcripts between myeloid cells and brain tis-
sues. We cannot even exclude that patients with intermediate
alleles might have somatic instability and larger expansions
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in particular cells, involved in the disease. Indeed, the repeat
may become unstable with increasing repeat units and we
found the risk rs3849942 allele, defining a genetic back-
ground that could contribute to the expansion, in almost all
patients with intermediate alleles. We did not observe insta-
bility in peripheral cells in most patients, however, in some
of them we repeatedly observed one faint higher amplicon
in sizing PCR, while no obvious instability was revealed by
repeat-primed-PCR (not shown). We cannot exclude that the
higher amplicon could be a PCR artifact, but it is tempting
to speculate that it might derive from an extra-expansion in
a subset of peripheral cells. Further studies are ongoing to
verify this hypothesis on a larger sample of subjects with
intermediate-length expansions in the C9orf72 gene.

Our study has some further limitations. It was performed
in a limited number of patients and patients included in this
study were not matched to controls for sex/age, because
we consecutively included regularly followed SLE and RA
patients from January to December 2017. This can explain
the different female:male ratio in the analyzed groups. Sys-
temic autoimmune diseases mostly affect female, with a
female:male ratio of 9:1 for SLE and 3:1 for RA, whereas
ALS is slightly more prevalent in males (Curtis et al. 2017).
However, previous studies did not report evident sex differ-
ences in the prevalence of C9orf72 intermediate expansions
(Ng and Tan 2017). Studies on larger cohorts of patients
with SLE, RA, or other autoimmune disorders are needed to
better define whether the presence of intermediate C90rf72
alleles are associated with autoimmune conditions.

A further limitation is that we considered an ALS cohort
as control, rather than a healthy cohort. Nevertheless, all
published studies performed in ALS cases without patho-
logical C90rf72 expansions and healthy controls found no
significant differences in distribution, range, and median
number of repeats (DeJesus-Hernandez et al. 2011; Renton
etal. 2011; Byrne et al. 2012; Sabatelli et al. 2012; Ng and
Tan 2017).

It should also be stated that most of the intermedi-
ate expansions found in this study are minor expansions
although > 8 repeat units and that it is currently unclear
what is the significance of these expansions (Biasiotto and
Zanella 2019).

Finally, we cannot exclude that the high frequency of
intermediate alleles and risk haplotype in SLE and RA
patients could be linked to a genetic background defined
by but unrelated to C9orf72, while possibly linked to other
genetic loci within the region, as previously suggested (Liu
et al. 2008).

In conclusion, in this study, we assessed the potential role
of intermediate C90rf72 alleles as genetic risk factor for the
development of autoimmune conditions and found higher
than expected frequency of these alleles in SLE, SLE+RA,
and in a lesser extent RA only patients. Although our study

has the limitation of sample size, this is the first report on
C9orf72 intermediate alleles in subjects with systemic and
non-neurodegenerative autoimmune diseases, while the
prevalence of autoimmune diseases in ALS/FTD patients
with or without pathogenic C9orf72 expansions is still a
matter of debate (Miller et al. 2016; Katisko et al. 2018).
Larger studies in different autoimmune conditions are war-
ranted to clarify the role of C9orf72 in autoimmune diseases
in humans.

Acknowledgements We wish to thank Mrs. Irene Bianchi for her pre-
cious technical assistance and all patients for taking part in the study.
This work was supported by the University of Brescia (Fondi ex 60% to
Isabella Zanella and Giorgio Biasiotto). Micaela Fredi was supported
by a grant from the Italian Systemic Lupus Eryhtematosus Patients’
Association.

Compliance with Ethical Standards

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Ethical Approval This study was performed in accordance with the
1964 Declaration of Helsinki and its later amendments and was
approved by the Ethic Committee of the Promoting Centre (reference
no. 2918-Studio COORF72CTD).

Informed Consent Written informed consent was obtained from all
individual participants included in the study.

References

Aletaha, D., Neogi, T., Silman, A. J., Funovits, J., Felson, D. T., Bing-
ham, C. O, et al. (2010). Rheumatoid arthritis classification cri-
teria: An American College of Rheumatology/European League
against rheumatism collaborative initiative. Arthritis & Rheuma-
tism, 62(9), 2569-2581. https://doi.org/10.1002/art.27584.

Atanasio, A., Decman, V., White, D., Ramos, M., Ikiz, B., Lee, H.
C., et al. (2016). C9orf72 ablation causes immune dysregulation
characterized by leukocyte expansion, autoantibody production,
and glomerulonephropathy in mice. Scientific Reports, 6, 23204.
https://doi.org/10.1038/srep23204.

Beck, J., Poulter, M., Hensman, D., Rohrer, J. D., Mahoney, C. J.,
Adamson, G., et al. (2013). Large C9orf72 hexanucleotide repeat
expansions are seen in multiple neurodegenerative syndromes and
are more frequent than expected in the UK population. Ameri-
can Journal of Human Genetics, 92(3), 345-353. https://doi.
org/10.1016/j.ajhg.2013.01.011.

Biasiotto, G., Archetti, S., Di Lorenzo, D., Merola, F., Paiardi, G.,
Borroni, B., et al. (2017). A PCR-based protocol to accurately
size C9orf72 intermediate-length alleles. Molecular and Cellular
Probes, 32, 60-64. https://doi.org/10.1016/j.mcp.2016.10.008.

Biasiotto, G., Di Lorenzo, D., Archetti, S., & Zanella, 1. (2016). Iron
and neurodegeneration: Is ferritinophagy the link? Molecular
Neurobiology, 53(8), 5542-5574. https://doi.org/10.1007/s1203
5-015-9473-y.

Biasiotto, G., & Zanella, 1. (2019). The effect of C9orf72 intermediate
repeat expansions in neurodegenerative and autoimmune diseases.
Multiple Sclerosis and Related Disorders, 27, 42—43. https://doi.
org/10.1016/j.msard.2018.10.004.

@ Springer


https://doi.org/10.1002/art.27584
https://doi.org/10.1038/srep23204
https://doi.org/10.1016/j.ajhg.2013.01.011
https://doi.org/10.1016/j.ajhg.2013.01.011
https://doi.org/10.1016/j.mcp.2016.10.008
https://doi.org/10.1007/s12035-015-9473-y
https://doi.org/10.1007/s12035-015-9473-y
https://doi.org/10.1016/j.msard.2018.10.004
https://doi.org/10.1016/j.msard.2018.10.004

158

NeuroMolecular Medicine (2019) 21:150-159

Broce, 1., Karch, C. M., Wen, N., Fan, C. C., Wang, Y., Tan, C. H.,
et al. (2018). Immune-related genetic enrichment in frontotem-
poral dementia: An analysis of genome-wide association studies.
PLoS Medicine, 15(1), €1002504. https://doi.org/10.1371/journ
al.pmed.1002504.

Burberry, A., Suzuki, N., Wang, J. Y., Moccia, R., Mordes, D. A.,
Stewart, M. H., et al. (2016). Loss-of-function mutations in the
CI90RF72 mouse ortholog cause fatal autoimmune disease.
Science Translational Medicine, 8(347), 347ra93. https://doi.
org/10.1126/scitranslmed.aaf6038.

Byrne, S., Elamin, M., Bede, P., Shatunov, A., Walsh, C., Corr, B.,
et al. (2012). Cognitive and clinical characteristics of patients with
amyotrophic lateral sclerosis carrying a C9orf72 repeat expan-
sion: A population-based cohort study. Lancet Neurology, 11(3),
232-240. https://doi.org/10.1016/S1474-4422(12)70014-5.

Byrne, S., Heverin, M., Elamin, M., Walsh, C., & Hardiman, O. (2014).
Intermediate repeat expansion length in C9orf72 may be patho-
logical in amyotrophic lateral sclerosis. Amyotrophic Lateral Scle-
rosis and Frontotemporal Degeneration, 15(1-2), 148-150. https
://doi.org/10.3109/21678421.2013.838586.

Cacace, R., Van Cauwenberghe, C., Bettens, K., Gijselinck, I., van
der Zee, J., Engelborghs, S., et al. (2013). C9orf72 G4C2 repeat
expansions in Alzheimer’s disease and mild cognitive impair-
ment. Neurobiology of Aging, 34(6), 1712.e1-1712.e7. https://
doi.org/10.1016/j.neurobiolaging.2012.12.019.

Cannas, A., Solla, P., Borghero, G., Floris, G. L., Chio, A., Mascia,
M. M,, et al. (2015). C9ORF72 intermediate repeat expansion in
patients affected by atypical parkinsonian syndromes or Parkin-
son’s disease complicated by psychosis or dementia in a Sardinian
population. Journal of Neurology, 262(11), 2498-2503. https://
doi.org/10.1007/s00415-015-7873-6.

Corrado, L., Tiloca, C., Locci, C., Bagarotti, A., Hamzeiy, H., Colom-
brita, C., et al. (2018). Characterization of the c9orf72 GC-rich
low complexity sequence in two cohorts of Italian and Turkish
ALS cases. Amyotrophic Lateral Sclerosis and Frontotemporal
Degeneration, 19(5-6), 426—431. https://doi.org/10.1080/21678
421.2018.1440407.

Curtis, A. F., Masellis, M., Hsiung, G. R., Moineddin, R., Zhang, K.,
Au, B., et al. (2017). Sex differences in the prevalence of genetic
mutations in FTD and ALS: A meta-analysis. Neurology, 89(15),
1633-1642. https://doi.org/10.1212/WNL.0000000000004494.

DelJesus-Hernandez, M., Mackenzie, 1. R., Boeve, B. F., Boxer, A. L.,
Baker, M., Rutherford, N. J., et al. (2011). Expanded GGGGCC
hexanucleotide repeat in noncoding region of COORF72 causes
chromosome 9p-linked FTD and ALS. Neuron, 72(2), 245-256.
https://doi.org/10.1016/j.neuron.2011.09.011.

Gijselinck, I., Van Mossevelde, S., van der Zee, J., Sieben, A., Engel-
borghs, S., De Bleecker, J., et al. (2016). The C9orf72 repeat size
correlates with onset age of disease, DNA methylation and tran-
scriptional downregulation of the promoter. Molecular Psychiatry,
21(8), 1112-1124. https://doi.org/10.1038/mp.2015.159.

Goémez-Tortosa, E., Gallego, J., Guerrero-Lépez, R., Marcos, A., Gil-
Neciga, E., Sainz, M. J. et al. (2013). COORF72 hexanucleotide
expansions of 20-22 repeats are associated with frontotemporal
deterioration. Neurology, 80(4), 366-370. https://doi.org/10.1212/
WNL.0b013e31827f08ea.

Haeusler, A. R., Donnelly, C. J., Periz, G., Simko, E. A., Shaw, P. G.,
Kim, M. S., et al. (2014). C9orf72 nucleotide repeat structures ini-
tiate molecular cascades of disease. Nature, 507(7491), 195-200.
https://doi.org/10.1038/nature13124.

Katisko, K., Solje, E., Koivisto, A. M., Kriiger, J., Kinnunen, T., Har-
tikainen, P., et al. (2018). Prevalence of immunological diseases
in a Finnish frontotemporal lobar degeneration cohort with the
C9orf72 repeat expansion carriers and non-carriers. Journal of
Neuroimmunology, 15(321), 29-35. https://doi.org/10.1016/j.
jneuroim.2018.05.011.

@ Springer

Lall, D., & Baloh, R. H. (2017). Microglia and C9orf72 in neuroin-
flammation and ALS and frontotemporal dementia. The Jour-
nal of Clinical Investigation, 127(9), 3250-3258. https://doi.
org/10.1172/ICI90607.

Liu, C., Batliwalla, F., Li, W., Lee, A., Roubenoff, R., Beckman, E.,
et al. (2008). Genome-wide association scan identifies candidate
polymorphisms associated with differential response to anti-
TNF treatment in rheumatoid arthritis. Molecular Medicine,
14(9-10), 575-581. https://doi.org/10.2119/2008-00056.Liu.

Lozano, R., Rosero, C. A., & Hagerman, R. J. (2014). Fragile X
spectrum disorders. Intractable & Rare Disease Research, 3(4),
134-146. https://doi.org/10.5582/irdr.2014.01022.

Miller, Z. A., Rankin, K. P., Graff-Radford, N. R., Takada, L. T.,
Sturm, V. E., Cleveland, C. M., et al. (2013). TDP-43 fronto-
temporal lobar degeneration and autoimmune disease. Journal
of Neurology Neurosurgery & Psychiatry, 84(9), 956-962. https
://doi.org/10.1136/jnnp-2013-304936.

Miller, Z. A., Sturm, V. E., Camsari, G. B., Karydas, A., Yokoyama,
J. S., Grinberg, L. T., et al. (2016). Increased prevalence of
autoimmune disease within C9 and FTD/MND cohorts: Com-
pleting the picture. Neurology Neuroimmunology & Neuroin-
Sflammation, 3(6), e301. https://doi.org/10.1212/NXI1.00000
00000000301.

Ng, A.S. L., & Tan, E. K. (2017) Intermediate C9orf72 alleles in neu-
rological disorders: Does size really matter? Journal of Medical
Genetics, 54, 591-597. https://doi.org/10.1136/jmedgenet-2017-
104752.

Nordin, A., Akimoto, C., Wuolikainen, A., Alstermark, H., Forsberg,
K., Baumann, P., et al. (2017). Sequence variations in C9orf72
downstream of the hexanucleotide repeat region and its effect on
repeat-primed PCR interpretation: A large multinational screen-
ing study. Amyotrophic Lateral Sclerosis and Frontotemporal
Degeneration, 18(34), 256-264. https://doi.org/10.1080/21678
421.2016.1262423.

Nuytemans, K., Bademci, G., Kohli, M. M., Beecham, G. W., Wang,
L., Young, J. I, et al. (2013). COORF72 intermediate repeat cop-
ies are a significant risk factor for Parkinson disease. Annals
of Human Genetics, 77(5), 351-363. https://doi.org/10.1111/
ahg.12033.

O’Rourke, J. G., Bogdanik, L., Yaiez, A., Lall, D., Wolf, A. J.,
Muhammad, A. K., et al. (2016). C9orf72 is required for proper
macrophage and microglial function in mice. Science, 351(6279),
1324-1329. https://doi.org/10.1126/science.aaf1064.

Petri, M., Orbai, A. M., Alarcén, G. S., Gordon, C., Merrill, J. T., For-
tin, P. R., et al. (2012). Derivation and validation of the Systemic
Lupus International Collaborating Clinics classification criteria
for systemic lupus erythematosus. Arthritis & Rheumatism, 64(8),
2677-2686. https://doi.org/10.1002/art.34473.

Renton, A. E., Majounie, E., Waite, A., Siman-Sanchez, J., Rollinson,
S., Gibbs, J. R., et al. (2011). A hexanucleotide repeat expan-
sion in CO9ORF72 is the cause of chromosome 9p21-linked ALS-
FTD. Neuron, 72(2), 257-268. https://doi.org/10.1016/j.neuro
n.2011.09.010.

Rizzu, P., Blauwendraat, C., Heetveld, S., Lynes, E. M., Castillo-
Lizardo, M., Dhingra, A., et al. (2016). C9orf72 is differentially
expressed in the central nervous system and myeloid cells and
consistently reduced in C9orf72, MAPT and GRN mutation car-
riers. Acta Neuropathologica Communication, 4(1), 37. https://
doi.org/10.1186/s40478-016-0306-7.

Sabatelli, M., Conforti, F. L., Zollino, M., Mora, G., Monsurro, M. R.,
Volanti, P., et al. (2012). C9ORF72 hexanucleotide repeat expan-
sions in the Italian sporadic ALS population. Neurobiology of
Aging, 33(8), 1848.15-1848.€20. https://doi.org/10.1016/j.neuro
biolaging.2012.02.011.

Semaka, A., & Hayden, M. R. (2014). Evidence-based genetic coun-
selling implications for Huntington disease intermediate allele


https://doi.org/10.1371/journal.pmed.1002504
https://doi.org/10.1371/journal.pmed.1002504
https://doi.org/10.1126/scitranslmed.aaf6038
https://doi.org/10.1126/scitranslmed.aaf6038
https://doi.org/10.1016/S1474-4422(12)70014-5
https://doi.org/10.3109/21678421.2013.838586
https://doi.org/10.3109/21678421.2013.838586
https://doi.org/10.1016/j.neurobiolaging.2012.12.019
https://doi.org/10.1016/j.neurobiolaging.2012.12.019
https://doi.org/10.1007/s00415-015-7873-6
https://doi.org/10.1007/s00415-015-7873-6
https://doi.org/10.1080/21678421.2018.1440407
https://doi.org/10.1080/21678421.2018.1440407
https://doi.org/10.1212/WNL.0000000000004494
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1038/mp.2015.159
https://doi.org/10.1212/WNL.0b013e31827f08ea
https://doi.org/10.1212/WNL.0b013e31827f08ea
https://doi.org/10.1038/nature13124
https://doi.org/10.1016/j.jneuroim.2018.05.011
https://doi.org/10.1016/j.jneuroim.2018.05.011
https://doi.org/10.1172/JCI90607
https://doi.org/10.1172/JCI90607
https://doi.org/10.2119/2008-00056.Liu
https://doi.org/10.5582/irdr.2014.01022
https://doi.org/10.1136/jnnp-2013-304936
https://doi.org/10.1136/jnnp-2013-304936
https://doi.org/10.1212/NXI.0000000000000301
https://doi.org/10.1212/NXI.0000000000000301
https://doi.org/10.1136/jmedgenet-2017-104752
https://doi.org/10.1136/jmedgenet-2017-104752
https://doi.org/10.1080/21678421.2016.1262423
https://doi.org/10.1080/21678421.2016.1262423
https://doi.org/10.1111/ahg.12033
https://doi.org/10.1111/ahg.12033
https://doi.org/10.1126/science.aaf1064
https://doi.org/10.1002/art.34473
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1186/s40478-016-0306-7
https://doi.org/10.1186/s40478-016-0306-7
https://doi.org/10.1016/j.neurobiolaging.2012.02.011
https://doi.org/10.1016/j.neurobiolaging.2012.02.011

NeuroMolecular Medicine (2019) 21:150-159

159

predictive test results. Clinical Genetics, 85(4), 303-311. https://
doi.org/10.1111/cge.12324.

Tiloca, C., Sorosina, M., Esposito, F., Peroni, S., Colombrita, C.,
Ticozzi, N., et al. (2018). No C9orf72 repeat expansion in patients
with primary progressive multiple sclerosis. Multiple Sclerosis
and Related Disorders, 25, 192—195. https://doi.org/10.1016/j.
msard.2018.07.047.

Van Mossevelde, S., van der Zee, J., Cruts, M., & Van Broeckhoven,
C. (2017). Relationship between C9orf72 repeat size and clini-
cal phenotype. Current Opinion in Genetics & Development, 44,
117-124. https://doi.org/10.1016/j.gde.2017.02.008.

Xi, Z., Rainero, I., Rubino, E., Pinessi, L., Bruni, A. C., Maletta,
R. G., et al. (2014). Hypermethylation of the CpG-island near
the C9orf72 G,C,-repeat expansion in FTLD patients. Human

Molecular Genetics, 23(21), 5630-5637. https://doi.org/10.1093/
hmg/ddu279.

Zhang, Y., Burberry, A., Wang, J. Y., Sandoe, J., Ghosh, S., Udeshi, N.
D., etal. (2018). The C9orf72-interacting protein Smcr8 is a nega-
tive regulator of autoimmunity and lysosomal exocytosis. Genes
& Development, 32(13-14), 929-943. https://doi.org/10.1101/
gad.313932.118.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/cge.12324
https://doi.org/10.1111/cge.12324
https://doi.org/10.1016/j.msard.2018.07.047
https://doi.org/10.1016/j.msard.2018.07.047
https://doi.org/10.1016/j.gde.2017.02.008
https://doi.org/10.1093/hmg/ddu279
https://doi.org/10.1093/hmg/ddu279
https://doi.org/10.1101/gad.313932.118
https://doi.org/10.1101/gad.313932.118

	C9orf72 Intermediate Alleles in Patients with Amyotrophic Lateral Sclerosis, Systemic Lupus Erythematosus, and Rheumatoid Arthritis
	Abstract
	Background
	Methods
	Patients
	Genetic Analyses
	Statistical Analyses

	Results
	Discussion
	Acknowledgements 
	References


