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ABSTRACT 

 

 More than 40 Human diseases, mainly diseases affecting the central nervous system, 

are caused by the expansion of unstable nucleotide repeats. Repeats of sequences like (CAG)n 

present in different genes, can be responsible for various diseases of the central nervous 

system. An expanded hexanucleotide repeat (GGGGCC)n in the C9ORF72 gene has been 

characterized as the most frequent genetic cause of Amyotrophic Lateral Sclerosis (ALS) and 

Fronto-Temporal Lobar Dementia (FTLD). In this study, we performed a genome-wide 

analysis in the Human genome and identified 74 genes containing this precise hexanucleotide 

repeat, with a preference for a location in exon 1 or intron 1, similar to the C9ORF72 gene. 36 

of these 74 genes may be of interest as candidates in neurodevelopemental or 

neurodegenerative diseases, based on their function. 
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1. INTRODUCTION 

 

 Several human diseases, and particularly neurological and neuromuscular diseases, are 

caused by the expansion of nucleotide repeats named microsatellites in different genes 

(Nelson et al., 2013). These DNA repeats seem to be predisposed to such expansion, certainly 

because of unusual structural features. They are located in various regions of the genes, 

including promoters, 5’-or 3’-untranslated regions (UTR), coding sequences, and introns 

(Mirkin, 2007). For example, the exonic triplet repeats (CAG)n described in several genes 

encode expanded polyglutamine-repeats in proteins. This expansion is implicated in 

Huntington’s disease (HD), spinal and bulbar muscular atrophy (SBMA), and spinocerebellar 

ataxia (He et al., 2010). The exonic triplet repeats (GCN)n also reported in several genes 

encode expanded polyalanine-repeats in proteins. Intronic triplet repeats such as (GAA)n are 

observed in Friedreich’s ataxia (FRDA) for example. 5’UTR triplet repeats such as (CGG)n 

and 3’UTR triplet repeats such as (CTG)n are implicated in Fragile-X mental retardation 

(FRAXA) and myotonic dystrophy type 1 respectively. Other expansions are reported in 

myotonic dystrophy type 2 (CCTG)n, spinocerebellar ataxia type 10 (ATTCT)n and type 36 

(GGCCTG)n.  

 

 An hexanucleotide repeat (HR) expansion (GGGGCC)n located in the first intron of 

the C9ORF72 gene was identified as the most frequent mutation in Amyotrophic Lateral 

Sclerosis (ALS) and Frontotemporal Lobar Degeneration (FTLD) (DeJesus-Hernandez et al., 

2011; Gijselinck et al., 2012; Renton et al., 2011). Non-expanded repeat size ranges from 2 to 

22 in the normal population. It generally largely exceeds 30 repeats in pathological 

populations. The (GGGGCC)n repeat is located in the first intron corresponding to two 
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transcripts (1 and 3) of C9ORF72, and in the 5’UTR corresponding to a third transcript (2) 

(DeJesus-Hernandez et al., 2011). Mutations in C9ORF72 induce neurodegeneration via loss-

of-function and/or gain-of-function mechanisms (Martin et al., 2020). Indeed, the expansion 

was associated with a reduction in C9ORF72 gene expression (van der Zee et al., 2013), 

suggesting a haploinsufficiency mechanism. C9ORF72 may have a role in autophagy and 

vesicular trafficking (Levine et al., 2013; Zhang et al., 2012). Recents studies indicated that it 

is as a guanine nucleotide exchange factor (GEF) that regulates specific Rab GTPases (Iyer et 

al., 2018). Two other disease mechanisms, both by toxic gain of function, have been proposed 

(Gendron et al., 2014, Haeusler et al., 2014). They are based on the observation that the 

expansion is also associated with a production of both sense and antisense transcribed 

expanded repeats ((5’GGGGCC3’)n  and (5’GGCCCC3’)n), which form RNA-G-quadruplex 

structures aberrantly interacting with various RNA-binding proteins (RBPs) and normal RNA 

in cells, and forming RNA foci (DeJesus-Hernandez et al., 2011, Gendron et al, 2013). These 

repeat-containing RNAs can also be the site of a translation leading to the production of toxic 

dipeptide-repeat containing proteins (Ash et al., 2013; Mori et al., 2013). This mechanism was 

first described in trinucleotide repeat expansions in spinocerebellar ataxia 8 and myotonic 

dystrophy type 1 (Zu et al., 2011). The use of antibodies generated against HR-translated 

peptides detected neuronal inclusions throughout the central nervous system of patients with 

ALS/FTLD (Ash et al., 2013). These dipeptide-repeat containing proteins could be associated 

to various cellular defects through mechanisms such as heterochromatin anomalies (Zhang et 

al., 2019). Interestingly, recent works indicate that the mechanisms of loss of function and 

gain of function could act in a combined manner. Indeed, HR expansion in C9ORF72 is 

associated with reduced autophagy, which results in less efficient elimination of DPR 

proteins. This same HR expansion is also responsible for a production of DPR proteins, which 
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are toxic to cells (Boivin et al., 2020). 

 

 In this paper, we hypothesized that the HR 5’GGGGCC3’n or its antisense sequence 

5’GGCCCC3’n, encoding RNA-G-quadruplex structures and/or expanded poly dipeptide-

repeat proteins, could be present not only in C9ORF72, but also in other genes in the Human 

genome. Similarly to what was observed in ALS/FTDP with C9ORF72, these repeats could be 

subject to expansion and cause neurological diseases. We analysed the presence and 

distribution of these HRs in the Human genome. Based on data on gene expression and 

function, we established a list of genes that would be of interest for repeat-primed polymerase 

chain reaction (PCR) studies in neurological and neuromuscular diseases.  

 

2. METHODS 

 

The genome-wide analysis was done using the human genome assembly hg19. Only 

perfect repeats of three or more repeats were searched using an ad hoc pipeline. The precise 

location of the HR (GGGGCC or GGCCCC) in genomic regions such as promoters, introns 

and exons was identified using the genome browsers Ensembl and UCSC (Flicek et al., 2014; 

Kent et al., 2002). We assessed if this HR pattern was statistically overrepresented in the 

human genome using a Monte Carlo test with 1,000 iterations.  

 

The expression and function of genes with HR were analysed using the gene 

annotation portal bioGPS (bioGPS.org) and Medline database (pubmed.org). Variant Call 

Format (VCF) files extracted for each gene from 1000 Genome database 

(http://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/) were used to search 
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polymorphisms describes at repeat positions. Pathway enrichment analysis was performed 

with GORILLA software (Gene Ontology enRIchment anaLysis and visuaLizAtion tool : 

http://cbl-gorilla.cs.technion.ac.il/ ). 

 

3. RESULTS 

 

3.1. Loci with repeats in the human genome. 

 A genome-wide analysis was performed to identify and locate all GGGGCC and 

GGCCCC HRs in the Human genome. The number of repeats of the hexanucleotide 

GGGGCC in C9ORF72 in the human genome of reference in Ensembl is 3. We therefore set 

the lower limit at 3 repetitions in our analysis. We found the repetitions GGGGCC or 

GGCCCC in 101 loci in the Human genome. These repeats were not over-represented in the 

genome compared with randomly chosen six-base repeats (p-value: 0.096, Monte Carlo test 

with 1,000 iterations). Repeats were observed on all chromosomes except chromosome 14 

and Y (Figure 1A). The average number of repeats per chromosome was 4.6. 22 intergenic 

regions contained the repeats. They were considered intergenic sequences because of their 

location at more 1000 bp of a coding sequence. We considered in our analysis only perfect 

HR, (GGGGCC GGGGCC GGGGCC) or (GGCCC GGCCCC GGCCCC). These perfect 

repeats were often surrounded by very similar sequences, as for example GGGGCG in 

C9ORF72.  

 

3.2. Genes with repeats in the Human genome. 

 We next focused on repeats within genes in the Human genome. We observed the 

repeats (GGGGCC)n or (GGCCCC)n, with n ≥ 3 in 74 genes distributed over all 
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chromosomes, except chromosome 14, 21 and Y (Supplementary Table 1). We identified the 

(GGGGCC)n repeat in intron 1 of C9ORF72 gene, validating our bioinformatic analysis. For 

15 genes, repeats were located in proximity (<1000pb) of 5’ regions of coding sequences, 

therefore in promoters (Figure 1B). For 64 genes, repeats were in RNA coding sequences in 

translated or untranslated regions, such as UTRs (Supplementary Table 1). They were located 

in intronic sequences for 31 genes (42%). We observed the HR mostly in intron 1 (23 genes) 

compared to other introns, as in C9ORF72 involved in ALS/DFT, but this was mainly due to 

the large size of this first intron in many genes. Indeed the repetitions were not more frequent 

in the intron 1 than in other regions of the genes if we take into account the length of exons 

and introns (p=0.48).  

  

 23 genes (31%) contained the HRs in exons, and again mostly in the first exon (20 

genes) (Supplementary Table 1). For 7 of these genes the repeats were in the translated coding 

sequence, and in a hydrophobic region of the protein. This region was formed of perfect 

repeats and surrounded by sequences highly similar to the repeats. For example, the coding 

sequence of the TAF4 gene contains 5 perfect HR surrounded by three highly similar 

sequences, encoding a hydrophobic domain of 8 repeats of the dipeptide Glycine-Proline in 

the protein. These 7 genes were STK39 (Ala-Pro)4, FGF2 (Gly-Arg)3, RRP36 (Ala-Gly)4, 

CDKN1C (Ala-Pro)8, PAPD5 (Ala-Pro)3, RBM12 (Gly-Pro)6 and TAF4 (Gly-Pro)8.  

 

3.3. Genes with repeats expressed in the nervous and neuromuscular systems 

 From the list of 74 genes we extracted all genes expressed in the central nervous 

system (CNS) or in muscles (bioGPS.org), and with known functions (Table 1) (Wu et al., 

2009). The 36 selected genes were located on 18 chromosomes, with 5 genes in 19q13.  VCF 
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files extracted from the 1000 genomes database and corresponding to these 36 genes showed 

two genes with a different number of HR compared to the reference genome. RRP36 lost 2 

out of 4 repeats in the reference genome in 27% of cases, and ADGRA1 lost 1 out of 4 repeats 

in the reference genome in 29% of cases.  

 

 Given this set of 36 genes, a GO analysis found over-representations in four pathways 

with non-corrected p value between 1.05e-5 and 4.31e-5: regulation of ion transmembrane 

transport, calcium ion import and membrane depolarization during action potential, and 

protein linear polyubiquitination (Table 2). Many genes in this set associated with ion 

transport and membrane depolarization are involved in neuronal or muscle excitability. For 

example SNC4A encodes a skeletal muscle sodium channel implicated in muscle disorders 

characterized by episodic abnormalities of membrane excitability (McClatchey et al., 1992).  

Several other genes encode proteins of the Ubiquitin pathway, such as SHARPIN and RBCK1 

also named HOIL1, involved in linear polyubiquitination. The protein SHARPIN (SHANK-

associated RH domain-interacting protein), in association RBCK1 and HOIP, forms a 

complex called LUBAC (linear ubiquitin chain assembly complex) which regulates the NFκB 

pathway and plays a major role in immune and inflammatory responses (Tokunaga et al., 

2012). A truncating mutation was identified in RBCK1 in a family with a novel Mendelian 

disease with neuromuscular and cardiac involvement (Wang et al., 2013). Other genes 

involved in the Ubiquitin pathway are present in the list, such as ARID1B encoding a protein 

of an E3 ubiquitin ligase complex member of the SWI/SNF-A chromatin-remodelling 

complex and HUWE1 producing an E3 ubiquitin ligase regulating axon branching. The 

haploinsufficiency of ARID1B impairs interneuron development in mouse and causes 

Intellectual Disability (Li et al., 2010; Hoyer et al., 2012; Jung et al., 2017). Duplication or 
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point mutations in HUWE1 contribute to Intellectual Disability (Froyen et al., 2008; 

Vandewalle et al., 2013).  

 

 Others genes of interest in the CNS are present in this list of 36 genes. The protein 

product of TFDP1 negatively regulates the neuroprotective function of Cdk5 kinase in mature 

neurons (Zhang and Herrup, 2011). CDKN1C negatively controls the expansion of cortical 

intermediate progenitor cells. It is directly regulated by ARX, a gene whose mutations are 

found in disorders with epilepsy and intellectual disability (Colasante et al., 2013). Together 

these data support the idea that other genes than C9ORF72 could be candidate genes to be 

tested in diseases affecting the CNS. 

 

4. DISCUSSION 

 

 Instability characterized by the expansion of simple DNA repeats are involved in more 

than 40 human hereditary diseases to date, and the list is still growing (Mirkin, 2007; Paulson, 

2018). A particular repeat expansion such as (CAG)n resulting in polyglutamine tract in 

proteins was observed in many genes, and was implicated in several diseases. One particular 

observations is the expansion of a HR in C9ORF72 and its implication in ALS and FTD 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011; Gijselinck et al., 2012). Several disease 

mechanisms associated with this particular repeat expansion have emerged. They include 

RNA toxicity and abnormal translation of expanded repeat sequences (poly-dipeptides). Here, 

we present a list 74 genes in the human genome that contain a HR (GGGGCC or reverse 

sequence), with many of them expressed in the central nervous system or in muscles and 

representing interesting candidates in neurological or neuromuscular diseases. 
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 The mechanism of instability of this type of HR expansions is still to be characterized. 

Studies on C9ORF72 support the idea that a de novo pathological expansion does not exist 

(Beck et al., 2013; Ratti et al., 2012; Smith et al., 2013). Further studies will indicate whether 

or not the HRs in C9ORF72 are instable and if intermediate repeat length may be pathological 

(Byrne et al., 2014; Ng et al., 2017, Cali et al., 2019). Interestingly, small deletions appear 

significantly enriched in the region directly flanking the C9ORF72 repeat in carriers of 

expanded HR (van der Zee et al., 2013). The consequence is an extension of the perfect 

repeats (GGGGCC) surrounded with imperfect ones, and consequently a higher vulnerability 

to expansion by strand slippage for example. In our list of 74 genes, we observed that many 

genes contained GC-rich low complexity sequences and imperfect repeats flanking the 

perfects ones.  

 

Disorders of the nervous system characterized by expansion of a nucleotide repeat 

account for a number of neurodeveloppemental and neurodegenerative diseases. It is 

interesting to note that our screening identified several genes already involved in neurological 

diseases. Abnormalities in these genes consist mainly in point mutations and copy number 

variants. For example abnormalities in HUWE1 (E3 ubiquitin ligase) and ARID1B (epigenetic 

modifier of chromatine structure) are associated with intellectual disability (Backx et al., 

2011; Froyen et al., 2008; Santen et al., 2012). In patients with epilepsy, mutations are 

observed in CACNA1H and HCN2 encoding respectively the Cav3.2 T-type Ca2+ channel and 

the hyperpolarization-activated cyclic nucleotide-gated channel 2 (Chen et al., 2003; Eckle et 

al., 2013; Nakamura et al., 2013; Tang et al., 2008). Mutations in the adult skeletal muscle 

sodium channel gene SCN4A are responsible for periodic paralysis and myotonic disorders 
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(Ptácek et al., 1991; Yoshinaga et al., 2012). The presence of HRs in these genes, often in 

their 5’ region such as in C9ORF72, suggests that it could be of interest to look for their 

possible expansion in patients with these clinical signs of diseases but without classical 

mutations in these genes. 

 

 We observed a HR in 29 other genes non-genetically involved in diseases so far. 

Several of them are interesting candidates for diseases of the nervous system based on their 

function. Recent studies have shown that the protein of the ubiquitin pathway NUB1, known 

to suppress Lewy body-like inclusions, is a suppressor of mutant huntingtin toxicity and 

reduces tau aggregation (Lu et al., 2013; Richet et al., 2012; Tanji et al., 2006). MARCKSL1 

is highly expressed in spinal cord and encodes the myristolated alanine-rich C kinase substrate 

implicated in cytosqueletal plasticity during nerve degeneration (Björkblom et al., 2012; 

McNamara and Lenox, 2000). RRP36 and TTP are two other interesting genes because of 

their direct implication in RNA homeostasis, another major theme in neurodegenerative 

diseases (Renoux and Todd, 2012). TTP encodes an AU-rich element binding protein that 

regulates the stability of many mRNA and is present in stress granules in tauopathies 

(Vanderweyde et al., 2012). RRP36 encodes the Ribosomal RNA processing 36 homolog 

involved in early cleavage of pre-rRNA (Gérus et al., 2010). ADGRA1 encodes a post-

synaptic protein (Gérus et al., 2010; Pandia et al., 2017). These genes contain a HRs in intron 

for NUB1, MARCKSL1, and ADGRA1 or in exonic coding sequence for RRP36 

(Supplementary Figure 1). We also noted two interesting genes encoding synaptic proteins to 

study in neurodevelopmental diseases. SHARPIN encodes a postsynaptic density protein 

involved in ubiquitination and directly interacting with the shank family of proteins (Lim et 

al., 2001). BAI-1 encodes a synaptic receptor that activates the Rho signaling pathway 
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implicated in intellectual disability (Stephenson et al., 2013; van Bokhoven, 2011). 

  

 Our results indicate that C9ORF72, implicated in ALS/FTD, is not the only gene in the 

Human genome containing an HR GGGGCC. The discovery of its expansion in ALS required 

to analyze intronic regions and to use repeat-primed PCR protocols. The present study 

provides indirect support for the idea that HR expansions could be present in other genes in 

the genome. If one of the 36 genes listed in Table 1 is to be studied in a central nervous 

system disease as a candidate gene, the study of its HR should not be forgotten. 
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FIGURES 

 

Figure 1: (A) Number of GGGGCC or GGCCCC repeats on each chromosome of the Human 

genome. Arrow: chromosome 9 containing the C9ORF72 gene; (B) Localisation of these 

repeats in genes. 

 

Table 1: Genes containing hexanucleotide repeats expressed in the central nervous system or 

neuromuscular system.  

 

Table 2: Pathways over-represented after GO analysis and genes with hexanucleotide repeats 

in these pathways. 
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Table 1

Locus 

(Human)

Gene symbol 

(synonyms)

Gene name Repeat 

units (n)

Localisatio

n

Position 

(b38)

1p13 KCNA2 Potassium voltage-gated channel, shaker-related subfamily, member 2 3 intron 1 110545223

1p35.1 MARCKSL1 MARCKS-like 1 3 intron 1 32799929

2q24.3 STK39 Serine threonine kinase 39 4 exon 1 CS 168811358

3q13 CASR Calcium-sensing receptor 3 intron 1 122184297

3q27 CHRD Chordin 4 UTR5' 184380181

4q26 FGF2 Fibroblast growth factor 2 (basic) 3 exon 1 CS 122827056

6p21 ITPR3 Inositol 1,4,5-trisphosphate receptor, type 3 3 intron 1 33633758

6p21.1 RRP36 Ribosomal RNA processing 36 homolog 4 exon 1 CS 43021685

6q25.3 ARID1B AT rich interactive domain 1B 3 promoter 156777206

7q36.1 NUB1 Negative regulator of ubiquitin-like protein 1 3 intron 1 151341993

8q22.2 NCALD Neurocalcin delta 3 intron 1 101689018

8q24.3 BAI1 Brain-specific angiogenesis inhibitor 1 3 intron 3 142475804

8q24.3 SHARPIN SHANK-associated RH domain interactor 3 intron 5 144108449

9p21.2 C9orf72 Chromosome 9 open reading frame 72 3 intron 1 27546864

9q31 TMEFF1 Tomoregulin-1 3 intron 1 100473999

9q34.3 CACNA1B Calcium channel, voltage-dependent, N type, alpha 1B subunit 3 intron 1 137878265

9q34.3 GPSM1 / AGS3 G-protein signaling modulator 1 3 intron 1 136327776

10q24.31 LZTS2 / LAPSER1 Leucine zipper tumor suppressor 2 3 UTR5' 100999854

10q26 GPR123 G protein-coupled receptor 123 4 intron 5 133124834

10q26.3 JAKMIP3 / NECC2 Janus kinase and microtubule interacting protein 3 3 intron 10 132142483

11p15.5 AP2A Adaptor-related protein complex 2, alpha 2 subunit 3 intron 1 926109

11p15.5 CDKN1C Cyclin-dependent kinase inhibitor 1C (p57, Kip2) 3 exon 1 CS 2888502

12q13.13 POU6F1 / BRN5 POU class 6 homeobox 1 4 promoter 51191300

13q34 TFDP1 Transcription factor Dp-1 3 intron 1 113585152

16p13.3 CACNA1H Calcium channel, voltage-dependent, T type, alpha 1H subunit 4 UTR5' 1153342

16q12.1 PAPD5 PAP associated domain containing 5 3 exon 2 CS 50153843

17q23.2 TBX2 T-box 2 3 UTR5' 61400135

17q23.3 SCN4A Sodium channel voltage gated type IV, alpha subunit 3 intron 14 63962421

19p13.3 TNFAIP8L1 Tumor necrosis factor (TNF)-alpha induced protein 8 3 UTR5' 4639516

19p13.3 HCN2 Hyperpolarization-activated cyclic nucleotide-gated channel 4 intron 6 613554

19q13.12 USF2 Upstream transcription factor 2 3 intron 1 35269199

19q13.2 ZFP36 / TTP Ring finger protein, Tritetraprolin 3 promoter 39406779

19q13.33 LRRC4B Leucine rich repeat containing protein 4B 3 promoter 50518355

20p13 RBCK1 / RNF54 Ring finger protein 54 3 intron 1 407959

20q13.33 TAF4 / TAFII130 TBP associated factor 4 RNA polymerase 2 3 exon 1 CS 61955397

Xp11.22 HUWE1 HECT, UBA and WWE domain containing 1, E3 ubiquitin protein ligase 5 intron 17 53594344

CS: coding sequence



Table 2

GO terms Genes

Number Name p value Enrichment

97039 Protein linear polyubiquitination 1.05e-5 350.22 SHARPIN

RBCK1

34765 Regulation of ion transmembrane transport 1.5e-5 10.98 KCNA2

STK39

HCN2

SCN4A

CACNA1H

CACNA1B

70509 Calcium ion import 2.23e-5 54.34 CASR

CACNA1H

CACNA1B

86010 Membrane depolarization during action potential 4.31e-5 43.78 SCN4A

CACNA1H

CACNA1B

Statistical values




