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Objective: To explore whether the repeat lengths of the chromosome 9 open reading frame 72 (C9orf72) gene and the ataxin-2 (ATXN2) gene in amyotrophic lateral sclerosis (ALS) patients without C9orf72 repeat expansions confer a risk of ALS or survival disadvantages in ALS.

Methods: We screened a hospital-based cohort of Chinese patients with sporadic ALS without C9orf72 repeat expansions and neurologically healthy controls for C9orf72 GGGGCC and AXTN2 CAG repeat length to compare the frequency of possible detrimental length alleles using several thresholds. Furthermore, the clinical features of ALS were compared between patients with ALS subgroups using different length thresholds of maximum C9orf72 and ATXN2 repeat alleles, such as sex, age of onset, diagnostic delay, and survival.

Results: Overall, 879 sporadic patients with ALS and 535 controls were included and the repeat lengths of the C9orf72 and ATXN2 were both detected. We found significant survival differences in patients using a series of C9orf72 repeat length thresholds from 2 to 5, among which the most significant difference was at the cutoff value of 2 (repeats 2 vs. >2: median survival 67 vs. 55 months, log-rank p = 0.032). Furthermore, Cox regression analysis revealed the role of age of onset [hazard ratio (HR) 1.04, 95% CI 1.03–1.05, p < 0.001], diagnostic delay (0.95, 0.94–0.96, p < 0.001), and carrying C9orf72 repeat length of 2 (0.72, 0.59–0.89, p = 0.002) in the survival of patients without C9orf72 repeat expansions. In addition, bulbar onset was associated with poorer survival when the patients carried the maximum C9orf72 repeat allele over 2 (1.81, 1.32–2.48, p < 0.001). However, no survival difference was found when applying a series of continuous cutoff values of ATXN2 or stratified by C9orf72 repeats of 2.

Conclusion: The length of 2 in the maximum C9orf72 repeat allele was identified to be associated with favorable survival in ALS patients without C9orf72 repeat expansions. Our findings from the clinical setting implicated the possible cutoff definition of detrimental C9orf72 repeats, which should be helpful in the understanding of genetics in ALS and in clinical genetic counseling.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal and rare neurodegenerative disorder characterized by involvement of the motor system and a final lethal course within 2–4 years after symptom onset (1). Since Superoxide Dismutase 1 (SOD1) mutations were identified to cause ALS in 1993 (2), a number of causative genes of ALS have been found. A large hexanucleotide (GGGGCC) repeat expansion (HRE) in the chromosome 9 open reading frame 72 (C9orf72) gene has been identified as the most frequent genetic cause in familial and sporadic patients with ALS and frontotemporal dementia (FTD) in Caucasian populations (3, 4), strongly arguing for a central role of C9orf72 in ALS pathogenesis. However, pathological HRE is rarely observed in familial and sporadic ALS in Asia (5–8). HREs are usually hundreds to thousands of repeats in length. Older age of onset and bulbar onset were associated with shorter survival of patients with C9orf72 HRE (9). On the other hand, there has not been a wide consensus on the minimum pathogenic repeat length, since the threshold of 30 repeats has been commonly used. Further studies indicated that the intermediate-length allele of C9orf72 under 30 repeats might also be a pathological risk factor for ALS (10, 11) and other neurodegenerative disorders (12), such as Huntington's disease phenocopies, Parkinsonism, and schizophrenia. The varying thresholds have been justified in many mechanisms, e.g., effects on DNA methylation (repeats 7–24) (13) and gene expression (repeats 17–29) (14), and association with neurodegenerative disorders [repeats 17–30 (14), 20–22 (15)].

Previous studies have suggested that when genetically interacting with another major modifier of ALS, ataxin-2 (ATXN2), C9orf72 depletion caused by pathologically expanded HRE resulted in the ALS-FTD pathogenesis (16). Intermediate ATXN2 repeats may render C9orf72 HRE carriers more susceptible to the development of ALS (17). The intermediate CAG repeats in ATXN2 (size between 24 and 33) have been revealed to present a significant association with ALS as a relatively common ALS disease susceptibility gene (18). Since that report, several studies have reported similar results but with different cutoff values of repeat length for the risk (19). However, the possible interaction between non-pathological C9orf72 repeats and ATXN2 repeats in the clinical setting has been implicated but not been fully investigated.

To date and to our knowledge, there are limited data on the prognostic effect of the non-pathological C9orf72 repeats on patients with ALS, which may have more implications for the Chinese ALS population, since there are a few patients with pathological C9orf72 HRE in China. The survival and prognosis within a specific genetic context are important to our understanding of the genetics and pathophysiology of ALS. Here, we examined whether a C9orf72 repeat length under 30, commonly reported clinical and demographic variables, and additional genetic variants [ATXN2 intermediate repeats, SOD1, fused in sarcoma (FUS), and TAR DNA-binding protein (TARDBP)] are associated with survival in ALS patients with non-pathological C9orf72 repeats.



Methods


Subjects

The individuals in this study were recruited at a national referral motor neuron disease clinic at the Department of Neurology, Peking University Third Hospital (PUTH), Beijing, between 2005 and 2012. The patients were examined and diagnosed with definite, probable, or possible ALS according to Airlie House diagnostic criteria (20) by specialist neurologists. Demographic information included sex, date of birth, and month/year of disease onset. Clinical data included the site of onset, first clinical symptom, date of diagnosis, date of the last follow-up, month/year of death, or invasive ventilation (if applicable, both were defined as end point events). Demographic and clinical features were collected during the first visit to the hospital and updated via telephone follow-ups every 3 months. Individuals without neurological disease history were used as controls of Chinese origin.

All participants provided written informed consent to participate in the genotype-phenotype studies approved by the institutional ethics committee of PUTH.



Genetic analysis

Genomic DNA was extracted from peripheral blood using standard protocols. Two-step PCR (fluorescent fragment-length analysis and then repeat-primed PCR) was performed to assess the length of C9orf72 repeat alleles as previously reported (6). The CAG repeat size in ATXN2 was determined by PCR and subsequent fluorescent fragment-length analysis on an ABI 3730XL genetic analyzer as described previously (19). Some of the subjects had previously been screened for C9orf72 (7) and ATXN2 (19), and the results for these two genes were published separately. Patients carrying pathological C9orf72 HRE (repeat size ≥ 30) were excluded from this study. Among the patients, subjects with adequate DNA samples were detected by Sanger sequencing for all exons in the frequent ALS-causing genes SOD1, fused in sarcoma (FUS), and TAR DNA-binding protein (TARDBP; indicated as SoFT mutation status below and SoFT was abbreviated for the SOD1, FUS, and TARDBP genes).



Statistics

Due to the exploratory nature of this study, we defined the larger number of both C9orf72 and ATXN2 repeats as the maximum repeat length of alleles. The differences in the maximum repeat length of C9orf72 (defined as MaxC9) and the maximum repeat length of ATXN2 (MaxATXN2) were compared between patients with ALS and neurologically healthy controls to assess whether they could be risk factors for ALS by Mann-Whitney U tests (continuous variable) and Pearson's chi-squared test or two-tailed Fisher's exact tests (categorical variable using several repeat length cutoff values), respectively.

To further investigate the role of non-pathological length repeats of C9orf72 and ATXN2 in survival and prognosis, different cutoff values of MaxC9 and MaxATXN2 were used to categorize the patients into subtypes. For these extra analyses, Student's t-test and Mann-Whitney U tests were then used to analyze the difference in the age of onset and the diagnostic delay from symptom onset (the interval from the symptom onset to the diagnosis), respectively. Kaplan-Meier analysis was performed using different cutoff values of MaxC9 and MaxATXN2 to obtain the survival curves, and survival differences between patient subgroups were determined by a log-rank test. Additionally, we utilized Cox proportional hazards regression models for sex, age of onset, diagnostic delay, site of onset, C9orf72, ATXN2, and SoFT mutation status to address the potential confounding influence of these variables on the survival of ALS patients without C9orf72 HRE.

A two-tailed p < 0.05 was considered statistically significant. All analyses were performed and visualized using R Statistical Software (version 3.6.3).




Results


Demographic and clinical features

A total of 879 patients diagnosed with sporadic ALS and 535 neurologically normal controls were included and analyzed in the present study. The demographic descriptions of the patients and controls are summarized in Table 1. There were 547 men among the patients with ALS (62.2%) and 328 men among the controls (61.3%). The mean age of onset of patients with ALS was 50.6 years old (95% Cl 49.8–51.5). There was no significant difference in the age of DNA sampling between the patients with ALS and the controls (51.4 vs. 51.8 years, p = 0.54). Among 748 patients with available data, 120 patients (16%) had the bulbar onset.


TABLE 1 Demographic features of patients ALS and controls.
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Genetic findings and ALS risk analysis of C9orf72 and ATXN2 repeat length

The median [interquartile rage (IQR)] repeat length of MaxC9 in 879 patients with ALS was 6 (2–7), whereas that in controls was identical to 6 (2–7) (Mann-Whitney U test, p = 0.302, Figure 1). Using a series of C9orf72 repeat length cutoff values, no significant difference in frequency between patients with ALS and controls was identified (Fisher's exact test at each cutoff value, all p > 0.05, Figure 2). The median (range) repeat length of MaxATXN2 in patients with ALS was 22 (18–35) while it was 22 (18–30) in controls, with 22 repeats being the most frequent in both patients with ALS (91.4%) and controls (92.7%, Figure 1). When using an ATXN2 repeat length cutoff value ≥31, the difference in frequency between patients with ALS and controls was statistically significant (Pearson's chi-squared test, p = 0.003, Supplementary Table S1).


[image: Figure 1]
FIGURE 1
 Distribution of C9orf72 GGGGCC and ATXN2 CAG repeat length in patients with ALS and controls. ns, not significant.
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FIGURE 2
 Fisher's exact test between patients with ALS and controls at each cutoff value of C9orf72 repeat. The dotted gray line represents the value of p < 0.05 at a significance level.


Among the patients with ALS, 537 patients with enough DNA samples were screened for the SoFT mutation status, identifying 8 patients with SOD1 mutations, 19 with FUS mutations, and 9 with TARDBP mutations.



Survival and phenotype analysis of patients without C9orf72 HRE using a series of repeat length thresholds

Among the 879 patients with ALS, there were 726 patients with detailed survival time and therefore they were included for the further survival analysis. There were 349 cases with censored data and 377 with end point events, showing no significant difference in the MaxC9 distribution of by Mann-Whitney U test (p = 0.09).

A series of cutoff values from 2 to 5 of MaxC9 discriminated patients in survival time with statistical significance (all p < 0.05), most significant at repeat length 2 (repeats 2 vs. >2: median 67 months vs. 55 months, p = 0.032, Figures 3A–D). With a cutoff of 6 and more, the difference in survival was no longer significant ( ≤ 6 vs. >6: 62 vs. 57, p = 0.58; ≤ 7 vs. >7: 62 vs. 61, p = 0.89, Figures 3E,F). To explore the further differences in survival and phenotypes within the context of detrimental C9orf72 repeats, we applied the most significant cutoff value of 2, which could include 41.7% of patients in the present study, to determine the potential effect in the following comparisons. Meanwhile, no survival difference was found when applying a series of continuous cutoff values of MaxATXN2 or stratifying by MaxC9 of 2 (Supplementary Table S2).


[image: Figure 3]
FIGURE 3
 Survival analysis of patients without C9orf72 HRE using a series of cutoff values of GGGGCC repeat length from 2 to 7. Cutoff values of 2–5 (A–D) could discriminate the survival difference, while cutoff values of 6 and 7 (E,F) could not.


In total, there was no survival difference between male patients and female patients (median 58 vs. 66 months, log-rank p = 0.145). When stratified by C9orf72 repeat length of 2, males with length over 2 (n = 281) showed survival disadvantage, when compared with males with length of 2 (n = 186; median 49 vs 65 months, p = 0.033); females over 2 (n = 142) did not present significantly shorter survival than those with 2 (n = 117; 64 vs 72 months, p = 0.57).

Taking the known SoFT mutation status in 537 patients into comparison, the marginally significant difference in survival time was present in patients with TARDBP mutations [TARDBP(+): 2 vs. >2: 58.1 vs. 16.3 months, p = 0.048], while there was no significant difference in patients carrying SOD1 (log-rank p = 0.22), FUS (log-rank p = 0.55), or SoFT(–) (log-rank p = 0.08).

Univariate Cox regression analysis (Table 2) showed that a poorer prognosis was observed with an older age of onset (p < 0.001), bulbar site of onset (p < 0.001), and carrying TARDBP mutation (p = 0.024), while a longer survival was observed with a longer diagnostic delay (p < 0.001) or carrying C9orf72 repeat length of 2 (p = 0.032). Further multivariate analysis (Table 2) confirmed the role of age of onset [hazard ratio (HR) 1.04, 95% CI 1.03–1.05, p < 0.001], diagnostic delay (0.95, 0.94–0.96, p < 0.001) and carrying C9orf72 repeat length of 2 (0.72, 0.59–0.89, p = 0.002) in the survival of patients without C9orf72 HRE.


TABLE 2 Cox regression analysis of patients without C9orf72 expansions.
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We further performed the univariate analysis stratified by C9orf72 repeat length of 2. Interestingly, the forest plots in Figure 4 indicate that bulbar onset (HR 1.81, 95% CI 1.32–2.48, p < 0.001) or carrying TARDBP mutations (14.76, 5.19–41.98, p < 0.001) could confer a survival disadvantage only when the C9orf72 repeat length was over 2.
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FIGURE 4
 Forest plots summarize the results of univariate Cox analysis stratifying by C9orf72 repeat length. When MaxC9 = 2 (A), the age of onset and the delay are associated with the survival of patients (both p < 0.001). When MaxC9 > 2 (B), besides the age of onset and the delay, the bulbar site of onset and carrying TARDBP mutation are also associated with the survival of patients (all p < 0.001).


Additionally, we applied a series of continuous cutoff values of C9orf72 and ATXN2 to subdivide the patients to determine the possible association with clinical features of the age of onset and diagnostic delay. However, no significant differences were found in either clinical phenotype using different repeat length thresholds of C9orf72 and ATXN2 (Supplementary Tables S3, S4).




Discussion

In the light of the shared features of intermediate length repeats and the pathological interaction of C9orf72 and ATXN2 genes in ALS pathogenesis, we performed the joint analyses of non-pathological repeats of C9orf72 (i.e., < 30) and intermediate repeats of ATXN2 (18–35) in 879 patients with ALS and 535 neurologically healthy controls, aiming to explore the risk of ALS and prognostic factors in ALS patients without C9orf72 HRE. Although we did not find any association of intermediate ATXN2 length with survival or clinical interaction with C9orf72, our results revealed that carrying C9orf72 repeats of 2 was associated with longer survival, which has not been identified in previous studies. Furthermore, Cox regression analysis confirmed the protective role of the younger age of onset, longer diagnostic delay, and carrying C9orf72 repeat length of 2 in the survival of patients without C9orf72 HRE.

The HRE within the first intron of the C9orf72 gene has been the most frequent genetic cause of ALS and FTD worldwide (21). Major efforts have been dedicated to reveal the mechanism of toxicity through which C9orf72 HRE leads to neurodegeneration. Pathological HRE was shown to affect C9orf72 expression with reduced transcript and protein levels consistently measured in pathological tissues from patients with ALS and FTD (14). It is suggested that the intermediate C9orf72 alleles are “predisposing” to lead to large expansions over subsequent generations and affect the normal transcriptional activity of the C9orf72 promoter. The threshold for pathogenicity is usually defined as 30 mainly due to technical limitations of the repeat-primed PCR technique. The possible pathological role of intermediate length GGGGCC between 20 and 30 has also been multiply suggested (13, 22), without a generally accepted cutoff value. In addition, 20–22 repeats were reported to be pathogenic in patients with FTD (15). We have not identified with any cutoff value that the non-pathological length (<30) of C9orf72 repeats was associated with the risk of ALS. This may result from the lack of alleles with repeats over 20 in ALS cases in our cohort. The risk of short repeats (<20) might be too minor to be detected in a relatively small-size case-control study.

Previous literature has suggested that C9orf72 HRE carriers have an unfavorable prognosis in patients with ALS (9). However, a few studies have investigated the association between the repeat length of C9orf72 and the survival of ALS patients without C9orf72 HRE. In our analysis, the survival difference resulting from a series of repeat length cutoff values from 2 to 5 expanded our understanding of the potential detrimental repeat length for patients with ALS. More clinical phenotype-genotype studies are needed to clarify the prognostic role of repeat lengths over 5, which usually represent more than 50% of sporadic ALS patients without C9orf72 HRE in Asia [this study, 56%; another study in China, 64% (23); and Korea, 50.3% (24)]. In addition, it should be kept in mind that while C9orf72 HRE is known to decrease C9orf72 expression, intermediate C9orf72 repeats resulted in increased C9orf72 expression in both human brain tissue and CRISPR/cas9 knockin iPSC-derived neural progenitor cells (14). Therefore, with the upcoming gene-modifying therapies targeting C9orf72, the strategy for HRE and intermediate or short repeats should be carefully designed with caution.

The multivariate Cox regression model used in the present study showed that the predictors of favorable survival were younger age of onset, longer diagnostic delay, and carrying C9orf72 repeats of 2. However, the sex effect was not identified here, which has been regarded as a prognostic predictor in previous studies (1). C9orf72 HRE is not fully penetrant until the age of 80 years (21). Additionally, C9orf72 depletion in neuronal cultures led to the accumulation of unresolved aggregates of SQSTM1/p62 involved in macroautophagy/autophagy and phosphorylated TDP-43 (16). C9orf72 reduction alone, however, did not trigger major neuronal toxicity, suggesting that extra stress is probably required to induce neuronal death upon C9orf72 loss of function. We, therefore, hypothesized that additional pathological mutations may affect the survival of patients carrying C9orf72 repeats of 2 and our finding (4 patients with repeats >2 vs. 5 patients = 2, 16.3 vs. 58.1 months, p = 0.048) was in line with both our hypothesis and previous studies of C9orf72 and TARDBP (25, 26) in vitro, although more clinical evidence is required due to the small number of patients with TARDBP mutations. The role of C9orf72 in ALS pathophysiology involves the TDP-43 inclusion function. It is reasonable that the mutation of the TARDBP gene exaggerates the potential toxicity of the C9orf72 HRE. Conversely, a similar synergistic effect was not observed in patients carrying SOD1 or FUS mutations in our study, supporting that C9orf72 loss of function did not accentuate the toxicity of FUS and SOD1 mutations in neuronal culture (16).

To date, hands of studies have focused on the effect of intermediate length ATXN2 on C9orf72 pathogenicity. Partial C9orf72 depletion coupled with intermediate repeats (30×), but not normal-size (22×), of ATXN2 was associated with ATXN2 aggregation and neuronal cell death confirmed in both in vitro and in vivo (16). ATXN2 intermediate length repeats have been identified as a risk factor for ALS (18, 27) through modifying TDP-43 toxicity (18) and a predictor of reduced survival in patients with ALS (28). Indeed, intermediate ATXN2 repeats are also a risk factor for ALS patients with C9orf72 HRE (17) and a possible modifier of disease phenotypes (clinical type and age of onset) of HRE carriers (29) with conflicting evidence. In the present study, we compared the ATXN2 repeat length between patients with ALS and controls. Consistent with our published report (19), the cutoff of 31 repeats in ATXN2 (MaxATXN2) has shown a significant risk association with patients with ALS. However, the length of ATXN2 repeats did not show any association with the age of onset, diagnostic delay, or survival time in the present study, even when stratified by the C9orf72 repeat length of 2. Due to the potential discrepant pathogenesis between C9orf72 HRE with reduced expression and the intermediate length of C9orf72 with increased expression, the suggested role of ATXN2 in C9orf72 HRE carriers should be re-evaluated in ALS patients without C9orf72 HRE.

Limitations of our study were that our patients and controls were all of Chinese origin, and it was not a large cohort regarding low prevalence but high complexity of ALS and potential minor effect of C9orf72 and ATXN2 genes. Additionally, we have no data about the cognitive and psychiatric status of the patients included. It hereby was deficient to explore the association between these data and different C9orf72-related manifestations, especially cognitive and psychiatric symptoms.

Our study identified that non-pathological C9orf72 repeat length was associated with the survival of ALS patients without C9orf72 HRE, which was especially meaningful for patients with ALS in Asia when the pathological C9orf72 HRE was quite rare when compared with Caucasian patients. Our findings add confirmatory evidence on the prognostic significance of the older age and bulbar onset, diagnostic delay, and a suggested modifying role of TARDBP mutations in C9orf72-related ALS. The cutoff value of C9orf72 repeats, however, could vary in different populations and cohorts. Further association studies between the length of C9orf72 repeats and survival and other phenotypes are needed.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Ethics Committee of Peking University Third Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

LT and DF conceived and designed the study and analyzed and interpreted the data. LT, LC, YM, and NZ contributed major role in the acquisition of clinical data. LT, XL, and JH contributed major role in the acquisition of genetic results. LT, LC, and DF drafted the manuscript of intellectual content and revised the manuscript for intellectual content. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the National Natural Science Foundation of China (81873784 and 82071426 to DF and 81901298 to LT) and the Clinical Cohort Construction Program of Peking University Third Hospital (BYSYDL2019002 to DF).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.939775/full#supplementary-material



References

 1. Goutman SA, Hardiman O, Al-Chalabi A, Chió A, Savelieff MG, Kiernan MC, et al. Emerging insights into the complex genetics and pathophysiology of amyotrophic lateral sclerosis. Lancet Neurol. (2022) 21:465–79. doi: 10.1016/S1474-4422(21)00414-2

 2. Rosen D, Siddique T, Patterson D, Figlewicz D, Sapp P, Hentati A, et al. Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis. Nature. (1993) 362:59–62. doi: 10.1038/362059a0

 3. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S. A hexanucleotide repeat expansion in C9ORF72 is the cause of chromosome 9p21-linked ALS-FTD. Neuron. (2011) 72:257–68. doi: 10.1016/j.neuron.2011.09.010

 4. DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M. Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron. (2011) 72:245–56. doi: 10.1016/j.neuron.2011.09.011

 5. Zou Z, Li X, Liu M, Cui L. Screening for C9orf72 repeat expansions in chinese amyotrophic lateral sclerosis patients. Neurobiol Aging. (2013) 34:1710–5. doi: 10.1016/j.neurobiolaging.2012.11.018

 6. Liu R, Tang L, Cai B, Liu X, Ye S, Ma Y, et al. C9orf72 repeat expansions are not detected in chinese patients with familial ALS. Amyotroph Lateral Scler Frontotemporal Degener. (2013) 14:630–1. doi: 10.3109/21678421.2013.817588

 7. He J, Tang L, Benyamin B, Shah S, Hemani G, Liu R, et al. C9orf72 hexanucleotide repeat expansions in Chinese sporadic amyotrophic lateral sclerosis. Neurobiol Aging. (2015) 36:2660–1. doi: 10.1016/j.neurobiolaging.2015.06.002

 8. Tsai C, Soong B, Tu P, Lin K, Fuh J, Tsai P, et al. A hexanucleotide repeat expansion in C9ORF72 causes familial and sporadic ALS in Taiwan. Neurobiol Aging. (2012) 33:2211–32. doi: 10.1016/j.neurobiolaging.2012.05.002

 9. Glasmacher SA, Wong C, Pearson IE, Pal S. Survival and prognostic factors in c9orf72 repeat expansion carriers: a systematic review and meta-analysis. JAMA Neurol. (2020) 77:367. doi: 10.1001/jamaneurol.2019.3924

 10. Iacoangeli A, Al KA, Jones AR, Sproviero W, Shatunov A, Opie-Martin S, et al. C9orf72 intermediate expansions of 24-30 repeats are associated with ALS. Acta Neuropathol Commun. (2019) 7:115. doi: 10.1186/s40478-019-0724-4

 11. Kaivola K, Salmi SJ, Jansson L, Launes J, Hokkanen L, Niemi A, et al. Carriership of two copies of C9orf72 hexanucleotide repeat intermediate-length alleles is a risk factor for ALS in the Finnish population. Acta Neuropathol Com. (2020) 8:187. doi: 10.1186/s40478-020-01059-5

 12. Alva-Diaz C, Alarcon-Ruiz CA, Pacheco-Barrios K, Mori N, Pacheco-Mendoza J, Traynor BJ, et al. C9orf72 hexanucleotide repeat in huntington-like patients: systematic review and meta-analysis. Front Genet. (2020) 11, 551780. doi: 10.3389/fgene.2020.551780

 13. Gijselinck I VMSV, Bleecker J, Ivanoiu A, Deryck O, Edbauer D, Zhang M, et al. C9orf72 repeat size correlates with onset age of disease, DNA methylation and transcriptional downregulation of the promoter. Mol Psychiatry. (2016) 21:1112–24. doi: 10.1038/mp.2015.159

 14. Cali CP, Patino M, Tai YK, Ho WY, McLean CA, Morris CM, et al. C9orf72 Intermediate repeats are associated with corticobasal degeneration, increased C9orf72 expression and disruption of autophagy. Acta Neuropathol. (2019) 138:795–811. doi: 10.1007/s00401-019-02045-5

 15. Gomez-Tortosa E, Gallego J, Guerrero-Lopez R, Marcos A, Gil-Neciga E, Sainz MJ, et al. C9ORF72 Hexanucleotide expansions of 20-22 repeats are associated with frontotemporal deterioration. Neurology. (2013) 80:366–70. doi: 10.1212/WNL.0b013e31827f08ea

 16. Ciura S, Sellier C, Campanari ML, Charlet-Berguerand N, Kabashi E. The most prevalent genetic cause of ALS-FTD, C9orf72 synergizes the toxicity of ATXN2 intermediate polyglutamine repeats through the autophagy pathway. Autophagy. (2016) 12:1406–8. doi: 10.1080/15548627.2016.1189070

 17. van Blitterswijk M, Mullen B, Heckman MG, Baker MC, DeJesus-Hernandez M, Brown PH, et al. Ataxin-2 as potential disease modifier in C9ORF72 expansion carriers. Neurobiol Aging. (2016) 35:e13–7. doi: 10.1016/j.neurobiolaging.2014.04.016

 18. Elden AC, Kim H, Hart MP, Chen-Plotkin AS, Johnson BS, Fang X, et al. Ataxin-2 intermediate-length polyglutamine expansions are associated with increased risk for ALS. Nature. (2010) 466:1069–75. doi: 10.1038/nature09320

 19. Liu X, Lu M, Tang L, Zhang N, Chui D, Fan D. ATXN2 CAG repeat expansions increase the risk for Chinese patients with amyotrophic lateral sclerosis. Neurobiol Aging. (2013) 34:2235–6. doi: 10.1016/j.neurobiolaging.2013.04.009

 20. Brooks B, Miller R, Swash M, Munsat T. Diseases WFON El escorial revisited: revised criteria for the diagnosis of amyotrophic lateral sclerosis amyotroph lateral scler other motor. Neuron Disord. (2000) 1:293–9. doi: 10.1080/146608200300079536

 21. Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rollinson S, et al. Frequency of the C9orf72 hexanucleotide repeat expansion in patients with amyotrophic lateral sclerosis and frontotemporal dementia: a cross-sectional study. Lancet Neurol. (2012) 11:323–30. doi: 10.1016/S1474-4422(12)70043-1

 22. Byrne S, Heverin M, Elamin M, Walsh C, Hardiman O. Intermediate repeat expansion length in C9orf72 may be pathological in amyotrophic lateral sclerosis. Amyotroph Lateral Scler Frontotemporal Degener. (2014) 15:148–50. doi: 10.3109/21678421.2013.838586

 23. Jiao B, Tang B, Liu X, Yan X, Zhou L, Yang Y, et al. Identification of C9orf72 repeat expansions in patients with amyotrophic lateral sclerosis and frontotemporal dementia in mainland China. Neurobiol Aging. (2014) 35:919–36. doi: 10.1016/j.neurobiolaging.2013.10.001

 24. Jang J, Kwon M, Choi WJ, Oh K, Koh S, Ki C, et al. Analysis of the C9orf72 hexanucleotide repeat expansion in Korean patients with familial and sporadic amyotrophic lateral sclerosis. Neurobiol Aging. (2013) 34:1311–7. doi: 10.1016/j.neurobiolaging.2012.09.004

 25. Yang Y, Halliday GM, Kiernan MC, Tan RH. TDP-43 levels in the brain tissue of ALS cases with and without C9ORF72 or ATXN2 gene expansions. Neurology. (2019) 93:e1748–55. doi: 10.1212/WNL.0000000000008439

 26. Nonaka T, Masuda-Suzukake M, Hosokawa M, Shimozawa A, Hirai S, Okado H, et al. C9ORF72 dipeptide repeat poly-GA inclusions promote: intracellular aggregation of phosphorylated TDP-43. Hum Mol Genet. (2018) 27:2658–70. doi: 10.1093/hmg/ddy174

 27. Neuenschwander AG, Thai KK, Figueroa KP, Pulst SM. Amyotrophic lateral sclerosis risk for spinocerebellar ataxia type 2 ATXN2 CAG repeat alleles. JAMA Neurol. (2014) 71:1529. doi: 10.1001/jamaneurol.2014.2082

 28. Chio A, Calvo A, Moglia C, Canosa A, Brunetti M, Barberis M, et al. ATXN2 polyQ intermediate repeats are a modifier of ALS survival. Neurology. (2015) 84:251–8. doi: 10.1212/WNL.0000000000001159

 29. Chiò A, Mora G, Sabatelli M, Caponnetto C, Lunetta C, Traynor BJ, et al. ATNX2 is not a regulatory gene in Italian amyotrophic lateral sclerosis patients with C9ORF72 GGGGCC expansion. Neurobiol Aging. (2016) 39:215–8. doi: 10.1016/j.neurobiolaging.2015.11.027





OPS/images/fneur-13-939775-t001.jpg
ALS patients Controls

Total 879 535

Male (n, %) 547 (622%)  328(61.3%)
Age of onset, years (mean, 95% CI) 50.6 (49.8-51.5) NA

Age of sampling (mean, 95% CI) 514 (505-522) 51.8 (50.7-52.9)
Bulbar onset (, %) 120 (16.0%)° NA

There are 748 patients with available data of on

pvalue

074

054





OPS/images/fneur-13-939775-t002.jpg
Characteristics

Sex
Male
Female

Age of onset (years)

Diagnostic delay (months)

Site of onset
Spinal
Bulbar

ATXN2

SoFT Status
SOFT (=)

SODI (+)
FUS (+)
TARDBP (+)

Coorf72
Corfr2>2
Coarf72

The bold valug

Total (N)

726
467
259
726
723
n7
604
13
726
537
501

19
9
726
423
303

Univariate analysis

Hazard ratio (95% CI)

Reference
085 (0.69-1.05)
104 (1.03-1.05)
0.95 (0.94-0.96)

Reference
158 (1.22-2.05)
096 (0.89-1.03)

Reference
0.89(0.28-2.79)
141 (0.75-2.65)
255 (1.13-5.73)

Reference

0.80 (0.65-0.98)

ofp < 0.05.

p value

0.137

0.137
<0.001
<0.001
<0.001

<0.001
0218
0.105

0.839

0.290
0.024

0.032

Multivariate analysis

Hazard ratio (95% CI)

104 (1.03-1.05)
0.95 (0.94-0.96)

072 (0.58-0.89)

p value

<0.001
<0.001

089

0.002





OPS/images/fneur-13-939775-g003.gif





OPS/images/fneur-13-939775-g004.gif
Gz Totny [ oo

So w0 o7zt
Forsio w Retorocs
oo s 100401561407 ome
e s 103410191048 <aor
p— s 0ss20930%68 <aor
s oy oast
oot 251 Reterenn
Butaoreer o 120107061962 oast
oz s osser) osss
sorT 220 oaz
sty 20 Retorocn
s001() s 2128 @szra679) oz
Fuse) . 20m 7685 602) ors
) s 10002714468 osse
s ot RG] Ty
S ) T e
o 0 Reteence '
Famos @ omrousross ¢ o
Mooctomago) 42 om0t 4 <00
Ooty(montns) @ oss1 0si00sen 4 <0001
s P P
Sptonsar kY Rt
Buwronsn @ e 3248) o0
oz @ ost8 08581020 ors
sorr a0 oo
s £l Rt
Py s ost0asT28i0) ows
Fusi) 5 118 05072558) ozt
e0se(s) i 147585 1004108) <o






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The repeat length of C9orf72 is associated with the survival of amyotrophic lateral sclerosis patients without C9orf72 pathological expansions



		Introduction



		Methods



		Subjects



		Genetic analysis



		Statistics







		Results



		Demographic and clinical features



		Genetic findings and ALS risk analysis of C9orf72 and ATXN2 repeat length



		Survival and phenotype analysis of patients without C9orf72 HRE using a series of repeat length thresholds







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

The repeat length of C9orf72 is
associated with the survival of
amyotrophic lateral sclerosis
patients without C9orf72
pathological expansions





OPS/images/fneur-13-939775-g001.gif
Repeats length

30

MaxC9

MaxATXN2






OPS/images/fneur-13-939775-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





