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Background: Repeat expansions, including those in C9orf72 and ATXN2, have been implicated in amyotrophic lateral sclerosis (ALS). However, there have been few studies on the association of AR and NOP56 repeat expansion with ALS, especially in China. Accordingly, we aimed to evaluate the frequency of C9orf72 and ATXN2 repeat mutations and investigate whether NOP56 and AR repeat expansion are risk factors for ALS.

Methods: In this study, 736 ALS patients and several hundred healthy controls were recruited. Polymerase chain reaction (PCR) and repeat-primed PCR (RP-PCR) were performed to determine the repeat lengths in C9orf72, ATXN2, AR, and NOP56.

Results: GGGGCC repeats in C9orf72 were observed in six ALS patients (0.8%, 6/736) but not in any of the controls (0/365). The patients with pathogenic GGGGCC repeats showed shorter median survival times than those with a normal genotype (p = 0.006). Regarding ATXN2 CAG repeats, we identified that intermediate repeat lengths (29–34 copies) were associated with ALS (p = 0.033), and there was no difference in clinical characteristics between the groups with and without intermediate repeats (p > 0.05). Meanwhile, we observed that there was no association between the repeat size in AR and NOP56 and ALS (p > 0.05).

Conclusions: Our results demonstrated that pathogenetic repeats in C9orf72 are rare in China, while intermediate CAG repeats in ATXN2 are more frequent but have no effect on disease phenotypes; the repeat size in AR and NOP56 may not be a risk factor for ALS.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease that affects upper and lower motor neurons and results in muscular weakness and atrophy (1). To date, mutations in more than 50 genes have been associated with the pathogenesis of ALS (2). Notably, nucleotide repeat expansion mutations in part of these genes play a pivotal part in the pathogenetic process. For example, the pathogenic GGGGCC hexanucleotide repeat expansion (HRE) in the chromosome 9 open reading frame 72 (C9orf72) gene was identified as a common causative factor for ALS in Caucasian populations, accounting for 23.5–47% of familial ALS (3, 4) and 4.1–21.0% of sporadic ALS cases (5). However, this mutation was very rare in mainland China and other Asian countries (6–8), with a very low frequency of only 0%-0.3%. As early as 2010, intermediate-length CAG repeats (27–33 copies) in the ATXN2 gene were reported as a genetic risk factor for ALS (9). Subsequently, many studies have validated this result in many other ethnicities (10–14).

Spinal and bulbar muscular atrophy (SBMA), a neuromuscular disease that shares several clinical features with ALS, is caused by CAG trinucleotide repeat expansions (>38 copies) in the androgen receptor (AR) gene (15). A functional study showed that AR was downregulated in the spinal cord in male SOD1G93A mice, suggesting that AR may play an important role in the pathogenesis of ALS (16). Another nucleotide repeats expansion disease, spinocerebellar ataxia type 36 (SCA36), caused by GGCCTG hexanucleotide repeat expansion in the NOP56 gene, also presents an ALS phenotype (17, 18). Subsequent studies revealed motor neuron involvement during the course of SCA36, including reduced expression of NOP56, TDP-43, and FUS in the large motor neurons of an ALS mouse model, which occurred before the apparent onset of the disease (19). Nonetheless, few studies have been conducted to date on the association between ALS and the size of nucleotide repeats within AR or NOP56.

Therefore, in this study, we aimed to determine (i) the frequency of C9orf72 and ATXN2 mutations; (ii) whether NOP56 and AR are risk genes for ALS; and (iii) the potential associations between phenotypes and the size of nucleotide repeats within the C9orf72, ATXN2, NOP56, and AR genes.



METHODS


Population

ALS patients were enrolled from the Department of Neurology, Xiangya Hospital, Central South University (CSU), in either an outpatient or an inpatient setting from April 30, 2013, to November 30, 2020. All patients were diagnosed by at least two experienced senior neurologists and diagnosed with clinically definite, probable, or probable laboratory-supported ALS according to the revised El Escorial criteria (20). Among the 736 patients, pathogenic mutations in known ALS-causative genes were excluded by whole-exome sequencing. This study also enrolled different numbers of healthy controls (365 controls in the C9orf72 study, 201 controls in the ATXN2 study, 225 controls in the AR study, and 229 controls in the NOP56 study) from the Health Management Center of Xiangya Hospital, Central South University. Written informed consent was obtained from all participants, as approved by the Ethics Committee and the Expert Committee of Xiangya Hospital, Central South University.



Genetic Analysis

Genomic DNA from all participants was extracted from peripheral blood using a standard extraction method.

To detect the size of repeat expansions in the C9orf72 and NOP56 genes, we first applied the polymerase chain reaction (PCR) method as described previously (8, 18). The target sequences covering the hexanucleotide repeats of the C9orf72 and NOP56 genes were amplified with different pairs of fluorescently labeled primers. The fluorescent PCR product was analyzed using an ABI-Prism 3730 Genetic Analyzer, and the data were examined using GeneMapper software (Applied Biosystems, Vernon Hills, Illinois, USA). Next, if the result showed a homozygous peak, we reanalyzed it using repeat-primed PCR (8, 18). Expansions of the hexanucleotide repeat showed a typical sawtooth pattern.

Genotyping of ATXN2 and AR was performed by PCR amplification of CAG tracts in combination with capillary electrophoresis; the analysis was performed using GeneMarker software as described previously (21, 22).



Statistical Analysis

For CAG repeats in ATXN2, we used the Fisher's exact test to assess the association between the intermediate CAG repeats and ALS. To identify the relationship between the repeat size in AR and NOP56 and ALS, we used one-sided Mann-Whitney and outlier analysis, the same statistical methods as the tool ExpansionHunter DeNovo (23).

In ALS patients, the chi-square test, Spearman's or Fisher's exact test (for categorical variables) and the Mann-Whitney U test, Pearson's tests or Student's t-test (for continuous variables) were used to measure the association between polynucleotide repeat expansion and different clinical characteristics, such as age at onset (AAO), sex, site of onset, family history, Medical Research Council (MRC) score, Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R) score and disease progression rate (DPR; calculated as DPR = [48-ALSFRS-R score at time of diagnosis)/disease duration (months)] (24).

Kaplan-Meier univariate analysis was used to determine the effect of polynucleotide repeat expansion on survival time.

Statistical analyses were performed using IBM Statistical Package for the Social Sciences (SPSS) version 22. Differences with P < 0.05 were considered statistically significant.




RESULTS


Clinical Data

A total of 736 ALS patients (679 with sporadic ALS and 57 with familial ALS) were recruited, including 486 males and 250 females. In our ALS cohort, the mean AAO was 52.44 ± 11.81 years; the percentage of patients exhibiting spinal onset (77%, 567/736) was higher than the percentage of patients with bulbar onset (22.9%, 169/736). Among 569 patients with ALSFRS-R data available, the mean score was 37.64 ± 7.95, and the mean DPR was 0.96 ± 0.97; among 663 patients with MRC scores available, the mean score was 107.97 ± 17.60.



Genetic Results and Clinical Features of ALS Patients With C9orf72 Mutations

The distribution of GGGGCC HRE length is shown in Figure 1A. Among 736 ALS patients, the GGGGCC HRE length ranged from two to more than 60 copies. The most frequent size of allele was two repeats, accounting for 37.3% of cases. Notably, we identified HREs over 30 repeats long in six ALS patients, accounting for 0.8%, but not in any of the controls (Table 1). Among the 365 healthy controls, the HRE length ranged from two to 15 copies; as in the patient group, the most common repeat length was two copies, accounting for 42.7% of cases. No intermediate-length HRE repeats (24–30) were identified in ALS patients or controls.


[image: Figure 1]
FIGURE 1. Comparison of repeat lengths in the long alleles of C9orf72 (A), ATXN2 (B), AR (C), and NOP56 (D) between ALS patients and controls.



Table 1. Analysis of GGGGCC HREs in the C9orf72 gene in ALS patients and controls.
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The clinical features of the patients with HRE length ≥30 copies are shown in Table 2. When comparing the clinical characteristics of ALS patients with different ranges of HRE length, we found that patients with HRE length ≥30 copies had a shorter median survival time than those with <30 copies (p = 0.006). Although there was no significant difference in sex, AAO, ALSFRS-R, site of onset, family history, MRC or DPR (p > 0.05), we noted that ALS patients with HRE length ≥30 copies tended to have a younger mean AAO (46.25 ± 2.22 years) than those with <30 copies (52.51 ± 11.75 years). Among the six ALS patients with ≥30 copies, two patients had a family history. One of the families had been reported in our previous study (8). In another family (Figure 2A), the proband was a 44-year-old man who initially presented progressive muscle weakness in the bilateral upper limbs. Thereafter, he progressively manifested muscle weakness and atrophy in all four extremities, along with dysphagia and dysarthria. On admission 12 months after onset, neurological examination revealed fasciculations, muscle weakness and hyperreflexia in the affected limbs. Electromyography (EMG) showed abundant and diffuse ongoing denervation and chronic reinnervation changes. The patient's Mini-Mental State Examination (MMSE) score was 29 of 30, and his Montreal Cognitive Assessment (MoCA) score was 25 of 30. This patient was diagnosed with laboratory-supported probable ALS according to the El Escorial criteria. Follow-up revealed that he died of respiratory failure 18 months after the onset of the neurological symptoms. His father had been diagnosed with clinical frontotemporal dementia (FTD) and died at 52 years of age; his brother had been diagnosed with ALS at 36 and died of respiratory insufficiency at 39 years of age 36 months after disease onset, but further details were unavailable.


Table 2. Clinical details of patients carrying C9orf72 HREs.
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FIGURE 2. Pedigrees of ALS patients carrying an HREs mutation in C9orf72 (A) and a CAG repeat of length 37 in ATXN2 (B).




Genetic Results and Clinical Features of ALS Patients With Intermediate CAG Repeats in ATXN2

As shown in Figure 1B, the CAG repeat length ranged from 17 to 37 in 736 ALS patients and from 17 to 26 in 201 controls. The most frequent allele size was 22 copies, accounting for 91.0 and 90.5% of ALS patients and controls, respectively. Herein, according to previous reports and a meta-analysis of ATXN2 repeat lengths and ALS risk (31), we applied cutoff values and defined the following ranges: >34 copies as pathogenic expansion, <29 as normal repeats, and 29–34 repeats as intermediate repeats. We identified intermediate CAG repeats in 14 (1.90%, 14/736) ALS patients and none of the controls (p = 0.033) (Table 3, Supplementary Table 1).


Table 3. Analysis of intermediate-length CAG repeats in the ATXN2 gene in ALS patients and controls.
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When comparing clinical characteristics between patients with intermediate repeat lengths and those with normal repeat lengths, we found that there was no significant difference in sex, AAO, ALSFRS-R, site of onset, MRC, familial history or DPR (p > 0.05). Using the Kaplan-Meier method, we did not find a significant difference in survival time between the two groups (p > 0.05).

We found two ALS patients carrying pathogenic CAG repeat expansions. Patient A0154, who carried 37 repeats, was a 52-year-old female with a family history of SCA (Figure 2B). She initially developed gait ataxia at 43 years old. Six years later, she gradually showed muscle weakness and atrophy of the bilateral lower limbs. At the age of 51 years, a neurological examination revealed obvious ataxia; the Romberg sign, finger-to-nose test, rapid alternating movements, and heel-to-shin test were positive. She also showed UMN signs such as a positive palmomental reflex and positive Babinski sign, as well as lower motor neuron (LMN) signs such as fasciculations, muscle atrophy and decreased pharyngeal reflex. EMG showed abundant and diffuse ongoing denervation and chronic reinnervation changes. Notably, the patient also clearly exhibited memory impairment. Her MMSE score was 18, and her Edinburgh Cognitive and Behavioral ALS Screen (ECAS) score was 42, suggesting cognitive impairment (executive dysfunction), memory impairment, and behavioral impairment (apathy, disinhibition, and loss of sympathy). Brain magnetic resonance imaging (MRI) revealed atrophy of the pons, cerebellum, and temporal lobe (Figure 3A). The patient was clinically diagnosed with SCA combined with probable ALS and behavioral-variant FTD (bvFTD). However, her mother presented symptoms of ataxia without any symptoms of ALS or FTD at 53 years old and died 20 years after onset.


[image: Figure 3]
FIGURE 3. Brain magnetic resonance imaging from patient A0154 (A) and patient A002447 (B).


Patient A002447, a 64-year-old male with a repeat length of 37, was from a family with no history of neurodegenerative diseases. He presented with dysarthria at the age of 62 years and then gradually developed weakness and atrophy in the right upper limb, which subsequently spread to the lower limbs in 6 months. Deep tendon reflexes were brisk, and the palmomental reflex was present. His MMSE (26/30), MoCA (16/30) and ECAS (50/136) revealed memory impairment and language dysfunction (difficulties in word finding and word comprehension). His brain MRI showed cortex atrophy, especially in the frontal and temporal lobes (Figure 3B). EMG showed abundant and diffuse ongoing denervation and chronic reinnervation changes. As mentioned above, he was clinically diagnosed with probable ALS together with semantic dementia.



Genetic and Clinical Features of ALS Patients With Different CAG Repeats in the AR Gene

The sizes of CAG repeats in AR ranged from 9 to 39, with 22 repeats as the most common allele (17.9%) in 736 ALS patients; among the 225 healthy controls, the sizes ranged from 11 to 34, with 22 repeats as the most common allele (20.4%) (Figure 1C). In the male patients and controls, the repeat sizes of the long allele between the ALS and healthy control groups showed no significant difference (n = 610, Mann-Whitney U test, p = 0.315). Meanwhile, we found no association between the repeat sizes of the long allele and the risk for ALS in female patients and controls (n = 351, Mann-Whitney U test, p = 0.077). In addition, according to the outlier analysis, we applied 24 repeats and 28 repeats as the cutoff value in male and female patients, respectively. Statistically, CAG repeats in AR were not associated with ALS for each gender (Chi-square test, p > 0.05) (Table 4).


Table 4. Analysis of CAG repeats in the AR gene in ALS patients and controls.
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Next, regarding the association between CAG repeat size in AR and the ALS phenotypes, we found that repeat size did not affect the AAO, location of onset, family history, ALSFRS-R, MRC, DPR or survival time of ALS patients (p > 0.05).



Genetic and Clinical Features of ALS Patients With Different GGCCTG Repeat Sizes in the NOP56 Gene

The sizes of the GGCCTG repeats in NOP56 ranged from three to 11 in 736 ALS patients and from three to nine in 229 controls (Figure 1D). Firstly, we used Mann-Whitney U test to test whether the repeat sizes of the long allele are associated with ALS. However, the repeat sizes of the long allele between the ALS and healthy controls showed no significant difference (n = 965, Mann-Whitney U test, p = 0.069). Meanwhile, we applied nine as the cutoff value according to the outlier analysis, and a repeat size above this value was not a risk factor for ALS (Chi-square test, p > 0.05) (Table 5). In addition, we found no significant associations in sex, AAO, family history, ALSFRS-R, site of onset, MRC or DPR between these two groups (p > 0.05). Moreover, we did not find any correlation between repeat length and survival time (p > 0.05).


Table 5. Analysis of GGCCTG repeats in the NOP56 gene in ALS patients and controls.
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DISCUSSION

In this study, we systematically evaluated polynucleotide repeats in C9orf72, ATXN2, AR, and NOP56 in a large Chinese ALS cohort and healthy controls. We found that six of 736 ALS patients (0.8%) carried a GGGGCC HRE in C9orf72. This frequency was similar to the rates observed in other Asian countries (0–4.7%) (25, 26) but was much lower than those in European populations (4.1–47%) (27). In addition, many studies have shown that patients carrying pathogenic HREs have phenotypic differences from those with normal HREs (4, 28–30). Patients carrying pathogenic HREs showed a higher rate of bulbar onset, earlier AAO, shorter survival, faster forced vital capacity (FVC) value decline, and a higher incidence of comorbid FTD and/or family history of dementia than those with normal genotypes (3, 32, 33). However, in our cohort, we found that patients with pathogenic HREs had a reduced median survival time, which was consistent with previous studies in China (6). Our result may be related to the low frequency of C9orf72 HRE expansion mutations; large samples are needed to elucidate the potential associations between HREs in C9orf72 and disease phenotypes. With regard to the clinical phenotypes of the six ALS patients with pathogenic HREs in C9orf72, only two presented memory impairment and abnormal behavior, while the remaining four showed pure ALS without memory impairment, which emphasizes the need to test for HREs in C9orf72 in ALS patients with pure motor neuron signs.

To our knowledge, the normal CAG repeat size in ATXN2 is 15–29 (34) and the different ranges of CAG repeat numbers contribute to different phenotypes (Figure 4), such as SCA2 (repeats >34), ALS (repeats: 29–34) and Parkinsonism (repeats: 34–49). To date, many previous studies have proposed that intermediate CAG repeats in ATXN2 are associated with ALS (22, 31, 35–37). However, it is challenging to identify the risk range for ATXN2 CAG repeat in ALS, and few studies reported a same risk range. Ming-Dong Wang et al. reported a intermediate size range of 30–33 (38). Meanwhile, Neuenschwander et al. (39) suggested a risk range of 29–32, 33 repeats. Subsequently, Sproviero et al. (31) reported the same results as reported by Neuenschwander et al. (39). In this study, we identified a cutoff value of 29 and found that intermediate repeats ranging from 29 to 34 were significantly associated with ALS. In addition, two studies have been suggested that shorter intermediate repeats may be a protective factor for ALS (31, 39), but there is still no consensus.


[image: Figure 4]
FIGURE 4. The spectrum of diseases associated with ATXN2 polyQ repeat expansions.


In SCA2, a strong inverse correlation between AAO and repeat length was observed (40). Other studies have indicated that patients with CAG repeat length >24 have an earlier AAO, but this was no significant in Chinese individuals (12, 34, 41). In our study, the patients with expanded CAG repeat length showed different manifestation. We found no association between clinical features and intermediate CAG repeat, which was in line with previous reports (31, 36, 41–45). We therefore propose that intermediate-length ATXN2 repeats may be involved in ALS pathogenesis, but whether they influence the phenotypes of ALS remains to be determined.

In addition, we reviewed the clinical features of patients carrying intermediate CAG repeats (Supplementary Table 2). When comparing the patients with pathogenic CAG repeats (Supplementary Table 3), most patients with intermediate repeats in previous studies showed pure sporadic ALS or ALS with cognitive impairment, but few cases presented with ataxia (13, 31, 45–47). Moreover, in previous studies, patients with intermediate CAG repeats had an increased risk of combining with cognitive impairment or an FTD phenotype (43, 48). However, this phenomenon was not found in our 14 ALS patients with intermediate repeats. This discrepancy may arise from a difference in ethnic backgrounds. Additionally, some ALS patients were reported to carry full pathogenic CAG repeats (>34), and we also found two such ALS patients in our cohort. In summary, patients' clinical manifestations vary greatly (Supplementary Table 3): most patients carrying pathogenic repeats have a family history of SCA2 or ALS; a small portion of patients show pure ALS without ataxia; a few patients first present ataxia and gradually develop the ALS phenotype a few years after onset.

The genetic and clinical overlaps between ALS and SCA2 may arise from the common pathogenetic mechanisms of these two diseases. Many studies have found that CAG repeats in ATXN2 specifically alter the secondary structure of the RNA, leading to toxic gain of function at the RNA level, which is also implicated in the pathogenesis of ALS (31). However, previous studies showed ALS patients have CAA interruption in the CAG repeat region (34), whereas SCA2 patients have pure CAG repeat regions (49). Pure CAG repeats form slippery hairpins, whereas the CAA interruptions determine the folding of the ATXN2 transcript into branched hairpins which may hamper the interaction with double strand RNA-binding protein (34). This date may partly explain why ATXN2 CAG repeats cause two different phenotypes. Meanwhile, TDP-43-positive inclusion bodies are the typical pathological manifestation of ALS. Many studies have found that ATXN2 can directly interact with TDP-43 and that expanded CAG repeats in ATXN2 can promote cytoplasmic mis-localization of TDP-43 by enhancing C-terminal cleavage (9, 50). Further functional studies are needed to elucidate the pathogenic mechanisms of intermediate and pathogenic CAG repeats in the ATXN2 gene in ALS.

Recently, a study showed that AR antagonists could accelerate disease onset in male SOD1G93A ALS mice, leading to exacerbated muscle pathology (16), which indicates that AR may be implicated in the pathogenesis of ALS. However, we did not discover an association between CAG repeats in AR and ALS or its phenotypes in our cohort. In consisted with our results, many previous studies did not find an association between CAG repeats in AR and ALS either, even in other tissues, such as spinal cord and brain. Accordingly, it seems plausible to speculate that the lengths of CAG repeat in AR may not be a risk factor for ALS. More robust independent studies are still warranted to confirm this hypothesis.

Similar to ATXN2, NOP56 is another causative gene of the SCA subtype, SCA36. Clinically, some SCA36 patients manifest the ALS phenotype, especially in cases reported in Japan. Genetically, some ALS patients carry pathogenic GGCCTG repeats in NOP56 (18), suggesting an overlap of genetic and clinical manifestations between ALS and SCA36 (51, 52). Additionally, one study showed a progressive reduction in the NOP56 protein level in the large motor neurons of the SOD1G93A ALS mouse model (19). However, our results found that the size of the GGCCTG repeat expansion in NOP56 was not associated with ALS when a cutoff value of ≥9 was used and there was not a significant difference in the distribution of CAG repeats between patients and controls, which was consistent with the results of other studies (53, 54). In general, although ALS and SCA36 have similar clinical phenotypes, repeat expansions in NOP56 might not be a risk factor for ALS. Thus, further understanding the normal functions of these genes will provide insight into their role in disease.

In conclusion, HREs in C9orf72 are rare in ALS patients in mainland China, and GGCCTG repeats in NOP56 and CAG repeats in AR may not be associated with an increased risk of ALS. Meanwhile, intermediate-length repeat expansions in ATXN2 are more frequent in China, suggesting shared underlying etiological factors among neurodegenerative diseases. Our study has limitations. First, the number of the controls is less than half of ALS patients, which may affect the results of the statistical analysis. Second, we do not have a single control homogeneous group. Third, we did not evaluate the CAA interruptions in the CAG repeat region, which maybe significant to clarify the clinical manifestations of the two patients carrying 37 repeats.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee and the Expert Committee of Xiangya Hospital, Central South University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XH and JW designed and conceptualized the study, analyzed the data, interpreted the data, drafted, and revised the manuscript. WL and PL play a major role in the acquisition of data and analyzed bioinformatic data. ZL, YY, and JN play a major role in the acquisition of data. LS and BT designed and conceptualized the study, analyzed the clinical data for diagnosis and differential diagnosis, and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Key Research and Development Program of China (#2021YFA0805200); the National Major Projects in Brain Science and Brain-like Research (#2021ZD0201803); the National Key Research and Development Program of China (#2018YFC1312003); the Program of the National Natural Science Foundation of China (#82171431, 81671120, 81300981, and 81250015); the Natural Science Fund for Distinguished Young Scholars of Hunan Province, China (#2020JJ2057); the Project Program of National Clinical Research Center for Geriatric Disorders at Xiangya Hospital (#2020LNJJ13); the Degree and Postgraduate Education Reform Project of Central South University (#2020JGB136); and the Foundation of Xiangnan University (#N2020XJ88).



ACKNOWLEDGMENTS

We are grateful to the participating patients for their involvement.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.811202/full#supplementary-material



REFERENCES

 1. Chia R, Chiò A, Traynor BJ. Novel genes associated with amyotrophic lateral sclerosis: diagnostic and clinical implications. Lancet Neurol. (2018) 17:94–102. doi: 10.1016/S1474-4422(17)30401-5

 2. Liu Z, Yuan Y, Wang M, Ni J, Li W, Huang L, et al. Mutation spectrum of amyotrophic lateral sclerosis in Central South China. Neurobiol Aging. (2021) 107:181–8. doi: 10.1016/j.neurobiolaging.2021.06.008

 3. Gijselinck I, Van Langenhove T, van der Zee J, Sleegers K, Philtjens S, Kleinberger G, et al. A C9orf72 promoter repeat expansion in a Flanders-Belgian cohort with disorders of the frontotemporal lobar degeneration-amyotrophic lateral sclerosis spectrum: a gene identification study. Lancet Neurol. (2012) 11:54–65. doi: 10.1016/S1474-4422(11)70261-7

 4. Garcia-Redondo A, Dols-Icardo O, Rojas-Garcia R, Esteban-Perez J, Cordero-Vazquez P, Munoz-Blanco JL, et al. Analysis of the C9orf72 gene in patients with amyotrophic lateral sclerosis in Spain and different populations worldwide. Hum Mutat. (2013) 34:79–82. doi: 10.1002/humu.22211

 5. Nel M, Agenbag GM, Henning F, Cross HM, Esterhuizen A, Heckmann JM. C9orf72 repeat expansions in South Africans with amyotrophic lateral sclerosis. J Neurol Sci. (2019) 401:51–4. doi: 10.1016/j.jns.2019.04.026

 6. Chen Y, Lin Z, Chen X, Cao B, Wei Q, Ou R, et al. Large C9orf72 repeat expansions are seen in Chinese patients with sporadic amyotrophic lateral sclerosis. Neurobiol Aging. (2016) 38:217.e215–22. doi: 10.1016/j.neurobiolaging.2015.11.016

 7. Corrado L, Brunetti M, Di Pierro A, Barberis M, Croce R, Bersano E, et al. Analysis of the GCG repeat length in NIPA1 gene in C9orf72-mediated ALS in a large Italian ALS cohort. Neurol Sci. (2019) 40:2537–40. doi: 10.1007/s10072-019-04001-3

 8. 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) 35:936.e919–22. doi: 10.1016/j.neurobiolaging.2013.10.001

 9. Elden AC, Kim HJ, 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

 10. Naruse H, Matsukawa T, Ishiura H, Mitsui J, Takahashi Y, Takano H, et al. Association of ATXN2 intermediate-length CAG repeats with amyotrophic lateral sclerosis correlates with the distributions of normal CAG repeat alleles among individual ethnic populations. Neurogenetics. (2019) 20:65–71. doi: 10.1007/s10048-019-00570-9

 11. Borghero G, Pugliatti M, Marrosu F, Marrosu MG, Murru MR, Floris G, et al. ATXN2 is a modifier of phenotype in ALS patients of Sardinian ancestry. Neurobiol Aging. (2015) 36:2906.e2901–5. doi: 10.1016/j.neurobiolaging.2015.06.013

 12. Chen Y, Huang R, Yang Y, Chen K, Song W, Pan P, et al. Ataxin-2 intermediate-length polyglutamine: a possible risk factor for Chinese patients with amyotrophic lateral sclerosis. Neurobiol Aging. (2011) 32:1925 e1921–1925. doi: 10.1016/j.neurobiolaging.2011.05.015

 13. Chiò 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

 14. Corrado L, Mazzini L, Oggioni GD, Luciano B, Godi M, Brusco A, et al. ATXN-2 CAG repeat expansions are interrupted in ALS patients. Hum Genet. (2011) 130:575–80. doi: 10.1007/s00439-011-1000-2

 15. Sobue G, Hashizume Y, Mukai E, Hirayama M, Mitsuma T, Takahashi A. X-linked recessive bulbospinal neuronopathy. A clinicopathological study. Brain. (1989) 112:209–32. doi: 10.1093/brain/112.1.209

 16. McLeod VM, Lau CL, Chiam MDF, Rupasinghe TW, Roessner U, Djouma E, et al. Androgen receptor antagonism accelerates disease onset in the SOD1(G93A) mouse model of amyotrophic lateral sclerosis. Br J Pharmacol. (2019) 176:2111–30. doi: 10.1111/bph.14657

 17. Lee YC, Tsai PC, Guo YC, Hsiao CT, Liu GT, Liao YC, et al. Spinocerebellar ataxia type 36 in the Han Chinese. Neurol Genet. (2016) 2:e68. doi: 10.1212/NXG.0000000000000068

 18. Zeng S, Zeng J, He M, Zeng X, Zhou Y, Liu Z, et al. Genetic and clinical analysis of spinocerebellar ataxia type 36 in Mainland China. Clin Genet. (2016) 90:141–8. doi: 10.1111/cge.12706

 19. Miyazaki K, Yamashita T, Morimoto N, Sato K, Mimoto T, Kurata T, et al. Early and selective reduction of NOP56 (Asidan) and RNA processing proteins in the motor neuron of ALS model mice. Neurol Res. (2013) 35:744–54. doi: 10.1179/1743132813Y.0000000196

 20. Ludolph A, Drory V, Hardiman O, Nakano I, Ravits J, Robberecht W, et al. A revision of the El Escorial criteria - 2015. Amyotroph Lateral Scler Frontotemporal Degener. (2015) 16:291–2. doi: 10.3109/21678421.2015.1049183

 21. Yu B, Handelsman DJ. Pharmacogenetic polymorphisms of the AR and metabolism and susceptibility to hormone-induced azoospermia. J Clin Endocrinol Metab. (2001) 86:4406–11. doi: 10.1210/jcem.86.9.7793

 22. Lee T, Li YR, Chesi A, Hart MP, Ramos D, Jethava N, et al. Evaluating the prevalence of polyglutamine repeat expansions in amyotrophic lateral sclerosis. Neurology. (2011) 76:2062–5. doi: 10.1212/WNL.0b013e31821f4447

 23. Dolzhenko E, Bennett MF, Richmond PA, Trost B, Chen S, van Vugt J, et al. ExpansionHunter Denovo: a computational method for locating known and novel repeat expansions in short-read sequencing data. Genome Biol. (2020) 21:102. doi: 10.1186/s13059-020-02017-z

 24. Kimura F, Fujimura C, Ishida S, Nakajima H, Furutama D, Uehara H, et al. Progression rate of ALSFRS-R at time of diagnosis predicts survival time in ALS. Neurology. (2006) 66:265–7. doi: 10.1212/01.wnl.0000194316.91908.8a

 25. Ogaki K, Li Y, Atsuta N, Tomiyama H, Funayama M, Watanabe H, et al. Analysis of C9orf72 repeat expansion in 563 Japanese patients with amyotrophic lateral sclerosis. Neurobiol Aging. (2012) 33:2527.e2511–26. doi: 10.1016/j.neurobiolaging.2012.05.011

 26. Jang JH, Kwon MJ, Choi WJ, Oh KW, Koh SH, Ki CS, et al. Analysis of the C9orf72 hexanucleotide repeat expansion in Korean patients with familial and sporadic amyotrophic lateral sclerosis. Neurobiol Aging. (2013) 34:1311.e1317–9. doi: 10.1016/j.neurobiolaging.2012.09.004

 27. 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

 28. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S, Gibbs JR, et al. 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

 29. Van Mossevelde S, van der Zee J, Cruts M, Van Broeckhoven C. Relationship between C9orf72 repeat size and clinical phenotype. Curr Opin Genet Dev. (2017) 44:117–24. doi: 10.1016/j.gde.2017.02.008

 30. Fournier C, Barbier M, Camuzat A, Anquetil V, Lattante S, Clot F, et al. Relations between C9orf72 expansion size in blood, age at onset, age at collection and transmission across generations in patients and presymptomatic carriers. Neurobiol Aging. (2019) 74:234.e231–8. doi: 10.1016/j.neurobiolaging.2018.09.010

 31. Sproviero W, Shatunov A, Stahl D, Shoai M, van Rheenen W, Jones AR, et al. ATXN2 trinucleotide repeat length correlates with risk of ALS. Neurobiol Aging. (2017) 51:178.e171–9. doi: 10.1016/j.neurobiolaging.2016.11.010

 32. Irwin DJ, McMillan CT, Brettschneider J, Libon DJ, Powers J, Rascovsky K, et al. Cognitive decline and reduced survival in C9orf72 expansion frontotemporal degeneration and amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry. (2013) 84:163–9. doi: 10.1136/jnnp-2012-303507

 33. Trojsi F, Siciliano M, Femiano C, Santangelo G, Lunetta C, Calvo A, et al. Comparative analysis of C9orf72 and sporadic disease in a large multicenter ALS population: the effect of male sex on survival of C9orf72 positive patients. Front Neurosci. (2019) 13:485. doi: 10.3389/fnins.2019.00485

 34. Yu Z, Zhu Y, Chen-Plotkin AS, Clay-Falcone D, McCluskey L, Elman L, et al. PolyQ repeat expansions in ATXN2 associated with ALS are CAA interrupted repeats. PLoS ONE. (2011) 6:e17951. doi: 10.1371/journal.pone.0017951

 35. Lahut S, Omur O, Uyan O, Agim ZS, Ozoguz A, Parman Y, et al. ATXN2 and its neighbouring gene SH2B3 are associated with increased ALS risk in the Turkish population. PLoS ONE. (2012) 7:e42956. doi: 10.1371/journal.pone.0042956

 36. Lee T, Li YR, Ingre C, Weber M, Grehl T, Gredal O, et al. Ataxin-2 intermediate-length polyglutamine expansions in European ALS patients. Hum Mol Genet. (2011) 20:1697–700. doi: 10.1093/hmg/ddr045

 37. Van Langenhove T, van der Zee J, Engelborghs S, Vandenberghe R, Santens P, Van den Broeck M, et al. Ataxin-2 polyQ expansions in FTLD-ALS spectrum disorders in Flanders-Belgian cohorts. Neurobiol Aging. (2012) 33:1004.e1017–20. doi: 10.1016/j.neurobiolaging.2011.09.025

 38. Wang MD, Gomes J, Cashman NR, Little J, Krewski D. Intermediate CAG repeat expansion in the ATXN2 gene is a unique genetic risk factor for ALS–a systematic review and meta-analysis of observational studies. PLoS ONE. (2014) 9:e105534. doi: 10.1371/journal.pone.0105534

 39. Neuenschwander AG, Thai KK, Figueroa KP, Pulst SM. Amyotrophic lateral sclerosis risk for spinocerebellar ataxia type 2 ATXN2 CAG repeat alleles: a meta-analysis. JAMA Neurol. (2014) 71:1529–34. doi: 10.1001/jamaneurol.2014.2082

 40. Imbert G, Saudou F, Yvert G, Devys D, Trottier Y, Garnier JM, et al. Cloning of the gene for spinocerebellar ataxia 2 reveals a locus with high sensitivity to expanded CAG/glutamine repeats. Nat Genet. (1996) 14:285–91. doi: 10.1038/ng1196-285

 41. 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) 34:2236.e2235–8. doi: 10.1016/j.neurobiolaging.2013.04.009

 42. Lu HP, Gan SR, Chen S, Li HF, Liu ZJ, Ni W, et al. Intermediate-length polyglutamine in ATXN2 is a possible risk factor among Eastern Chinese patients with amyotrophic lateral sclerosis. Neurobiol Aging. (2015) 36:1603.e1611–4. doi: 10.1016/j.neurobiolaging.2014.10.015

 43. Ross OA, Rutherford NJ, Baker M, Soto-Ortolaza AI, Carrasquillo MM, DeJesus-Hernandez M, et al. Ataxin-2 repeat-length variation and neurodegeneration. Hum Mol Genet. (2011) 20:3207–12. doi: 10.1093/hmg/ddr227

 44. Sorarù G, Clementi M, Forzan M, Orsetti V, D'Ascenzo C, Querin G, et al. ALS risk but not phenotype is affected by ataxin-2 intermediate length polyglutamine expansion. Neurology. (2011) 76:2030–1. doi: 10.1212/WNL.0b013e31821e557a

 45. Van Damme P, Veldink JH, van Blitterswijk M, Corveleyn A, van Vught PW, Thijs V, et al. Expanded ATXN2 CAG repeat size in ALS identifies genetic overlap between ALS and SCA2. Neurology. (2011) 76:2066–72. doi: 10.1212/WNL.0b013e31821f445b

 46. Baumer D, East SZ, Tseu B, Zeman A, Hilton D, Talbot K, et al. FTLD-ALS of TDP-43 type and SCA2 in a family with a full ataxin-2 polyglutamine expansion. Acta Neuropathol. (2014) 128:597–604. doi: 10.1007/s00401-014-1277-z

 47. Tazen S, Figueroa K, Kwan JY, Goldman J, Hunt A, Sampson J, et al. Amyotrophic lateral sclerosis and spinocerebellar ataxia type 2 in a family with full CAG repeat expansions of ATXN2. JAMA Neurol. (2013) 70:1302–4. doi: 10.1001/jamaneurol.2013.443

 48. Kim YE, Oh KW, Noh MY, Park J, Kim HJ, Park JE, et al. Analysis of ATXN2 trinucleotide repeats in Korean patients with amyotrophic lateral sclerosis. Neurobiol Aging. (2018) 67:201.e205–8. doi: 10.1016/j.neurobiolaging.2018.03.019

 49. Sobczak K, Krzyzosiak WJ. CAG repeats containing CAA interruptions form branched hairpin structures in spinocerebellar ataxia type 2 transcripts. J Biol Chem. (2005) 280:3898–910. doi: 10.1074/jbc.M409984200

 50. Hart MP, Gitler AD. ALS-associated ataxin 2 polyQ expansions enhance stress-induced caspase 3 activation and increase TDP-43 pathological modifications. J Neurosci. (2012) 32:9133–42. doi: 10.1523/JNEUROSCI.0996-12.2012

 51. Garcia-Murias M, Quintans B, Arias M, Seixas AI, Cacheiro P, Tarrio R, et al. 'Costa da Morte' ataxia is spinocerebellar ataxia 36: clinical and genetic characterization. Brain. (2012) 135:1423–35. doi: 10.1093/brain/aws069

 52. Maharjan N, Saxena S. It takes two to tango: DPRs in ALS and SCA36. Neuron. (2020) 107:202–4. doi: 10.1016/j.neuron.2020.06.025

 53. Figley MD, Thomas A, Gitler AD. Evaluating noncoding nucleotide repeat expansions in amyotrophic lateral sclerosis. Neurobiol Aging. (2014) 35:936.e931–4. doi: 10.1016/j.neurobiolaging.2013.09.024

 54. Hirano M, Samukawa M, Isono C, Saigoh K, Nakamura Y, Kusunoki S. Noncoding repeat expansions for ALS in Japan are associated with the ATXN8OS gene. Neurol Genet. (2018) 4:e252. doi: 10.1212/NXG.0000000000000252

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.

Copyright © 2022 Hou, Li, Liu, Liu, Yuan, Ni, Shen, Tang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-811202-t001.jpg
CYorf72 ALS patients

Number 736
Repeat range (most common size)  2->60 (2)
Mean + SD 1042527
Group

<80, number 730
30, number 6

SD, standard deviation.

Healthy controls p-value

365
2-15(2)
52+4.1

365
0

 We did not do the Fisher's exact test as C9orf72 is a recognized disease-causing gene

for ALS.





OPS/images/fneur-13-811202-t002.jpg
Patient

HRE repeat length
Sex

AAO (years)

Disease duration (months)

ite of onset
Muscle weakness and atrophy
Muscle fasciculation
Dysarthria

Dysphagia

Mermory impairment

Abnormal behavior

Sensory disturbance
Pyramidal signs

Family history

EMG

Nov

sP

MUP

Brain atrophy (MR)

MRC

MMSE

ECAS

ALSFRS-R

A20863

>60

Male
47
107

Spinal

+ o+ o+

+

+
t
106/130
28/30

NA
NA

A36387

>60

Female

49

NA
Bulbar

+

+

+

NA
NA
NA
NA
1307130
NA
NA
NA

A36905

>60

Male
45
17+

Spinal

+ o+ +

+
t
+
1007130
30/30
NA
39/48

A000232

>60

Female
44
24

Spinal

+
t
+
112/130
19/30
NA
39748

A002555

102/130
NA
60/136
44/48

A002681

>60

Male
49
15

Spinal

NA
NA
NA
NA
91/130
NA
NA
14/48

NA, data not available; AAO, age at onsst; EMG, electromyography; NCV, nerve conduction velocity; S, sponteneous potentiels; MUR, motor unit potentials; MRI, megnetic resonance

imaging; MRC, Medical Research Council; MMSE, Mini-Mental State Examination; ALSFRS-R, ALS Functional Rating Scale-Revised; +, affected; -, unaffected.

The patient has been reported in a previous study.

*The patient was dead at the time of the study.

§ Right peroneal nerve motor conduction did not produce a positive waveform.

1 Lost to follow-up.





OPS/images/fneur-13-811202-g003.gif





OPS/images/fneur-13-811202-g004.gif
Toul
aLs

scaz

Inbesmedioted






OPS/images/fneur-13-811202-t005.jpg
NOPS56 ALS patients  Healthy controls ~p-value

Number 736 229

Repeat range (most common size)  9-39 (22) 11-84 (22)

Mean + SD 2346+ 7.75 218+£3.1

Group 0.624¢
<9, number 693 218

>9, number 43 11

$P-values were calculated via the chi-square test.





OPS/images/fneur-13-811202-t003.jpg
ATXN2 ALS patients Healthy controls p-value

Number 736 201

Repeat range (most common size)  19-87 (22) 17-28 (22)

Mean  SD 2593550  221%08

Group 0083*
<29, number 720 201

29-84, number 14 0

*p.values were calculated via the Fisher's exact test.





OPS/images/fneur-13-811202-t004.jpg
AR ALS patients Healthy controls ~p-value

Number 736 225
Repeat range (most common size) 939 (22) 11-34 (22)

Mean  SD 2846+7.75 21881

Male < 24, number 286 84 077
= 24, number 200 40

Female < 28, number 2 5 0.690¢
= 28, number 224 9%

$P-values were calculated via the chi-square test and Fisher's exact test.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Clinical and Polynucleotide Repeat Expansion Analysis of ATXN2, NOP56, AR and C9orf72 in Patients With ALS From Mainland China



		Introduction



		Methods



		Population



		Genetic Analysis



		Statistical Analysis







		Results



		Clinical Data



		Genetic Results and Clinical Features of ALS Patients With C9orf72 Mutations



		Genetic Results and Clinical Features of ALS Patients With Intermediate CAG Repeats in ATXN2



		Genetic and Clinical Features of ALS Patients With Different CAG Repeats in the AR Gene



		Genetic and Clinical Features of ALS Patients With Different GGCCTG Repeat Sizes in the NOP56 Gene







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















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

The Clinical and Polynucleotide
Repeat Expansion Analysis of ATXN2,
NOP56, AR and C9orf72 in Patients
With ALS From Mainland China





OPS/images/fneur-13-811202-g001.gif





OPS/images/fneur-13-811202-g002.gif
A
M
G o

@ i










OPS/images/crossmark.jpg
©

2

i

|





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





