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Background: Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are amongst the inherited neuromuscular diseases with the highest incidence. Small mutations are less common and therefore have been poorly studied in China.

Materials and methods: The clinical data of 150 patients diagnosed with DMD/BMD by genetic analysis in Hunan Children’s Hospital from 2009 to 2021 were analyzed. The patients were followed up for an average of 3.42 years and their clinical characteristics were collected. Loss of ambulation (LOA) was used to evaluate the severity of disease progression. The correlation among clinical features, different variants, and glucocorticoid (GC) treatment was analyzed by Cox regression analysis.

Results: 150 different variants were detected in this study, including 21 (14%) novel mutations, 88 (58.7%) non-sense mutations, 33 (22.0%) frameshift mutations, 22 (14.7%) splicing mutations, and 7 (4.7%) missense mutations. Single-exon skipping and single- or double-exon (double/single-exon) skipping strategies covered more than 90% of patients with small mutations. A case with frameshift mutation combined with Klinefelter’s syndrome (47, XXY) and another one with missense mutation combined with epilepsy was found in our study. De novo mutations accounted for 30.0% of all patients. The mean onset age was 4.19 ± 1.63 years old, and the mean diagnosed age was 5.60 ± 3.13 years old. The mean age of LOA was 10.4 years old (40 cases). 60.7% of them received GC treatment at 7.0 ± 2.7 years old. The main causes of complaints were muscle weakness, high creatine kinase (CK), motor retardation, and family history. The risk factors of LOA were positive family history (HR 5.52, CI 1.26–24.18), short GC treatment duration (HR 0.54, CI 0.36–0.82) and frameshift mutation (HR 14.58, CI 1.74–121.76). DMD patients who treated with GC after 7 years old had a higher risk of earlier LOA compared to those receiving treatment before the age of 7 (HR 0.083, CI 0.009–0.804). Moreover, an earlier onset age, a higher CK value, and a larger LOA population were found in the DMD patients compared to the BMD ones. Finally, the locations of the most frequent mutation were in exon 70 and exon 22.

Conclusion: In conclusion, 150 small mutations were identified in this study, and 21 of them were discovered for the first time. We found the hotspots of small mutations were in exon 70 and exon 20. Also, the analysis showed that positive family history, frameshift mutation, short duration of GC treatment, and delayed GC treatment resulted in earlier LOA for the DMD patients. Taken together, our findings complement the mutation spectrum of DMD/BMD, benefit us understanding to the DMD disease, and lay foundations for the clinical trials.
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Introduction

Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are neuromuscular recessive disorders due to the X-linked mutation in the dystrophin gene (Tuffery-Giraud et al., 2009). DMD is considered to be the most destructive category due to the complete loss of the dystrophin protein. Progression of the disease eventually leads to loss of ambulation (LOA) around age 13. BMD with a later onset and a slower progression than DMD (Duan et al., 2021). In general, the average age of onset of BMD is 12 years, and overall life expectancy is longer (Bello et al., 2016). Recent studies have greatly improved our understanding of pathogenesis. Multidisciplinary care guidelines for DMD have been established, covering all aspects of access to genetic diagnosis and management of the disease (Duan et al., 2021).

Approximately 60–70% of mutations in patients with DMD are deletions and have therefore become a popular topic of research (Dzierlega and Yokota, 2020). While small mutations, including non-sense mutations, missense mutations, frameshift mutations, and splicing mutations, accounted for 20% of the genetic data, remaining largely unknown. Severe DMD is caused by non-sense or frameshift mutations in the DMD gene, whereas its milder form of BMD is caused by in-frame deletions/duplications or missense mutations (Juan-Mateu et al., 2013; Okubo et al., 2020). There are also some patients with non-sense mutations who exhibit the BMD phenotype, mainly due to skipping exons containing non-sense mutations, resulting in in-frame deletion (Okubo et al., 2020). Some scholars have proposed that the location of non-sense mutations can predict the severity of phenotypes (Torella et al., 2020). Therefore, the molecular and clinical study of small mutations remains a complex problem.

Previous studies have analyzed the genetic characteristics of small mutations and identified the DMD/BMD phenotypes, but relatively few have evaluated the response of those patients to glucocorticoid (GC) treatment. Although many patients with small DMD mutations are distributed in various regions of China, they remain understudied. In this study, 150 patients with all minor mutations were enrolled to further analyze the correlation between clinical and genetic characteristics and to comprehensively investigate the effectiveness of GC treatment.



Materials and methods


Patients

Duchenne muscular dystrophy/Becker muscular dystrophy was clinically diagnosed based on clinical symptoms, family history, electromyography (EMG) data, and creatine kinase (CK) levels. In all probands, the diagnosis was confirmed by identification of family members with severe muscular atrophy and loss of ambulation before age 20. And CK levels above 400 U/L was defined as high CK. All patients with DMD small mutations were further confirmed by genetic testing, excepting those without large fragment deletions and genetic testing data. All participants provided informed consent for molecular analysis and participated in the study, which was approved by the hospital’s ethics committee.

A team of neuromuscular disease specialists was formed based on the age of symptom onset, disease progression, family history, and the age of LOA, and all patients were classified into four categories: Duchenne muscular dystrophy (DMD, LOA <13 years old); Becker muscular dystrophy (BMD, LOA ≥16); Intermediate muscular dystrophy (IMD, 13 years ≤ IMD < 16 years) and undetermined. Patients with motor function severity between DMD and BMD were classified as IMD. (Juan-Mateu et al., 2015; Andrews et al., 2018). The rest of the patients beginning to experience muscle weakness before age five was defined as having DMD, and with basically normal motor function or very mild muscle weakness after age five were defined as having BMD (Wang et al., 2019). We were unable to assign asymptomatic and young patients to phenotypic categories.

The study included five IMD patients, four of whom lost ambulation between 13 and 14 years old, and the other one patient is now 16 years old. Although the onset age is early, he had difficulty in going up and down stairs, squatting and standing up, and did not lose ambulation. Therefore, he was identified as an IMD patient.



Genetic analysis

Blood samples with negative multiplex ligation-dependent probe amplification (MLPA) results were then checked for small-scale mutations by next-generation sequencing (NGS) using an Illumina HiSeq 2000 platform (Illumina, San Diego, CA, United States) or Sanger sequencing as previously described, which was used to detect whether the probands’ mothers carried the DMD mutation.



Statistical analysis

IBM SPSS Statistics software, version 24.0, was used for statistical analysis of the clinical data. All counting data are presented as the number of cases or percentages. The measurement data with a normal distribution are presented as the mean ± standard deviation, and the measurement data with a non-normal distribution are presented as the median. Chi-square test was used for enumeration data. Cox proportional hazards regression was used to estimate the effect of individual variables on age at LOA. Statistical significance was set at p < 0.05.




Results


Clinical features


General condition

The entire cohort of 150 patients was enrolled in our study with a mean follow-up of 3.42 years and an average age of 8.9 years old. All patients came from central and southern China, and there were no significant differences in ethnic or geographic distribution. The average age of onset of symptoms was 4.19 years old. The main reasons for referral were muscle weakness found by family members, including difficulty in climbing stairs, squatting, standing up from squatting, slow running or heel failure to land after squatting (40.0%, n = 60). Additional clinical symptoms include high CK values, motor retardation, and family history. CK levels increased, ranging from 480.7 upto 43,716.0 IU/L, with an average of 13,108.5 IU/L (Table 1).


TABLE 1    Clinical characteristics of Duchenne muscular dystrophy/Becker muscular dystrophy (DMD/BMD) with small mutation.
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The average age of genetic diagnosis was 5.60 ± 3.13 years old, and 48.7% of them were diagnosed before 5 years old. Patients with non-sense mutations were diagnosed at elder age (5.90 years old), and their loss of ambulation delayed (10.8 years old) than those with other small mutations. 16.6% of them (25) had a positive family history of the disease. During the period of this study, 40 patients experienced LOA, and the mean age was 10.4 ± 2.1 years old (5.5–17). There were no deaths during follow-up. Clinical characteristics showed that, compared with BMD patients, the symptoms onset and diagnosis of DMD patients were at an earlier age, and they often had higher LOA ratios and higher CK levels (p < 0.05). The results are shown in Table 1.



Glucocorticoid treatment

In the group of this study, 89 boys (59.3%) received GC treatment, and 61 boys with an average age of 7.79 ± 4.36 years old had never received GC treatment. The mean age receiving GC treatment for the first time was at 7.0 ± 2.7 years old (1.2–13.7 years). The average prescribed dose was 0.57 ± 0.19 mg/kg/d prednisolone or 0.62 ± 0.21 mg/kg/d deflazacort. 79 of 90 patients treated with GC were followed up for over 1 year, and the maximum and mean duration of GC treatment was respectively 11.5 years and 2.75 years. The mean age of LOA was at 10.9 years old (n = 91) for those receiving GC treatment, and at 9.8 years old for non-users (n = 59). The proportion of GC utilization non-sense mutations, frameshift mutations, splicing mutations, and missense mutations were 67.0, 48.5, 100, and 28.6%, respectively. The main side effects of GC treatment are cushingoid features, abdominal obesity, delayed growth, cataracts, and elevated blood pressure.




Molecular characteristics

In our study, 150 male patients were identified by DMD gene sequencing (111 DMD, 5 IMD, and 23 BMD), and the other 11 patients could not be categorized precisely because of their young age. Among the mutation genotypes, non-sense mutations, frameshift mutations, splicing mutations and missense mutations accounted for 58.7 (88/150), 22.0 (33/150), 14.7 (22/150), and 4.7% (7/150), respectively. Non-sense mutations were the most common type of mutation (60.3%, 53/88), and the most common substitution was C > T. Among the frameshift mutation, there were 19 small deletions (57.5%), and 14 small insertions (42.4%). No other exon hot spots of mutation were identified except the exon 70 and 22 (Figure 1). The frequency of mutation types varies by clinical phenotype (Figure 2). There was no obvious same distribution pattern among different types of small mutations. Of the 150 mutations, 21 novel mutations in 21 unrelated families were first reported in our study (Table 2), and these novel mutations were found in 30.0% (45/150) of patients.
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FIGURE 1
Distribution of exons of small mutations in different mutation types.
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FIGURE 2
Distribution of small mutations. The ratios of mutation types in all patients (A), DMD/IMD (B), and BMD (C).
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FIGURE 3
The proportion distribution of potential small mutations single and multiple exons skipping treatments in all patients (A) and DMD/IMD (B).



TABLE 2    The 21 novel mutations diagnosed by next-generation sequencing (NGS) sequencing technology.
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We found that single-exon skipping, single or double-exon (double/single-exon) skipping, and single, double, or triple-exon (triple/double/single-exon) skipping covered 46.3, 91.9, and 98.4% of patients with small mutations, respectively. After removing BMD and unclassified patients, we found that single exon, double/single exon, and triple/double/single exon skipping covered 47.2, 92.5, and 100% of patients with DMD small mutations, respectively (Table 3).


TABLE 3    Multivariate Cox regression analysis of survival time in children with Duchenne muscular dystrophy (DMD) treated with glucocorticoid (GC).
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One patient with a frameshift insertion mutation (exon 35: c.4909_4910insGG; chrX-32383252; p.A1637Gfs*3) is now 6 years old and has only slightly difficulty in walking up and down stairs, and significantly increased CK (12,013 U/L). This mutation (C.4909_4910INSGG) has not been reported in the HGMDpro database. According to the American College of Medical Genetics and Genomics (ACMG) guidelines, the c.4909_4910INSGG mutation can be rated as a pathogenic mutation. It is noteworthy that we found that the patient’s X chromosome had repeated variation in the next generation sequencing, and clinical feedback showed that the patient’s karyotype was 47, XXY. Thus, he diagnoses as Klinefelter syndrome.

Another patient with a DMD gene missense mutation (exon 23: c.2996T > C; chrX-32486781; p. L999P) combined with epilepsy, showed significantly increased plasma CK levels, an inability to walk up and down stairs, difficulty in standing up in squats, and a positive Gowers’ sign. Electroencephalogram captured the spike wave and spike and slow complex in the Rolandic area. The onset frequency of seizures was once a month, while there were no seizures after 2 years of oxcarbazepine antiepileptic treatment.



Correlation analysis

To explore the association between loss of ambulation (LOA) and multiple factors, we focused on all patients with DMD and IMD who received glucocorticoid (GC) treatment. Multiple factors include the delay time from symptom onset to diagnosis of the patient, delay time from diagnosis to receive GC treatment, GC type and dose, positive family history, GC therapy initiation time, duration of GC treatment, and small mutation types. Among them, a positive family history is defined as a patient with similar symptoms to their families, such as early muscle atrophy and paralysis around the age of 20. As for GC treatment initiation time, we chose those patients treating GC at average age seven. Cox multivariate analysis suggests that a positive family history, initiation of GC therapy after age 7 years, short duration of GC therapy, and frameshift mutation was main risk factors for LOA (p < 0.05). Cox regression parameters for all other covariates did not differ significantly from the reference group (Table 3).




Discussion

A growing number of studies have revealed large deletions as the major mutation type causing Duchenne, while small mutations have received less attention. We identified small mutations that cause Duchenne/Becker muscular dystrophy using exon-targeted capture second-generation sequencing in a group of Chinese patients. In the past, the analysis of small mutations was mostly based on genetic characteristics, not coupled with clinical characteristics. We analyzed the data of DMD-BMD patients with small mutation who visited the hospital from 2009 to 2021, including the differences in DMD-BMD phenotypes, the risk factors of loss ambulation and the effectiveness of GC treatment, and we paid our attention to DMD gene mutation combined with epilepsy and Klinefelter syndrome. More importantly, we identified 21 novel mutations for the first time, and there are a higher frequency of mutations occurring in exon 70 and 22. The newly discovered mutations in this study provide a theoretical basis for studying the mutation mechanism of the DMD gene and the treatment of DMD/BMD.

In our patients’ general case, the most common reasons for attendance were delayed motor milestones, limb weakness, infection and unintentional elevation of creatine kinase on physical examination, and the age of onset of symptoms, which seemed to be consistent with previous reports (Rao et al., 2014; Liang et al., 2018; Wonkam-Tingang et al., 2020). In addition, some patients might also seek treatment due to short stature, attention-deficit/hyperactivity disorder, developmental delay, and other unnoticed manifestations, which suggest that we should not ignore the possibility of this disease. It has been noted that the reasons for patients receiving treatment include cardiomyopathy, ventilatory dysfunction, scoliosis, and so on. All of these are symptoms of advanced stages of disease (Wang et al., 2011) and are rarely observed in our center. The average age diagnosed as DMD world widely was approximately 4–5 years old (Zhang et al., 2021). The mean age of diagnosis in our study was 5.6 years old, and the average time from symptom onset to diagnosis was 2.91 years, which seems to be delayed than in previous studies reported (Thomas et al., 2022). Global data showed that patients without glucocorticoid treatment lost the ability to ambulate at 10 years old, while those with treatment were at 13 years old (Koeks et al., 2017), and patients in our study were at 10.9 and 9.8 years old, respectively, which was similar to a previous report (Liang et al., 2018). The differences may be explained by the dose of glucocorticoid taken in our cohort and the compliance of the patients taking medication. Of course, studies have shown that patients with or without glucocorticoids will eventually lose ambulation at the age of 13 years old (Sattenapalli et al., 2022).

The efficiency of GC treatments has been confirmed by several studies, which can increase the ambulation and cardiopulmonary function of DMD patients. The age of patients received GC treatments varied from individuals, usually at 4–5 years old (Wang et al., 2019). In our study, 60.7% of the patients received GC treatment, and their mean age was at 7.0 ± 2.7 years old, possibly because their muscle weakness was more pronounced in our cohort at this time. The average dose of prednisone was 0.57 ± 0.19 mg/kg/day, which was lower than the guideline recommendation of 0.75 mg/kg/day. Our study showed that for those treated with GC after 7 years old, they had a higher risk of LOA. The effectiveness of early treatment has also been reported in the literature (Kim et al., 2017). However, our study did not find significant differences in GC type and dose.

Non-sense mutations were the most frequent mutations in patients identified by us (58.7%), which introduced premature termination codons, resulting in truncated form of the protein and further causing severe phenotypes. Of course, an increasing study has reported that a very low rate of BMD cases carried non-sense mutations (Wang et al., 2019). In this study, missense mutations accounted for 4.7% (7/150) of the total small mutations, which were less than in previous studies (Juan-Mateu et al., 2015). Missense mutations have been reported to be associated with increased BMD (Okubo et al., 2020; Tokgün et al., 2022). Exon skipping strategy works well with patients carrying small mutations (Niks and Aartsma-Rus, 2017; Okubo et al., 2020). Half of our patients (approximately 58.6% of all patients) carried non-sense mutations. The application of exon skipping strategy is non-sense mutations, which were also reflected in our patients. Single- and double-exon skipping can theoretically cover 90% of non-sense mutations and small insertions and deletions collectively. Most frameshift mutations in our cohort were found in patients presenting severe DMD or IMD phenotype. Therefore, exon skipping therapy could be used in more severe forms of the disease. Exon 70 and exon 22 mutations were more frequent in our findings. Although most studies have found that small mutations are evenly distributed throughout the DMD gene (Zimowski et al., 2021), hot-spot mutation regions are deserved to be paid more attention, so that more efficient treatment targets can be discovered.

We cannot ignore de novo mutations in genetic counseling. In this study, 30.0% (45/150) new mutations were obtained. The mechanism of the new mutations occurring is not fully understood, but germline chimerism could be a possible cause. Therefore, effective and rapid diagnostic methods and systematic pedigree analysis are necessary for genetic counseling for DMD (Kong et al., 2019).

In terms of complications, we found a patient with DMD combined with Klinefelter syndrome, which is a disease caused by a sex chromosome abnormality. It is the most common types of male hypogonadism clinically, and it is one of hypogonadism induced by hypogonadotropism. This type of disease was first reported in 1989 and is very rare (Suthers et al., 1989; Ramesh et al., 1993; Santoro et al., 1998; Xu et al., 2014). Whether a combination of a mutated X chromosome and a normal X chromosome in Klinefelter always leads to BMD needs to be further analyzed, and at the same time, the patient’s phenotype and chromosome source should be considered (Suthers et al., 1989). A patient with frameshift insertion mutation is now 6 years old and has only mild difficulty in walking up and down stairs. Our patient had 2X chromosomes carrying the same mutation in exon 35, so one would expect a DMD phenotype. However, he has a rather mild course and has only limited difficulty walking up and down the stairs at age six. It is possible that the mutation causes a spontaneous skip of exon 35 for some transcripts. As exon 35 is in-frame, this would bypass the mutation and allow production of some dystrophin. Protein analysis would have to be done to confirm this hypothesis. However, similar cases have been described before (Ginjaar et al., 2000). In addition, one of our patients carried a missense mutation (chrX: 32486781, c. 2996T > C, p. L999p) showing epilepsy. Alterations in muscular dystrophy proteins in the brain are involved in an increased risk of epilepsy in Becker and Duchenne muscular dystrophy (BMD and DMD), and no association between mutation sites and prevalence of epilepsy was observed. Changes in muscular dystrophy proteins in the brain are currently linked to an increased risk of epilepsy in DMD, and no associations between mutation sites and epilepsy prevalence have been observed (Pascual-Morena et al., 2022). Missense mutations in this part of the gene are not likely to cause DMD or even BMD. However, it is possible that this mutation disrupts splicing of exon 23 and in that way abolishes dystrophin production. It is also possible that the patient carries a deep intronic mutation that disrupts splicing. Both scenarios can be explored with mRNA analysis.

In summary, small mutant DMD/BMD should be paid more attention to clinical heterogeneity and relatively complex conditions of these patients indicating that individualized treatment strategies are in highly needed in the future.
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