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Myotonic dystrophy type 2 (DM2) is a multisystemic disorder caused by a (CCTG)n in intron 1 of the CNBP gene. The CCTG repeat tract is part of a complex (TG)v(TCTG)w(CCTG)x(NCTG)y(CCTG)z motif generally interrupted in CNBP healthy range alleles. Here we report our 14-year experience of DM2 postnatal genetic testing in a total of 570 individuals. The DM2 locus has been analyzed by a combination of SR-PCR, TP-PCR, LR-PCR, and Sanger sequencing of CNBP alleles. DM2 molecular diagnosis has been confirmed in 187/570 samples analyzed (32.8%) and is mainly associated with the presence of myotonia in patients. This set of CNBP alleles showed unimodal distribution with 25 different alleles ranging from 108 to 168 bp, in accordance with previous studies on European populations. The most frequent CNBP alleles consisted of 138, 134, 140, and 136 bps with an overall locus heterozygosity of 90%. Sequencing of 103 unexpanded CNBP alleles in DM2-positive patients revealed that (CCTG)5(NCTG)3(CCTG)7 and (CCTG)6(NCTG)3(CCTG)7 are the most common interruption motifs. We also characterized five CNBP premutated alleles with (CCTG)n repetitions from n = 36 to n = 53. However, the molecular and clinical consequences in our cohort of samples are not unequivocal. Data that emerged from this study are representative of the Italian population and are useful tools for National and European centers offering DM2 genetic testing and counseling.

Keywords: myotonic dystrophy type 2, CNBP premutations, alleles distribution, DM2 genetic testing, penetrance


INTRODUCTION

Myotonic dystrophy type 2 (DM2; MIM#602668) is an autosomal dominant multisystemic disorder caused by a (CCTG)n repeat expansion in intron 1 of CNBP gene (previously ZNF9) on chromosome 3q21.3 (Liquori et al., 2001). DM2 is characterized by progressive proximal muscle weakness, myotonia, myalgia, calf hypertrophy, and multiorgan involvement with cataract, cardiac conduction defects, and endocrine disorders (Meola and Cardani, 2015; Montagnese et al., 2017). The clinical phenotype typically arises in the adulthood, and to date, no congenital form of the disease has been reported (Meola et al., 2017). The true prevalence of DM2 is still uncertain since DM2 is almost under diagnosed; nevertheless, clinical experience indicates that DM2 is roughly fivefold less common than myotonic dystrophy type 1 (DM1; MIM# # 160900), at least in the Mediterranean area. DM2 mutations have been identified mainly in North Eastern Europe, where the DM2 expansion only occurs on a specific chromosomal haplotype, suggesting the occurrence of a predisposing mutation in a common ancestral founder (Bachinski et al., 2003; Liquori et al., 2003; Coenen et al., 2011; Meola and Cardani, 2017). The CCTG repeat tract is part of a complex (TG)v(TCTG)w(CCTG)x motif, which is generally interrupted in healthy range alleles by one or more GCTG, TCTG, or ACTG (NCTG) motifs resulting in more stability (Radvanszky et al., 2013). Consequently, the combined repeat tract in those healthy range alleles can be described by five distinct repetitive motifs (TG)v(TCTG)w(CCTG)x(NCTG)y(CCTG)z (Bachinski et al., 2009). Normal alleles have <25 copies of the CCTG repeat tract, whereas expanded alleles have as many as 75–11,000 copies (Thornton, 2014). Alleles between 27 and 74 CCTG units (called gray area) are very rare, and their clinical significance is still unclear and subject of discussion in the scientific community. In DM2 patients, the interval of CCTG repeat units is extremely wide, ranging from 75 to over 11,000 units with a mean of 5,000 (Turner and Hilton-Jones, 2010). Unstable expanded alleles have an uninterrupted CCTG tract which favors unusual secondary structure more susceptible to strand slippage and unequal crossing over during cell division (Bachinski et al., 2009; Guo and Lam, 2016). The CCTG repeat size increases with age with a high level of somatic mosaicism; however, different from DM1, no significant correlation has been observed between CCTG repeat size and age of onset or other measures of disease severity (e.g., muscle weakness and age of cataract extraction) (Day et al., 2003). More interestingly, on transmission to the next generation, CNBP repeat length sometimes tends to decrease dramatically, without significant differences determined by the parental origin of the mutation (Day et al., 2003). The pathogenic mechanism of DM2 is an RNA gain of function toxicity leading to the formation of CCUG-containing ribonuclear foci and spliceopathy mediated mainly by the sequestration of MBNL1 protein (Cardani et al., 2009; Meola and Cardani, 2015). The molecular diagnostic protocol of DM2 is a challenging approach because of the CCTG expansion and the high level of somatic mosaicism. The initial step is the short-range PCR (SR-PCR), which allows excluding the DM2 diagnosis in the case of two alleles in the normal range. If only one allele is visible, CCTG expansion can be detected either with long-range PCR (LR-PCR) or tetraplet-primed PCR (TP-PCR) leading to about 99% of detection rate (Kamsteeg et al., 2012). The interpretation of the molecular data can be complicated by the polymorphic variability of CNBP normal alleles and by the length of the CCTG expansion, which can be only determined with classical Southern blot on digested genomic DNA. The molecular characterization and the distribution of the complex repeated motif and allele frequency of CNBP alleles in the normal population has been already reported only in German, Slovak, and American populations (Bachinski et al., 2009; Radvanszky et al., 2013; Mahyera et al., 2018). In the present work, we report our 14-year experience (from 2007 to 2020) of DM2 postnatal genetic testing in a total of 570 individuals from the Italian population. Main clinical indications in DM2 positive genetic testing, allele length, frequency, and distribution of CNBP normal alleles and detailed composition of the complex (TG)v(TCTG)w(CCTG)x(NCTG)y(CCTG)z are given. Furthermore, we also described at the clinical and molecular levels five individuals carrying CNBP unstable premutated alleles with the intent to provide useful information in DM2 genetic counseling.



MATERIALS AND METHODS


Individuals Included in This Study

The enrollment of the subjects described in this study was approved by the Institutional Review Board of Policlinico Tor Vergata (document no. 232/19). All individuals were referred to our center for DM2 genetic testing, and informed consents have been obtained from each participant. All individuals were of Caucasian origin from Italy. Muscle biopsies used for this study have been collected in Policlinico San Donato after receiving written informed consent from the patients (study authorized by the Institutional Ethics Committee ASL MI2-Melegnano via VIII Giugno, Milan).



CNBP Fragment Analysis Data

DNA was extracted from peripheral blood using the EZ1 Advanced XL Robotic workstation for automated purification of nucleic acids (QIAGEN, Germany). The molecular characterization of the DM2 mutation has been carried out using a combination of short-range PCR (SR-PCR), tetraplet-primed PCR (TP-PCR) and long-range PCR (LR-PCR), as described (Botta et al., 2006; Kamsteeg et al., 2012). SR-PCR enabled us to assess the length of the complex motif, and up to 40 CCTG repeats can be amplified using this method. DNA region was amplified with the following PCR pair primers: CL3N58D-F (5′-GGCCTTATAACCATGCAAA-3′) and CL3N58D-R (5′-CCTAGGGGACAAAGTGAG-3′). Amplification was carried out in 30 μl volume, containing: 50 ng genomic DNA, PCR reaction buffer (5×), 25 mM MgCl2, 1.25 mM dNTPs, 70 pmol of each primer, and 1 U of TaKaRa Taq polymerase (Takara Bio). The PCR cycle program consists of the following amplification conditions: 94°C for 3 min, 30 cycles of denaturation at 94°C for 1 min, annealing at 58°C for 40 s, and extension at 72°C for 40 s. A final elongation was carried out at 72°C for 5 min. Finally, capillary electrophoresis was carried out in order to determine the length of the CNBP unexpanded alleles in DM2-negative individuals. The statistical analysis of the frequency and distribution of the different 756 CNBP normal allele lengths characterized was done with MS Excel (Office Suite 2016).



Sequencing of CNBP Normal and Premutated Alleles

Sanger sequencing was performed to characterize CNBP repeat motif compositions of non-DM2 alleles. To simplify the analysis, PCR products were amplified from affected offspring who inherited the normal haplotype of interest, as only a single allele within the normal range would be amplified. SR-PCR products were purified and sequencing directly using BigDye Terminator v1.1 Cycle Sequencing Kit and visualized by capillary electrophoresis on an Applied Biosystems 3130xl Genetic Analyzer. Sequencing conditions were the following: 96°C for 1 min, 25 cycles of denaturation at 96°C for 10 s, annealing at 50°C for 5 s and extension at 60°C for 4 min. Data were analyzed with the software Sequencing Analysis v5.2 (Applied Biosystem).



Muscle Histopathology and RNA FISH/MBNL1 Immunofluorescence Analyses

Human muscle biopsies from biceps brachii muscle were taken under sterile conditions. Muscle samples were trimmed of blood vessels, fat, and connective tissues and fresh-frozen in isopentane cooled in liquid nitrogen. Histopathological analysis was performed on serial sections (8 μm) processed for routine histological or histochemical stainings. A standard myofibrillar ATPase staining protocol was used after preincubation at pH 4.3, 4.6, and 10.4. The most typical alterations, such as nuclear clump fibers (i.e., aggregates of myonuclei with a thin rim of cytoplasm), nuclear centralization, and fiber size variability, with type II atrophy, were evaluated on serial muscle sections. Fluorescence in situ hybridization was performed on muscle frozen sections using a (CAGG)5 probe as previously reported by Cardani et al. (2009) to verify the presence of ribonuclear inclusions and their colocalization with MBNL1 protein.



Study of Alternative Splicing

Frozen muscle samples were practiced for the extraction of total RNA using TRIzol reagent (Gibco BRL, Gaithersburg, MD, United States), and 1 μg of RNA was reverse transcribed according to the cDNA protocol of the High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, United States). Splicing pattern profile of the IR, CLCN1, and MBNL1 genes was carried out as described (Nakamori et al., 2013). Total PCR products, obtained within the linear range of amplification, were electrophoresed on 2.5% agarose gel. Quantitative analysis of the amplified products was performed using SYBR Green II stained gels (Perkin-Elmer Life Science, Boston, MA, United States) scanned on a fluorimager 595 (Amersham Biosciences, Buckinghamshire, United Kingdom). The intensity of each band and the fraction of abnormally (or pathologically) spliced (AS) isoforms (AS-isoforms/total) were quantified by densitometry using ImageQuant software. Control of the RT-PCR reaction was based on the expression level of the glucose phosphate isomerase housekeeping gene (GPI) and all amplifications have been carried out in triplicate using independent cDNA samples.



RESULTS


Sociodemographic Characteristics of DM2 Patients and Major Clinical Indications for DM2 Genetic Testing

The Medical Genetics Unit at Tor Vergata Hospital is one of the main reference diagnostic labs for myotonic dystrophies in Italy. From 2007 to 2020, a total of 570 DM2 molecular analyses have been performed (286 females and 284 males) (Table 1). The main clinical indications for DM2 genetic testing were myotonia (28%), familiarity for the disease (24%), asthenia (20%), hyperCKaemia (18%), muscle weakness (17%), myalgia (15%), and cataract (6%). After DM2 genetic testing, only 187 individuals (33%) showed the presence of a (CCTG)n expansion in the CNBP gene. Among 187 DM2 confirmed patients, 96 were males (51%) and 91 were females (49%), with a mean disease age onset of 49 ± 16.9 years without a significant difference between sexes (p = 0.2) (Figure 1). The low percentage of DM2-positive test is in accordance with a data reported by Mahyera et al. (2018) and demonstrates that most clinicians still do not easily recognize the cardinal features of the DM2 disease. A positive family history was referred by 70/187 DM2-confirmed patients (37%); the familiarity was considered “positive” if patients reported of family members diagnosed with DM2. The confirmation of the DM2 mutation is mainly associated with the presence of myotonia (35%), hyperCKaemia (19%), asthenia (18%), muscle weakness (15%), and cataract (11%) in our cohort. On the contrary, cardiac, and endocrine dysfunctions are not specifically associated with the DM2 phenotype being present in less than 5% of DM2-positive tests (Figure 2). However, it is important to point out that, given the heterogeneity of submitters from all over the country, some clinical information may be missed or incomplete. In DM2 families where the transmission of the expansion could be determined (n = 62), no differences have been found between the parental origin of the DM2 mutation.


TABLE 1. DM2 genetic tests requested to our lab in the period between 2007 and 2020.
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FIGURE 1. Pie chart showing the frequency of myotonic dystrophy type 2 (DM2)-positive, DM2-negative, and DM2-premutated with sex distribution in each category.
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FIGURE 2. Main clinical features of genetically confirmed DM2 patients (n = 187).




Frequency and Distribution of CNBP Healthy Range Alleles

To define the polymorphic spectrum of the (TG)v (TCTG)w(CCTG)x(NCTG)y(CCTG)z repeated motif in the Italian population, we analyzed the distribution of CNBP alleles in non-DM2 chromosomes. Fragment analysis by capillary electrophoresis was used to calculate the length of unexpanded CNBP normal alleles in 378 DM2-negative Italian individuals. The combined repeat tract length was plotted against the allele frequency. In this cohort of samples, a unimodal distribution of 25 different CNBP alleles length is shown, ranging from 108 to 168 bps (Figure 3). The most frequent alleles in the Italian population consisted of 138 (21%), 134 (13%), 140 (11%), and 136 (10%), and these data are in accordance with the data reported in the Slovak and German populations (Radvanszky et al., 2013; Mahyera et al., 2018). The combined use of SR-PCR and LR-PCR in DM2-negative probands revealed a homozygosity frequency for the CNBP locus of 90%, according to published data (Liquori et al., 2001; Mahyera et al., 2018).
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FIGURE 3. Frequency and distribution of CNBP healthy range alleles in DM2-negative Italian individuals (n = 378). Absolute number of alleles has been reported above the bars in the graph (total number of alleles = 756).




Structure and Composition of the (TG)v(TCTG)W(CCTG)X(NCTG)y(CCTG)z Repeated Motif in CNBP Normal Alleles

To determine the composition of the complex repeated tract in the CNBP gene, we sequenced CNBP normal alleles in 103 non-DM2-chromosomes: 87 derived from DM2-positive patients with full expansions and 16 from DM2-negative probands. Five additional DNA samples belonging to patients with mild muscular phenotype requesting DM2 genetic testing have also been analyzed. At least one sample in each allele length class has been sequenced; for the most frequent alleles, multiple samples have been characterized (138 bp, n = 20; 134 bp, n = 14; 140 bp, n = 9; and 136 bp, n = 14). The composition of the CNBP healthy range alleles is summarized in Figure 4. Results allow to distinguish four allelic classes: (1) short uninterrupted alleles with (CCTG)10–12 (2) short interrupted alleles with (CCTG)9–15 containing three interruption motifs, (3) long interrupted alleles with (CCTG)13–17 containing five interruption motifs, and 4) long uninterrupted alleles with (CCTG)22–55 including five DM2 premutations. Short uninterrupted alleles with (CCTG)10–12 are very rare alleles representing only 2% of normal CNBP chromosomes in our population, in accordance with published data (Radvanszky et al., 2013). CNBP interrupted alleles were divided into long and short classes depending on the length of the interruption located within the (CCTG)n array: short alleles with (CCTG)9–15 interrupted by three tetraplets (NCTG)3: T/GCTG-CCTG-TCTG and longer alleles containing (CCTG)13–15 interrupted by domains containing five tetraplets (NCTG)5: T/GCTG-CCTG-TCTG-CCTG-TCTG repetitions. Interestingly, the most frequent CNBP alleles have a (CCTG)x(NCTG)3(CCTG)z structure (92.9%), whereas only 7.1% contains (CCTG)x(NCTG)5(CCTG)z motifs. The longest 168-bp allele contains no interruptions of the (CCTG) tract (y = 0) with a (TG)18(TCTG)10(CCTG)23 structure and is identical to the longest CNBP allele reported in German non-DM2-chromosomes. The shortest 108-bp allele has been also sequenced resulting with the following repeated tract (TG)16(TCTG)7(CCTG)5(NCTG)3(CCTG)4. Analysis of the repeated motifs within the interruption tract shows that the most common combinations are represented by (CCTG)5(NCTG)3(CCTG)7 and (CCTG)6(NCTG)3(CCTG)7, with a frequency of 62.1% and 20.4%, respectively. Furthermore, by analyzing the whole repeated stretch (TG)v(TCTG)W(CCTG)X(NCTG)y(CCTG)z, we noticed that both (TG)21(TCTG)9(CCTG)5(NCTG)3(CCTG)7 and (TG)17(TCTG)9(CCTG)5(NCTG)3(CCTG)7 motif combinations (138 p and 130 bp alleles, respectively) were present in 8.7% of the sequenced alleles. In contrast to the length of the whole (TG)v(TCTG)w(CCTG)x(NCTG)y(CCTG)z motif, the (CCTG)x tract alone was found to be less polymorphic, with 16 different alleles identified in our cohort of samples. On the other hand, the (TG)v and the (TCTG)w tracts upstream of the CCTG array are highly polymorphic within the range of v and w tract, showing hypervariability of the (TG)v and (TCTG)w tracts with v = 14–26 and w = 7–11. Given the extreme variability in the sizes of the (TG) and (TCTG) different subunits, the precise length of the pathogenic CCTG unit within this repeat can only be determined by DNA sequencing when DM2 genetic testing is performed. Interestingly, we identified the presence of an uninterrupted (CCTG)n tract below 26 repetitions, which is considered the upper threshold for stable CNBP alleles, in 4% of non-DM2 chromosomes Overall, we can consider our data representative of the genetic variability associated with the DM2 locus in the Italian population. The general structure of the CNBP repeated motif in non-DM2 chromosomes is the following: (TG)14–26(TCTG)7–11(CCTG)5–9(NCTG)3–5(CCTG)4–8.
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FIGURE 4. Composition of the combined repeat tract (TG)v(TCTG)w(CCTG)x(NCTG)y(CCTG)z of CNBP non-expanded alleles determined by Sanger sequencing analysis. Repeat tract length in bp and number of alleles characterized are also indicated.




CNBP Premutated Alleles Are Unstable and Have Uncertain Functional and Clinical Consequences

During our diagnostic procedure, we characterized also five DM2-negative patients carrying CNBP premutated alleles from individuals referred to our centers for DM2 genetic testing (Figure 5A). Patient A1 is a 35-year-old male who came to our attention because he suffered from myalgia since the age of 16, and no other clinical signs have been reported. EMG did not reveal myotonic discharges with either myopathic or neurogenic changes in vastus lateral muscle. The CK level was mildly elevated with values ranging between 300 and 550 U/L. SR-PCR and Sanger sequencing showed that he is a carrier of a (CCTG)48 CNBP uninterrupted allele. The asymptomatic sister (A2), 46 years of age, carries a (CCTG)51–53 CNBP uninterrupted allele, and both premutations were inherited from the 66-year-old asymptomatic mother (A3) harboring (CCTG)53–55 repetitions. Patient B is a 51-year-old woman, carrying a (CCTG)36 CNBP uninterrupted allele, whose clinical signs reflect progressive proximal leg weakness and muscle pain, iperCKemia (>200 U/L), no clinical or EMG myotonia, insulin resistance, and hypovitaminosis D. Her father died of respiratory insufficiency at 69 years old and was reported to be affected by a not defined muscular dystrophy. Finally, patient C is a 72-year-old woman, carrying a (CCTG)37 CNBP uninterrupted allele, who has been suffering from myalgia since the age of 9. She has cardiomyopathy and is a carrier of PM. In her family history, premature deaths are also reported. In addition, she showed adipose involution of the great dentate, no EMG myotonia, hypothyroidism, obstructive sleep apnea, normal CK level, and a slight increase in lactates. Unfortunately, biceps brachii muscle biopsies were available for histological and molecular analyses only for patients A1 and B. Muscle biopsy from patient A1 showed only a slight fiber size variability both of types I and II fibers (Figure 5B). Analysis of muscle tissue from patient B revealed an increase in fiber size variability, nuclear clumps, central nuclei, and types I and II fiber atrophy (Figure 5B). RNA FISH and MBNL1 immunofluorescence analyses showed no nuclear accumulation of CNBP mutant RNA of MBNL1 protein in myofibers from both patients (Figure 5C). Similar to healthy individuals, no alterations in alternative splicing of muscle blind-like 1 (MBNL1), insulin receptor (IR), and chloride voltage-gated channel 1 (CLCN1) genes have been evidenced by RT-PCR analysis performed on RNA extracted from muscle biopsies (Figure 5D).
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FIGURE 5. Patients with CNBP premutated alleles. (A) Clinical characteristics of DM2 premutated patients and sequence of the uninterrupted CNBP alleles. (B) Left: Patient A1, Biceps brachii muscle biopsy performed at the age of 16 shows only a slight fiber size variability both of type I and II fibers (200×). Right: Patient B, Biceps brachii muscle biopsy performed at the age of 51 shows an increase of fiber size variability, nuclear clumps (arrow), central nuclei (asterisk) and type I (200×). (C) FISH + MBNL1 immunofluorescence of patient A1 and B shows no nuclear accumulation of CNBP mutant RNA or of MBNL1 as instead observable in a DM2 patient with (CCTG)2000 repetitions. (D) Similarly to healthy individuals (Ctr1 and Ctr2), no alterations of alternative splicing of MBNL1, IR, and CLCN1 genes have been evidenced by RT-PCR analysis compared with a DM2 patient, used as positive control.




DISCUSSION

In this study, we report our 14-year experience in DM2 genetic testing as one of the main Italian reference centers for the molecular diagnosis of myotonic dystrophies. The prevalence of DM2 likely varies by population: DM2 is rare in the Japanese population (Matsuura et al., 2012), and in the United States, clinical experience suggests that DM2 is roughly fivefold less common than DM1 (Thornton, 2014; Meola and Cardani, 2015). Data about the prevalence of DM2 in Europe are limited except for the German and Finland populations, where it may be like that reported for DM1 (Suominen et al., 2011; Mahyera et al., 2018). The only study performed in Italy, so far, includes the Rome province with an estimated prevalence of DM2, 10% that of DM1 (Vanacore et al., 2016). Unfortunately, we cannot calculate with accuracy the true prevalence of the DM2 disease in Italy because our data do not include the totality of DM2 patients overall the country. Nevertheless, since we are one of the main national diagnostic labs for myotonic dystrophies, we can estimate that the DM2 tests performed represent about 50% of all DM2 analyses in Italy. This allows us to calculate an estimated prevalence of DM2 in the Italian population that is about 10% that of DM1, in accordance with our previous published data (Vanacore et al., 2016). Moreover, additional important considerations are possible. The first is that we observed a very low percentage of DM2-positive test (33%) compared with the number of samples sent to our lab with a clinical suspicion of DM2. This positivity rate is also lower than what we have experienced in DM1 genetic testing (45% from our unpublished data) and suggests that clinical indications for DM2 molecular diagnosis are generally less defined than in DM1. This conclusion fully agrees with what was reported by Mahyera et al. (2018) for one of the main DM diagnostic labs in Germany and demonstrates how most clinicians still do not easily recognize the cardinal features of the DM2 disease probably due to its rather aspecific and late onset. Consequently, the average delay between the onset of symptoms and the genetic confirmation of DM2 is 14 years (Hilbert et al., 2013). Patients with DM2 usually come to medical attention because of myotonia, prominent in distal limb muscles, however, this symptom is present in less than 50% of subjects. Other symptoms such as cardiac and endocrine dysfunctions are not specifically associated with the DM2 phenotype being present in less than 5% of DM2-positive tests. Recent studies indicate that, unlike DM1, either CLCN1 or SCN4A acts as genetic modifiers in DM2 patients since mutations/polymorphisms in these genes may contribute to exaggerated phenotype with more severe muscle stiffness and myotonia (Suominen et al., 2008; Cardani et al., 2012; Bugiardini et al., 2015; Peddareddygari et al., 2016; Binda et al., 2018). This suggests that DM2 patients with co-segregating CLCN1 or SCN4A genetic variants could be more easily identified than DM2 patients without the modifier alleles, and consequently that the majority of patients remain undiagnosed even in clinical centers with considerable experience with DM2. Among 190 DM2 confirmed patients, we did not observe a different distribution of the disease symptoms and age of onset between males and females. Gender differences have been identified with a tendency toward the worsening of symptoms in females (Montagnese et al., 2017). However, we should point out that, different from the study of Montagnese et al., our work is not focused to provide a detailed clinical characterization of DM2 patients. Most of the clinical information has been collected retrospectively over time from different Italian centers with no follow-up of patients; it is therefore possible that some clinical data may be incomplete, underestimated, or missed at all. For this reason, a gender and age influence on the DM2 phenotype cannot be ruled out on the basis of our data. Comparison with the complex (TG)v(TCTG)w(CCTG)x(NCTG)y(CCTG)z repeat tract length in the Italian population vs. the German and Slovak populations showed that the distribution and the size of the CNBP repeat tract is conserved among different European populations (Radvanszky et al., 2013; Mahyera et al., 2018). Normal CNBP alleles from DM2-negative probands showed a unimodal distribution with allele sizes ranging from 108 to 168 bps, including very rare alleles bigger than 158 bp in the larger extreme end of the distribution. The range of CNBP normal alleles was 118–156 bp in a cohort of 95 proband in the Slovak population and 102–166 in the German population, where a cohort of 739 probands, closer in size to the one reported here, has been analyzed. The four most frequent CNBP allele among Italians consisted of 138 (21%), 134 (13%), 136 (11%), and 140 (10%) bps. Frequencies of the 138-, 134-, and 140-bp alleles are identical to the German population, whereas the 142-bp allele, which was found to be the third most frequent allele in Germany and the second most frequent allele in Slovenia, was at fifth place among the Italians (11 and 13% vs. 7% in Italians). However, it should be pointed out that these studies analyzed different study cohorts consisting of normal individuals from the general population (Radvanszky et al., 2013) or DM2-negative probands showing DM2-like symptoms (Mahyera et al., 2018 and our study). In normal-sized alleles from DM2 patients, the CCTG repeat tract is usually found to be interrupted by one or two tetraplets (NCTG)n, which modulate the genetic stability of the locus. However, as the difference between normal alleles (repeats to 26 CCTG units) and disease-associated alleles (75 units and more, with a mean of 5,000) is usually evident, exact sizing is not routinely performed. The variability in the sizes of the different subunits of the complex repeat, (TG)v(TCTG)w(CCTG)x, in the CNBP gene complicates the determination of the precise number of the CCTG unit within this repeat, which can only be determined by DNA sequencing. Our characterization of CNBP normal alleles confirms the highly polymorphic nature of the (TG)v(TCTG)w repeated tract compared with the whole (TG)v(TCTG)w(CCTG)x motif. Indeed, a great variability of these repeat units was found, between (TG)14–26 and (TCTG)7–11, which is not proportional to the increase in allelic size. Interestingly, sequencing analysis allowed us to identify two short uninterrupted alleles containing, respectively, (CCTG)10 and (CCTG)12 repetitions. These rare alleles found in our study cohort, represent only 2% of normal CNBP chromosomes, in accordance with previous analysis (Radvanszky et al., 2013). The existence of CNBP alleles with uninterrupted CCTG repeated tract has been reported for the first time by Liquori et al. (2003) who described a 136-bp allele containing (CCTG)20, thus, considering the 20 CCTG uninterrupted repeated as the shortest possible DM2 premutation allele. A few years later, Bachinski et al. (2009) identified 4 of 44 alleles with uninterrupted (CCTG)24–32. More recently, in the Slovak population, Radvanszky described six additional CNBP uninterrupted alleles containing up to 70 repeats in a large cohort of about 500 individuals. Interestingly, short alleles containing (CCTG)12–14 among the uninterrupted alleles have been reported, according to our data (Radvanszky et al., 2013). Finally, Mahyera et al. (2018) detected the presence of a 168-bp healthy allele containing (CCTG)23 in a total of 34 alleles in DM2-positive patients. There are at least two main still unsolved questions regarding CNBP uninterrupted alleles below the “70 CCTG threshold”: their genetic instability (either somatic or germinal) and their clinical significance. The international guidelines for the DM2 molecular diagnosis consider non-pathogenic CNBP alleles as those having up to (CCTG)26 with one or more interruptions (Bachinski et al., 2009; Kamsteeg et al., 2012), whereas disease-associated alleles contain 75 units and more uninterrupted CCTG units. No information is given on the range and penetrance of premutated CNBP alleles comprised of between 26 and 75 CCTG units. What do we know about these premutated alleles from literature? The paper from Bachinski and colleagues demonstrated that uninterrupted (CCTG)22–33 alleles are unstable and represent a premutation allele pool for DM2 full mutations. Mahyera et al. (2018) also reported two patients harboring (CCTG)55 and (CCTG)30 CNBP alleles with a DM2-like phenotype and (mild myopathy), respectively. (CCTG)70 and (CCTG) > 70 CNBP alleles were found in individuals belonging to families with genetically proven Huntington disease (HD); unfortunately, no detailed clinical information was available from these patients (Radvanszky et al., 2013). Our study enlarges the cohort of CNBP premutated individuals described so far. During our diagnostic procedure, we characterized five CNBP premutated alleles ranging from 36 to 55 uninterrupted CCTG repetitions. The analysis of our two familial cases confirmed that CNBP alleles containing more than 50 uninterrupted CCTG are unstable, as previously described. However, the clinical consequences are uncertain leading to only mild myopathy and hyperCKaemia in one patient, whereas his mother is asymptomatic by the age of 66. On the other side, one patient (patient C) carrying (CCTG)37 repetitions shows a more complex phenotype with myalgia, hyperthyroidism, and familiar cardiomyopathy. However, no additional genetic tests have been performed to exclude the presence of other genetic causes associated with the observed clinical phenotype. Histological examinations of muscle tissues, available only for two of these premutated individuals, showed mild muscular pathogenic signs with atrophy of both types I and II fibers, which have not been specifically associated with DM2 where high rates of atrophic and hypertrophic type 2 fibers were observed (Pisani et al., 2008). Moreover, no molecular hallmarks of DM (IR, MBNL1, CLCN1 splicing alterations, and CCUG-containing foci accumulation) have been detected in muscle tissues. Our data argue in favor of an incomplete penetrance for uninterrupted CNBP alleles in the range of (CCTG)36–55 repetitions. Taken together, our published studies indicated that there is no valid “cut-off” to distinguish CNBP alleles in the clinical range from those in the non-pathological range. Rather, there is an overlap of repeat sizes, some of which will be associated with mild disease expression, while others will not, depending upon still unknown modifying factors whose identification may represent a fruitful approach to defining therapeutic strategies in DM2. To conclude, our findings extend current knowledge concerning the polymorphic spectrum of the (TG)v and (TCTG)w tract variability and the occurrence of intergenerational segregation of CNBP alleles with uninterrupted CCTG tract. Our data argues in favor of a relative instability of CNBP premutated alleles, even if their clinical relevance is still a matter of debate. In this context, the molecular and clinical characterization of additional individuals would be desirable to provide improved genetic testing and counseling for DM2 patients.
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