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Introduction: Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder caused by pathogenic variants in the SMN1 gene. The majority of SMA patients harbor a homozygous deletion of SMN1 exon 7 (95%). Heterozygosity for a conventional variant and a deletion is rare (5%) and not easily detected, due to the highly homologous SMN2 gene interference. SMN2 mainly produces a truncated non-functional protein (SMN-d7) instead of the full-length functional (SMN-FL). We hereby report a novel SMN1 splicing variant in an infant with severe SMA.

Methods: MLPA was used for SMN1/2 exon dosage determination. Sanger sequencing approaches and long-range PCR were employed to search for an SMN1 variant. Conventional and improved Real-time PCR assays were developed for the qualitative and quantitative SMN1/2 RNA analysis.

Results: The novel SMN1 splice-site variant c.835-8_835-5delinsG, was identified in compound heterozygosity with SMN1 exons 7/8 deletion. RNA studies revealed complete absence of SMN1 exon 7, thus confirming a disruptive effect of the variant on SMN1 splicing. No expression of the functional SMN1-FL transcript, remarkable expression of the SMN1-d7 and increased levels of the SMN2-FL/SMN2-d7 transcripts were observed.

Discussion: We verified the occurrence of a non-deletion SMN1 variant and supported its pathogenicity, thus expanding the SMN1 variants spectrum. We discuss the updated SMA genetic findings in the Cypriot population, highlighting an increased percentage of intragenic variants compared to other populations.
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Introduction

Spinal muscular atrophy (SMA) is a neuromuscular genetic disorder with autosomal recessive inheritance. It is characterized by degeneration and selective loss of lower motor neurons, thus causing muscle weakness and atrophy. It is considered one of the most common causes of infant mortality, with an estimated prevalence of approximately one to two per 100,000 individuals and an incidence of about one in 10,000 live births (1, 2). The disease is caused by pathogenic variants in the survival motor neuron gene 1 (SMN1) located in the telomeric position of an inverted duplication of 500 kb on chromosome 5q12.2-q13.3 (3). SMN1 encodes the survival motor neuron (SMN) protein, a ubiquitously expressed protein involved in multiple fundamental cellular homeostatic pathways (4). A copy of this gene, known as survival motor neuron gene 2 (SMN2), is located in the centromeric region of this duplication. SMN2 has high homology to SMN1 (99% sequence identity). It differs by 16 nucleotides (5, 6), one of which (c.840C > T, exon 7, rs1164325688) results in abnormal splicing, thus producing (85–90%) a truncated delta non-functional protein (SMN-d7) (1, 5, 7). The full-length form (SMN-FL) is primarily produced by the SMN1 gene (8). The SMN2 gene cannot rescue the symptoms, but it is considered an important modifier of the clinical phenotype. Therefore, the disease severity is inversely correlated to the number of SMN2 copies. Based on the age of onset, the severity of motor dysfunction and the number of SMN2 copies, the disease has been classified into five types (0, the most severe, to 4, the mildest) (9). Furthermore, the amount of SMN-FL produced by the SMN2 gene is modified by the presence of SMN2 variants, which affect interactions with exonic and intronic splicing enhancers or silencers. Additional genes that act as disease modifiers by induced overexpression or downregulation have also been reported (1, 6). Different therapies targeting these modifiers have been developed for SMA patients, such as an antisense oligonucleotide (ASO) approach targeting an SMN2 intronic splicing silencer, thereby facilitating the generation of SMN2-FL transcripts (1).

Most SMA patients (95%) have no SMN1 due to a homozygous deletion encompassing exon 7 or an SMN1 to SMN2 conversion, which occurs more rarely. In the remaining 5% of patients, compound heterozygosity for an SMN1 deletion and a small-scale pathogenic variant, including missense, nonsense, splice site variants, insertions, deletions and duplications, has been described (1, 9, 10). Due to the high degree of sequence homology shared by the SMN1 and SMN2 genes, screening for SMN1 intragenic variants becomes more complicated, and most reported methods present limitations. Thus far, techniques such as reverse transcription (RT) PCR followed by clone sequencing (3), a long-range PCR (LR-PCR) specifically amplifying SMN1 (7, 11) as well as an allelic specific RT-PCR (10) have been used. However, only the LR-PCR has been appropriate for detecting intronic variants and could be used upon RNA sample unavailability. Furthermore, to our knowledge, determination of the RNA transcript levels has been mainly performed by relative quantification assays using conventional or Real-Time PCR, which were not able to distinguish the SMN1 and SMN2 derived full-length and truncated transcripts (2, 8, 12, 13). Absolute Real-Time PCR based on TaqMan probes has also been used and efficiently determined the SMN1 and SMN2 full-length transcripts. However, the truncated transcripts’ levels were either not significant and, therefore, not measured (14, 15) or not distinguished (16).

We hereby describe a novel SMN1 splice site variant that possibly affects the acceptor splice site of intron 6. The variant has been found in compound heterozygosity with SMN1 exons 7/8 deletion, thus causing an SMA type 1 phenotype in a female patient. We also present the determination of the SMN1 and SMN2 full-length and truncated transcript levels by relative quantification through an improved allele-specific Real-Time PCR assay that consisted of a rapid and cost-effective way to determine the four transcript levels distinctly. Our findings support a pathogenic role for the novel variant. In addition, we discuss the up to date genetic findings of SMA in the Cypriot population and we highlight an increased percentage of intragenic variants compared to other populations.



Materials and methods


Molecular analyses


Multiplex ligation probe amplification

The Multiplex Ligation Probe Amplification (MLPA) method was used to detect the SMN1 and SMN2 copy numbers. The SALSA MLPA kit P021-A1 SMA (MRC-Holland, Amsterdam, Netherlands) was used according to manufacturer instructions.



Sanger sequencing

Primers amplifying the sequence encompassing the SMN1/2 coding exons and intronic flanking regions were designed by us. Amplification products were sequenced in both directions using the Big Dye Terminator v1.1 Cycle Sequencing kit [Applied Biosystems (ABI), California, United States]. Sequence traces were automatically compared with the normal region sequences as listed in the GenBank database using the Seqscape software (ABI).



SMN1 long-range PCR

Primers for the specific amplification of a 13.7-kb SMN1 region, including exons 2–8, were redesigned by us based on a previous publication (11) (modifications have been performed to improve specificity, Supplementary Table S1). The GoTaq Long PCR master mix (Promega, Madison, Wisconsin, United States) was used according to manufacturer’s instructions in a 50 μL reaction volume. A touch-down PCR protocol was applied as follows: initial denaturation at 95°C for 2 min, followed by 14 cycles of denaturation at 92°C for 30 s, annealing at 63°C for 30 s, decreasing 0.5°C each cycle, extension at 68°C for 15 min, followed by 19 cycles of denaturation at 92°C for 30 s, annealing at 56°C for 30 s, extension at 68°C for 15 min and10 s, increasing 10 s per cycle, and a final extension step at 68°C for 10 min. Expected 13.7-kb products were confirmed by 0.8% agarose gel electrophoresis. Then they were excised and extracted from the gel using NucleoSpin Gel and PCR clean-up kit (MN) according to manufacturer’s instructions. The purified SMN1-specific product was then used as the template for Cycle Sequencing using internal primers for a short region in intron 6, encompassing the candidate variant.



In-silico prediction

Five in-silico prediction tools were used to predict the effect of the identified variant on splicing: Sroogle (17), ESE finder (18), Human Splicing Finder (HSF) (19), Mutation Taster (20) and NNSPLICE 0.9 (21).



Transcript analysis

Total RNA from the proband, a non-disease control individual, and the positive control LCLs was used for cDNA synthesis using the Protoscript First Strand cDNA Synthesis Kit [New England Biolabs (NEB), Ipswich, MA, United States]. The synthesized strands were used as substrates for transcript analysis. An initial qualitative transcript length analysis was performed by conventional PCR using primers designed on exons 6 and 8 to amplify both SMN1 and SMN2 transcripts, followed by agarose gel electrophoresis. PCR products also underwent digestion by the DdeI (NEB) endonuclease, which is often used for the SMN1/SMN2 separation because it recognizes and cleaves the SMN2 molecules due to the presence of a recognition site in exon 8. Agarose gel electrophoresis of the digested and undigested products enabled a comparison of the length of the transcripts, thus leading to a first estimation of the variant effect on splicing. Gel excision and extraction of the non-digested product were also performed. The purified product was sequenced using Sanger sequencing to delineate the splicing effect more accurately. Moreover, real-time PCR experiments were performed to assess the expression levels of the SMN1-FL, SMN2-FL, SMN1-d7, SMN2-d7, and the total SMN-d7 transcripts more accurately. The Power Track SYBR green master mix (ABI) and primer sets specific for the above transcripts (designed by us based on two of the SMN1/SMN2 nucleotide variations, Supplementary Table S1) were used. The two housekeeping genes B2M and L19 were also used as endogenous controls. Three independent real-time PCR experiments of three technical replicates for each sample were performed using the QuantStudio 7 Flex instrument (ABI). Relative expression calculations were performed using the method described by Ganger et al. (22). Statistical analysis was not performed due to sample size limitations.



Samples

Blood samples were obtained from the proband and her parents. Lymphoblastoid cell lines (LCLs) of an individual confirmed with a homozygous deletion of the SMN1 gene were purchased from the Coriell Institute to be used as a positive control in the experiments. Existing internal control samples from two SMN1 and two SMN2 copies were also used for copy number determination and transcript analysis. DNA was extracted from samples using standard salting-out procedures. RNA was extracted from the proband and an internal control using the Nucleospin RNA blood kit [Macherey Nagel (MN), Düren, Germany]. RNA from LCLs was extracted using the Nucleospin RNA kit (MN).





Results


Clinical description

The proband was a 3-month-old girl born at 37+6 weeks gestation to first-cousin parents by C-section due to a previous section. Prior to the pregnancy with the proband, the couple had six miscarriages and a normal twin pregnancy with identical twins that enjoy good general health. There were some reduced movements antenatally compared to previous pregnancies. At birth, the patient was reported to have a weak cry with a mildly bluish skin tinge (?cyanosis). There was no significant respiratory distress reported immediately after birth but soon after the patient was intubated for the first 4 days of life. She was subsequently extubated and was started on bottle feeds. There were otherwise no reported concerns within the first 2 months; however, the paediatrician noted reduced muscle tone. The patient was subsequently reviewed by a paediatric neurologist who clinically diagnosed her with SMA. The proband then had an EMG, which was supportive of this diagnosis. At the age of 3 months, she was reported to have reduced muscle tone, and her feeding took longer. There were no concerns with bowel or bladder function. On examination, at the age of 3 months, the occipitofrontal circumference was 38.7 cm (38th centile), the length was 62.5 cm (96th centile), and the weight was 5 kg (19th centile). The patient also had a very poor cry, mildly myopathic facies, and tongue fasciculations. Eye movements seemed normal. The palate was normal. Generalized hypotonia with a frog-leg position was also observed. She displayed very minimal movement, particularly of the left arm and none of the legs. The great toes were flexed bilaterally. Cardiovascular examination was unremarkable. The abdomen was soft and non-tender. The spine was straight. The knee deep tendon reflexes could not be elicited. The external genitalia were normal.



Molecular analysis

A heterozygous deletion of SMN1 exons 7 and 8 was initially detected in the proband and her father by MLPA analysis. No absence of any SMN1 exon was detected for the mother. However, a slight decrease in the value obtained from the SMN1 exon 7 probe hybridization was observed (0.78 instead of 1). An analogous decrease was observed for the probe on the proband (0.3 instead of 0.5), thus indicating the possible existence of a variant affecting probe hybridization efficiency. Regarding SMN2 copy number, two copies were detected for the proband, three for the father and one for the mother.

Further analysis of the proband towards identifying a second intragenic variant revealed the existence of the novel SMN1 gene splice-site NM_000344.3:c.835-8_835-5delinsG variant which has been submitted to ClinVar (accession number: SCV003935994). More specifically, the initial Sanger sequence analysis of the entire SMN1/2 coding and flanking intronic regions in both directions excluded any small-scale variants in all coding regions. However, it was indicative of a heterozygous deletion in intron 6. A mixed sequence pattern was obtained after the deletion starting point that did not enable the accurate determination of this variant (Figure 1A). To determine if this was SMN1 specific and also to obtain a clearer sequence pattern, LR-PCR specific for amplifying the SMN1 gene was then performed, followed by Sanger sequencing of the region encompassing the identified variant. The LR-PCR product was gel excised and extracted and then used as the template for Sanger sequencing. Internal primers for the intron 6/exon 7 region of interest were used. A clear sequence pattern was obtained, thus enabling accurate calling of the identified novel deletion and verifying its SMN1 specificity (Figure 1A). The same analysis performed on the parents revealed that the mother is a carrier of the deletion, whereas the father does not have this variant. Therefore, we conclude that the proband inherited the SMN1 gene exons 7 and 8 deletion from the father and the novel c.835-8_835-5delinsG variant from the mother. This variant was absent from 200 Cypriot chromosomes and publicly available databases, including gnomAD, 1,000 Genomes, dbSNP, Ensembl, Exome Variant Server (EVS) and the Leiden Open Variation Database (LOVD). It affects a conserved splice site region (Figure 1B). In silico tools used to predict any effect on splicing indicated the following inconsistent predictions for the variant sequence compared to the wild type: reduced branch site, polypyrimidine track and 3′ splice site scores (Sroogle tool, Supplementary Table S2); reduced 3’splice site scores and slightly reduced score for the binding protein SRSF5 (ESE finder, Supplementary Table S3); no significant impact on splicing signals (HSF); gain of a donor site at c.835–2 position (Mutation Taster, data not shown); loss of an acceptor site at c.842 position (NNSPLICE 0.9, data not shown).
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FIGURE 1
 Identification of the SMN1 novel splice site variant. (A) Sanger sequencing electropherograms were obtained using a non-SMN1 specific PCR product and an SMN1 specific LR-PCR product in the proband. The SMN1 specific product analysis is also shown for the mother who carries the variant, the father and non-disease control representing the wild-type sequence. (B) Conservation of the identified variant. The DNA sequence of the SMN1 gene region encompassing the identified variant (c.835-8_835-5delinsG) is highly conserved in various mammals. Nucleotides in black belong to intron 6 and nucleotides in red to exon 7.


The effect of the identified variant on SMN1 splicing and the expression of all SMN1/SMN2 transcripts was also evaluated experimentally. Conventional PCR analysis encompassing exons 6 and 8, followed by DdeI digestion of the SMN2 transcripts and agarose gel electrophoresis, indicated the absence of the SMN1-FL transcript and the presence of a smaller product corresponding to the SMN1-d7 (remaining undigested product) in the proband (Figure 2A). In contrast, in the non-disease control sample (2/2 SMN1/2 copies), the SMN1-FL had been the predominant transcript, as expected, and the SMN1-d7 was not easily detectable. Sanger sequencing of the gel extracted remaining undigested products (SMN1) in the proband and the non-disease control clearly demonstrated the absence of the entire exon 7 in the proband (Figure 2B).

[image: Figure 2]

FIGURE 2
 SMN1/SMN2 transcript analysis by conventional PCR, DdeI digestion and Sanger sequencing. (A) Agarose gel electrophoresis of the undigested and DdeI digested PCR products that resulted from amplifying the exons 6–8 cDNA region. Digested proband = 1, Undigested proband = 2, Digested non-disease control = 3, Undigested non-disease control = 4, Digested SMA affected control = 5, Undigested SMA affected control = 6, Size standard ladder (φX174 DNA-HaeIII Digest) = 7. It is shown that a smaller band (641 bp) than the expected SMN1/2-FL size (695 bp) is predominant in the proband. It corresponds to the SMN1-d7 form as it remains undigested. In the non-disease control, the predominant is the larger size band (695 bp), which corresponds to the SMN1-FL form as it remains undigested. In the SMA affected control having zero SMN1 copies, the detected bands correspond to the SMN2-FL and SMN2-d7 forms, which are fully digested (420/275 bp and 366/275 bp, respectively). (B) Sanger sequencing electropherograms were obtained by analyzing the remaining undigested products after performing the DdeI digestion in the proband and the non-disease control. The absence of exon 7 is clearly shown in the proband.


Real Time-PCR experiments were designed to be specific for each one of the FL and d7 SMN1 and SMN2 transcripts distinctly, as well as the total SMN-d7. The assays were performed to evaluate the expression more accurately. This approach further demonstrated that the functional SMN1-FL transcript in the proband had almost zero expression, similar to the SMA-affected control sample (Figure 3). In contrast, a remarkable expression of the SMN1-d7 transcript was observed only in the proband. The levels of both SMN2-FL and SMN2-d7 transcripts were higher in the proband, and in the SMA affected control, compared to the non-disease control. Similar results were obtained by the determination of the total SMN-d7 levels (Figure 3).

[image: Figure 3]

FIGURE 3
 Relative mRNA expression levels of SMN transcripts in the proband (patient), the non-disease control having two copies of both SMN1 and SMN2 (control 2/2) and an SMA affected control having zero copies of SMN1, two copies of SMN2 (patient 0/2). qPCR revealed that the functional SMN1-FL transcript in the proband has almost zero expression (0.003), similar to the SMA affected control (0.0002). The SMN1-d7 transcript was found to be expressed only in the proband, and therefore a fold-change comparison with the non-disease control was not possible. Increased levels of the SMN2-FL and the SMN2-d7 transcripts were observed for the proband (1.3 and 2.5-fold respectively) and the SMA affected control (2.5 and 2.6-fold respectively), compared to the non-disease control. Determination of the total SMN-d7 levels also agrees with the findings observed by the SMN1-d7 and SMN2-d7 distinct analyses. Increased total d7 expression was observed in the proband (3.5-fold, attributed to both the SMN1-d7 and SMN2-d7 increase) and the SMA affected control (2.6-fold, attributed to the SMN2-d7 increase) compared to the non-disease control. Values were obtained after normalization with the L19 and B2M housekeeping genes. Data are represented as the mean of three independent triplicate experiments ± SE. The non-disease control has been used as the reference sample for the interpretation of the FL relative transcripts level. For the d7 relative transcripts level interpretation, the proband has been used as the reference sample, due to the absence of the SMN1-d7 in the non-disease control.





Discussion

SMA is the second most common autosomal recessive disorder and the most common genetic cause of infant mortality. It is caused by pathogenic variants in the SMN1 gene, the most common being the homozygous deletion of exon 7 (in 95% of affected individuals). Other variants identified in compound heterozygosity with the exon 7 deletion in the majority of the remaining 5% of the patients include missense, nonsense and splice site variants, insertions, deletions and duplications (9). Due to the high degree of homology shared by SMN1 and SMN2, verification of the occurrence of a non-deletion variant in the SMN1 and not the SMN2 is also necessary; hence, the sequencing procedure becomes more complex. Therefore, more than one approach is usually necessary to provide an accurate and early diagnosis. An early confirmed genetic diagnosis is critical since it will enable timely patient treatment.

We hereby report the identification of a novel splice site variant in compound heterozygosity with the SMN1 exon 7 and 8 deletion in a 3-month-old girl presenting with SMA type I symptoms. During the last 30 years, a total of 16 Cypriot patients with SMA were confirmed genetically by our department which has served as the national reference centre for neurodegenerative diseases thus far. Genetic findings for the majority of them 13/16 (81.25%) have already been reported (23). Two other Cypriot cases were also reported in the past (24). In the majority (81.25%), Cypriot patients with SMA were diagnosed with an SMN1 homozygous deletion. The currently reported variant marks the third case of intragenic variants identified in the Cypriot population. The previous two variants included a splice-site and a frameshift. The first was an intron 1 (NM_000344.3:c.81 + 1dupG) variant identified in heterozygosity with SMN1 deletion in two siblings of a family, one affected and one unaffected. The same variant was previously detected in the Cypriot cases reported by Skordis et al. (24), and characterized as pathogenic. Therefore, phenotypic heterogeneity due to unknown modifying factors was hypothesized as a possible explanation for this family. The second variant is the exon 4 frameshift NM_000344.3:c.551_552insA, p.Lys184fsX71, which was recently identified in a family with a single affected child and was considered novel. At the same time, another group reported this variant for the first time (10) in Chinese patients. Intragenic variants usually account for 5% of SMA cases according to recent literature (1, 9, 25). With the two variants identified recently (the frameshift and the currently reported novel splice site), under the hypothesis that there are no other Cypriot cases that have been diagnosed by a foreign country centre, this percentage is ~19% in our population, which is probably much higher than in other populations To our knowledge, expect for a recent study in Brazil referring to a percentage of 10.7% of compound heterozygous intragenic variants identified by next generation sequencing without excluding the SMN2 interference (26), the reported percentages in other populations do not exceed 5% [i.e. France (1.3%) (3), Germany (3.4%) (27), Spain (3.0–3.3%) (28, 29), Italy (3.2%) (30), Korea (3.0%) (31), United States (3.8% including possible SMN2 variants) (32)].

The novel splice site variant was verified using a purified LR-PCR SMN1-specific product template for Sanger sequencing. SMN2 interference was excluded by homozygosity of the novel variant and the NM_000344.3:c.835–44 G site of intron 6 (rs1454173648, in case of heterozygosity G/A, SMN2 interference would exist). It is also very likely that this variant partially prevents the exon 7 MLPA probe’s regular binding thus explaining the decreased values obtained through this technique. The novel variant does not affect the dinucleotide AG of the consensus 3’acceptor splice site. However, it is near this dinucleotide, the branch site and the polypyrimidine track. Therefore, the normal binding of specific splicing proteins, which are necessary for splicing, might be affected (33). In-silico prediction tools did not reveal consistent changes between the variant and the wild type sequence in their majority, apart from the reduced 3′ splice site scores obtained by the Sroogle [6.43 vs. 10.92 (Max entropy), 87.09 vs. 93.34 (PSSM)] and the ESE finder tool (8.8 instead of 12.3). Therefore, we proceeded with RNA sequencing and expression experiments which finally confirmed a negative effect on mRNA splicing. RNA sequencing clearly showed exon 7 skipping. Real-Time PCR further confirmed that the truncated non-functional SMN1-d7 transcript was expressed instead of the functional SMN1-FL transcript, thus increasing the total SMN-d7 levels in the proband compared to the non-disease control. This finding probably results from a compensatory mechanism of the non-deleted SMN1 allele, which fails to produce the FL transcript due to the splice site variant. Additional splice-site variants have been reported most positioned in intron 6 or intron 7 splice site regions, and in exon 7, thus causing exon 7 skipping (2, 3, 8, 12, 13, 15, 29, 34). Some of these variants directly affect the conserved donor or acceptor splice sites (2, 13, 29, 34) and some are positioned in other intronic or exonic positions different from the splice site consensus regions or the branch site. In a few cases, the consequences at the transcript level have been documented, and similar to our results, the levels of the FL transcript were reduced (2, 8, 12, 13, 15). The levels of the total d7 transcript were also reported to be increased. In most studies, the total amounts (SMN1 and SMN2 derived) of FL and d7 transcripts were reported, and any reductions of FL levels were attributed to SMN1 absence. In some cases, DdeI digestion of the RT-PCR products followed by agarose gel electrophoresis was also performed (2, 8) to define each transcript origin, however, without providing accurate quantification. The more accurate quantification of the FL transcripts resulted from absolute relative quantification experiments based on using TaqMan probes specific for the SMN1-FL and SMN2-FL transcripts. This approach was performed either for investigating a variant effect (15) or identifying biomarkers (14, 16). However, the d7 transcripts were either not measured or not distinguished as SMN1 or SMN2 specific. In the current study, the four transcripts were quantified separately by relative quantification without using TaqMan probes but by using sets of primers designed based on specific nucleotide differences between SMN1 and SMN2. To our knowledge, our experimental approach is novel and provides a targeted quantification.

Our findings support a pathogenic effect for the novel c.835-8_835-5delinsG splicing variant. This variant affects normal splicing and leads to exon 7 skipping, as shown by functional analysis. The critical role of exon 7 skipping in SMA development has been well demonstrated and is further supported by the current data. However, it was not possible to determine the exact mechanism of aberrant splicing. In other reported cases, a variant could lead to the disruption of an exonic splice enhancer or the generation of an exonic splicing silencer thus preventing the recruitment of splicing factors such as the SF2/ASF, U2AF and others, or promoting the binding of splicing repressors such as the hnRNP A1. It was suggested that a previously reported neighboring variant (NM_000344.3:c.835-3C > T, rs772466166) produces a shift in the splice-site similar to that of SMN2. The exon 8 acceptor site out-competes the one of exon 7 due to inhibitory factors encompassing the +6 variant position in exon 7 (one of the nucleotides distinct from SMN1) (12). Similarly, we hypothesize that the currently reported variant might suppress the exon 7 acceptor site (according to the above two consistent predictions), thus allowing the selection of the following acceptor site and the skipping of exon 7. Otherwise, the variant either affects a feature that cannot be considered by the algorithms used by the in-silico prediction tools or affects the RNA secondary structure, thus promoting exon 7 skipping.

In conclusion, we hereby report the identification of a novel splicing pathogenic variant in the SMN1 gene in the Cypriot population, thus increasing the spectrum and the percentage of intragenic variants. Furthermore, the critical role of exon 7 skipping in SMA development is highlighted further through our findings. Our study provided early genetic diagnosis of the affected child, thus demonstrating the need to start treatment. The resulting data are crucial for genetic counseling, carrier testing in any first-degree family relatives and prenatal diagnosis if necessary.
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