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Abstract 

Background  Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disease. Most patients 
with SMA have a mutation in the survival motor neuron 1 (SMN1) gene on chromosome 5q. With current genetic 
testing, SMN1 copy number is determined; a diagnosis is reached when the copy number is zero. When the SMN1 
copy number is 1, exons and intron/exon boundaries of the allele are examined for single-nucleotide variants (SNVs). 
Genetically undiagnosed cases of SMA exist when 2 copies of SMN1 exist or when a SNV is in the deep intron. Further-
more, SMN1 is highly homologous to SMN2; therefore, it is expected that many SNVs have not been elucidated.

Methods  This retrospective observational study conducted in Japan used pre-collected DNA samples from patients 
with clinically diagnosed SMA. Enrollment period was January 28, 2020 to September 30, 2021. SNV analysis of SMN1 
(exon 1–8 and intron 1–7) was conducted by long-range polymerase chain reaction and next-generation sequencing.

Results  From 336 DNA samples collected from patients, 62 patient samples were included in the SNV analysis. Two 
patients have been genetically diagnosed (a heterozygous variant in intron 6 with 1 copy of SMN1; a homozygous missense 
mutation in exon 3 with 2 copies of SMN1). Three SNVs in intron 6, c.834+1506A>G (n = 9), c.834+1751G>A (n = 2), and c.835-
367C>A (n = 5) were identified; all were numerically, and c.834+1506A>G and c.835-367C>A were significantly, more 
frequent in patients with 0 copies versus those with ≥ 1 copy of exon 7 in SMN1. We confirmed 3 hybrid SMN gene types in 5 
patients that contained SMN2 gene sequence (aaTgg) flanked by upstream “t” and downstream “G” SMN1 sequence.

Conclusions  In this study of patients with clinically diagnosed SMA, 2 cases with genetic SMN types were identified 
that would not have been identified through current genetic testing, which examines SMN1 deletions only. Further-
more, for 1 patient with a homozygous SMN1 missense mutation, SMA was not suspected by the current copy num-
ber screening method. This study demonstrated the importance of performing full-length sequencing for clinically 
diagnosed SMA to complement current screening methods.

Trial registration: University Hospital Medical Information Network Clinical Trials Registry (Number: UMIN000040095).
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Introduction
Spinal muscular atrophy (SMA) is an autosomal reces-
sive neuromuscular disease characterized by mus-
cle weakness and atrophy, resulting from progressive 
degeneration of anterior horn cells in the spinal cord 
[1]. SMA is one of the leading genetic causes of infant 
death, with an estimated global incidence (birth prev-
alence) of approximately 1 in 10,000 live births [2–5], 
and in Japan, the incidence of SMA is approximately 
1 in 20,000 live births [6]. SMA can be classified into 
subtypes based on age of onset and disease severity 
(i.e., the maximum achieved motor milestones) [1]. 
Type 1 is the most severe type of SMA, in which the 
patients have an onset of clinical signs before the age 
of 6 months and require ventilation. Type 2 is charac-
terized by age of onset before the age of 18  months; 
patients can sit unsupported but do not have the ability 
to stand or walk unsupported. Type 3 includes clinically 
heterogenous patients who have an onset of disease 
after the age of 18  months; disease progresses with 
patients losing their ability to walk during the course of 
the disease. Type 4 is an adult-onset SMA, manifesting 
after the age of > 30 years [7].

Genetically, most patients with SMA have a homozy-
gous gene deletion or loss-of-function mutation in 
the survival motor neuron 1 (SMN1) gene on chromo-
some 5q13 (5q SMA) [7]. A paralogous gene, SMN2, is 
highly homologous to SMN1 and lies within the same 
chromosome region 5q13 [1, 7]. Both SMN1 and SMN2 
encode the SMN protein; however, the SMN2 gene has 
a nucleotide difference of 840C>T in exon 7 that affects 
the splicing pattern [7, 8]. This results in a transcript 
missing exon 7, which then encodes a non-functioning 
SMN protein. SMN2 is considered a modifying factor of 
disease severity, with a greater copy number of SMN2 
associated with a milder form of SMA [1]. Most indi-
viduals affected with SMA have a homozygous deletion 
of SMN1 exon 7 or a gene conversion from SMN1 to 
SMN2 [7]. However, other intragenic variants, includ-
ing missense, nonsense, and splice site mutations, can 
also occur in any of the other SMN1 exons [1].

With the availability of disease-modifying therapy 
for SMA in recent years, genetic testing has become 
increasingly important. The multiplex ligation-depend-
ent probe amplification (MLPA) method is a clinically 
available genetic test used for the genetic diagnosis of 
5q SMA [9]. However, this method only detects copy 
number variants of SMN1 and is unable to capture 
intragenic variants within exons and introns. Thus, 
patients with clinically diagnosed SMA may not be 
genetically diagnosed with SMA using this method. 
To overcome this limitation of the MLPA method, a 
method using long-range polymerase chain reaction 

(LR-PCR) for SMN gene amplification was devel-
oped [10]. The LR-PCR method enabled the detection 
of intragenic variants within SMN1 (exons 1–8) and 
hybrid SMN genes where SMN2 exon 7 recombines 
with SMN1 exon 8. The identification of single-nucleo-
tide variants (SNVs) for each exon/intron of SMN1 and 
hybrid SMN genes may help guide the diagnosis and 
treatment of 5q SMA.

The aim of this study was to analyze all exons and 
introns of SMN1 in Japanese patients with clinically diag-
nosed SMA to make a genetic diagnosis of SMA, and to 
identify SNVs in SMN1 that may have a clinical impact. 
To facilitate our analysis, we modified the primers of the 
LR-PCR method to enable next-generation sequencing 
(NGS) of all exon and intron regions of SMN1.

Materials and methods
Study design
This was a retrospective observational study using pre-
collected DNA samples from patients at Tokyo Wom-
en’s Medical University with clinically diagnosed SMA. 
Patient DNA samples were collected between Janu-
ary 2017 and March 2019. Patients were enrolled for 
this study between January 28, 2020 and September 30, 
2021. Written informed consent was obtained from each 
patient or their legal representative prior to data collec-
tion, and patient data collected were de-identified and 
anonymized. A motor function questionnaire (Additional 
file  1) was sent to attending physicians of patients who 
provided written informed consent to assess patient’s 
maximum and current motor function. The study was 
conducted in accordance with the protocol, ethical prin-
ciples of the Declaration of Helsinki, and all relevant 
regulations and guidelines. The study protocol and the 
informed consent were approved on September 17, 2019 
by the Ethics Committee of the Tokyo Women’s Medi-
cal University (approval no. 393B). This study was regis-
tered with the University Hospital Medical Information 
Network Clinical Trials Registry (registration number: 
UMIN000040095).

Patient DNA samples
Genomic DNA patient samples were those from patients 
who had consented to participate in this study and had 
a clinically confirmed diagnosis of SMA. DNA samples 
with associated patient demographic and clinical data, 
including age at onset, SMA type, and maximum and 
current motor function, were included. Genomic DNA 
patient samples without the associated patient demo-
graphic and clinical data available were excluded.

From an initial 336 DNA samples stored at the Tokyo 
Women’s Medical University from patients with clini-
cally diagnosed SMA, 158 DNA samples were identified 
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with 0 copies of SMN1 exon 8 and were excluded from 
this study because such samples are not amenable to the 
LR-PCR method used (Fig.  1). From the remaining 178 
patient DNA samples, 62 patient samples were included 
in this study; 107 patients were excluded due to not pro-
viding their informed consent and nine patients were 
diagnosed with other diseases.

Genetic analysis
Analysis of SMN copy number
Pre-collected genomic DNA samples were thawed at 
room temperature. DNA samples had been extracted 
from peripheral blood leukocytes either manually using 
the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Ger-
many) or by automated extraction with the Maxwell and 
Maxwell RSC Blood DNA Kit (Promega Corporation, 
Mannheim, Germany; Promega Corporation, Madison, 
USA). As a preliminary analysis to detect copy number 
and to identify deletions within the SMN1 and SMN2 
genes, MLPA was performed using SALSA MLPA Probe-
mix P021-B1 SMA (MRC-Holland, Amsterdam, Nether-
lands) as previously described [10].

Mutational analysis
For specific amplification of SMN1, LR-PCR, which has 
been described previously [10] and modified for this 
study, was performed using KOD FX Neo polymerase 

(TOYOBO, Osaka, Japan). Forward primer hybridiza-
tion, 654  bp from the transcription initiation site, was 
performed using modified forward and reverse primers 
(Table 1) to amplify a 28.2-kb region that included SMN1 
exons 1–8 as described previously [10]. After amplifi-
cation, the LR-PCR 28.2-kb product was confirmed by 
1.0% agarose gel electrophoresis. Each amplified SMN1 
product was excised from the agarose gel and extracted 
using the QIAEX II Gel Extraction Kit (Qiagen, Hilden, 
Germany). Analysis of intragenic SNVs and deletions 
and hybrid SMN genes was conducted on the puri-
fied LR-PCR products by NGS (MiSeq®, Illumina, Inc., 
San Diego, CA, USA) according to the manufacturer’s 
instructions. The method for converting the long PCR 
product to NGS-compatible short fragments was paired-
end 150  bp (Read Type: "Paired End"; Cycles Read 1: 
"151", Cycles Read 2: "151") using the Nextera XT DNA 
Library Preparation Kit (Illumina, Inc., San Diego, CA, 
USA). For variant annotation and filtering, the default 
criteria of the Illumina VariantStudio v3.0 were used, 
and data were analyzed using Software Version 3.0.12 
(Illumina, Inc., San Diego, CA, USA) and Integrative 
Genomics Viewer (IGV) [11]. The default transcript for 
SMN1 was NM_000344. All coordinates for SNVs and 
mutations identified in this study are based on the human 
genome build GRCh37/hg19. P-values were determined 

Written informed patient consent form and questionnaire on 
motor function sent to the attending physicians, N=178

Pre-collected DNA samples tested by MLPA, N=336

Genetic Diagnosis LR-PCR Deletion Site
Analysis

Analyzed, N=62

SNV Analysis

Excluded
Diagnosed with other diseases, n=9
Informed consent not provided, n=107

Excluded
0 copies of SMN1 exon 8, n=158

Fig. 1  Patient DNA sample flow. LR-PCR, long-range polymerase chain reaction; MLPA, multiplex ligation-dependent probe amplification; SMN1, 
survival motor neuron 1; SNV, single nucleotide variant
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by Fisher’s exact test performed using GraphPad Prism 
version 10.2.3 (GraphPad Software, Boston, MA, USA).

Results
Patient characteristics
The patient cohort consisted of both adult and pediatric 
patients with SMA types 1, 2, 3, and 4 (Table 2). For half 
the patient cohort, the maximum motor function was 
climbing up stairs. Tracheostomy was reported for six 
patients. Seven (11.3%) patients had 0 copies of SMN1 
exon 7, and 7 (11.3%) patients had one copy of SMN1 
exon 7. For one patient, there were 0 copies of SMN2 
exon 7 and exon 8. 

Genetic diagnosis of SMA
After SMN copy number analysis using MLPA, sequenc-
ing analysis was performed on the 62 patient samples. 
Two female patients had pathogenic mutations and were 
genetically diagnosed with SMA (Table  3). One female 
patient was 9  years of age who had a tracheostomy at 
1  year of age, and gastrostomy and fundoplication at 
3  years of age. Copy number variations for this patient 
were: SMN1, exon 7 one copy, exon 8 one copy; SMN2, 
exon 7 two copies, exon 8 two copies. Sequencing anal-
ysis identified a heterozygous mutation in intron 6 of 
SMN1 (c.835-3C>A); this mutation had been previously 
reported [12]. The second female patient was 56 years of 
age, with a history of muscle weakness of the left foot at 
age 12 years, who required a walking cane at age 30 years 
and a wheelchair at age 45 years; the patient had a family 
history (first-cousin marriage) of disease. Copy number 
variations for this patient were: SMN1, exon 7 two copies, 
exon 8 two copies; SMN2, exon 7 two copies, exon 8 two 
copies. Sequencing analysis identified a novel homozy-
gous missense mutation in exon 3 (c.284G>A; p.G95E) at 
a site where glycine is typically conserved across species 
(Fig. 2).

Modified LR‑PCR amplification method
For specific amplification of SMN1, LR-PCR, which has 
been described previously [10], was modified for this 
study. LR-PCR was performed on 13 DNA samples and a 

28.2-kb region that included SMN1 exons 1–8 was ampli-
fied. The target band was identified in addition to non-
specific bands (Fig.  3A). NGS analysis of the extracted 
28.2 kb target band revealed good coverage from exon 1 
to intron 1 of SMN1 (Fig.  3B) and previously unknown 
SNVs in intron 1 were detected (Additional file 2).

SMN1 SNV analysis
SNV analysis on the genomic sequence of SMN1 was 
performed. Among the 62 patient samples analyzed, 
variants of interest that were identified included 3 SNVs 
in intron 6 (Table  4 and Fig.  4): c.835-367C>A (n = 5), 
c.834+1751G>A (n = 2), c.834+1506A>G (n = 9). Vari-
ants within intron 6 of SMN1 were identified at a numeri-
cally higher frequency in patients with 0 copies of SMN1 
exon 7 compared with patients with ≥ 1 copy of SMN1 
exon 7 and was statistically significantly higher for the 
c.835-367C>A and c.834+1506A>G variants (Table 4).

Hybrid SMN analysis
Five patients with a homozygous deletion of SMN1 exon 
7 but not exon 8 (A, B, C, D, E; Table  4) were exam-
ined for the hybrid SMN gene. LR-PCR of a region that 
included exons 1–8 of SMN1 was performed, followed 
by sequencing of intron 6, exon 7, intron 7, and exon 
8. We confirmed patterns of the hybrid SMN gene type 
(Fig. 5A) and the sequence of the hybrid SMN intron 6, 
exon 7, intron 7, and exon 8 was taaTggG (Fig. 5B).

Discussion
In this study, the intron and exon regions of SMN1 were 
examined for SNVs and hybrid SMN genes in Japa-
nese patients with clinically diagnosed SMA for whom 
no SMN copy number variation was identified by the 
standard MLPA method. By NGS, point mutations were 
identified in SMN1 and a genetic diagnosis of SMA was 
made for two patients. For the remaining patients, deep 
intronic variants were detected in intron 6 more fre-
quently in patients with 0 copies of SMN1 exon 7 than 
in patients with ≥ 1 copies of SMN1 exon7. A new hybrid 
SMN gene was identified in five patients. These results 
highlight that the current MLPA method used for the 

Table 1  Modified primer design for amplification of SMN1 

bp, base pairs; chr, chromosome; hg, human genome; SMN1, survival motor neuron 1
a As previously described [10]

Methods Forward primer Reverse primer Product length
Transcript position

Original methoda GTT​GGG​GGA​TCA​AAT​ATC​TTC​TAG​TGTT​ CCC​CCA​CCC​CAG​TCT​TTT​ACA​GAT​GGT​ 28,233 bp
Hg19 chr5: 70,220,277~70,248,509

Modified method CCC​ATG​TTT​GTC​TTT​CCT​TGT​TTG​TCT​ CCA​CCC​CAG​TCT​TTT​ACA​GAT​GGT​TT 28,175 bp
Hg19 chr5: 70,220,332~70,248,506
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Table 2  Patient clinical characteristics and SMN copy number information (N = 62)

Characteristic SMA typea Total N = 62

1 (n = 9) 2 (n = 13) 3 (n = 24) 4 (n = 16)

Age of onset

  ≤ 2 years 4 (44.4) 5 (38.5) 7 (29.2) 0 (0) 16 (25.8)

 3–10 0 (0) 0 (0) 4 (16.7) 0 (0) 4 (6.5)

 11–20 0 (0) 0 (0) 0 (0) 1 (6.3) 1 (1.6)

 21–30 0 (0) 0 (0) 0 (0) 1 (6.3) 1 (1.6)

 31–40 0 (0) 0 (0) 0 (0) 3 (18.8) 3 (4.8)

 41–50 0 (0) 0 (0) 0 (0) 2 (12.5) 2 (3.2)

  ≥ 51 0 (0) 0 (0) 0 (0) 5 (31.3) 5 (8.1)

 Unknown 5 (55.6) 8 (61.5) 13 (54.2) 4 (25.0) 30 (48.4)

SMN1 exon 7 copy number

 0 copies 2 (22.2) 2 (15.4) 3 (12.5) 0 (0) 7 (11.3)

  ≥ 1 copy 7 (77.8) 11 (84.6) 21 (87.5) 16 (100) 55 (88.7)

Maximum motor function

 Climbing up stairs 0 (0) 0 (0) 17 (70.8) 15 (93.8) 32 (51.6)

 Walking independently 0 (0) 0 (0) 7 (29.2) 1 (6.3) 8 (12.9)

 Walking with assistance 0 (0) 6 (46.2) 0 (0) 0 (0) 6 (9.7)

 Stands with assistance 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

 Shuffling in sitting position 0 (0) 6 (46.2) 0 (0) 0 (0) 6 (9.7)

 Pivots (rotate) (on the spot) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

 Sitting independently 0 (0) 1 (7.7) 0 (0) 0 (0) 1 (1.6)

 Head upright all the time 5 (55.6) 0 (0) 0 (0) 0 (0) 5 (8.1)

 Unable to maintain head upright 4 (44.4) 0 (0) 0 (0) 0 (0) 4 (6.5)

Current motor function

 Climbing up stairs 0 (0) 0 (0) 10 (41.7) 6 (37.5) 16 (25.8)

 Walking independently 0 (0) 0 (0) 5 (20.8) 5 (31.3) 10 (16.1)

 Walking with assistance 0 (0) 4 (30.8) 3 (12.5) 1 (6.3) 8 (12.9)

 Stands with assistance 0 (0) 2 (15.4) 3 (12.5) 1 (6.3) 6 (9.7)

 Shuffling in sitting position 0 (0) 5 (38.5) 1 (4.2) 1 (6.3) 7 (11.3)

 Pivots (rotate) (on the spot) 0 (0) 0 (0) 1 (4.2) 0 (0) 1 (1.6)

 Sitting independently 0 (0) 0 (0) 0 (0) 1 (6.3) 1 (1.6)

 Head upright all the time 4 (44.4) 2 (15.4) 1 (4.2) 1 (6.3) 8 (12.9)

 Unable to maintain head upright 4 (44.4) 0 (0) 0 (0) 0 (0) 4 (6.5)

 Unknown 1 (11.1) 0 (0) 0 (0) 0 (0) 1 (1.6)

Tracheostomy

 Yes 3 (33.3) 1 (7.7) 1 (4.2) 1 (6.3) 6 (9.7)

 No 5 (55.6) 12 (92.3) 23 (95.8) 15 (93.8) 55 (88.7)

 Unknown 1 (11.1) 0 (0) 0 (0) 0 (0) 1 (1.6)

SMN1

Exon 7 copy number

 0 2 (22.2) 2 (15.4) 3 (12.5) 0 (0) 7 (11.3)

 1 3 (33.3) 0 (0) 4 (16.7) 0 (0) 7 (11.3)

 2 3 (33.3) 10 (76.9) 17 (70.8) 15 (93.8) 45 (72.6)

 3 1 (11.1) 1 (7.7) 0 (0) 1 (6.3) 3 (4.8)

Exon 8 copy number

 1 5 (55.6) 2 (15.4) 6 (25.0) 0 (0) 13 (21.0)

 2 3 (33.3) 10 (76.9) 18 (75.0) 14 (87.5) 45 (72.6)

 3 1 (11.1) 1 (7.7) 0 (0) 2 (12.5) 4 (6.5)
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genetic diagnosis of SMA does not detect all SMN gene 
variants and that additional methods are required for the 
accurate genetic diagnosis of SMA.

Vezain et al. [13] have previously shown that the SMN1 
c.835-3C>T mutation, identified in a patient with type 4 
SMA diagnosed at age 44 years, induces a defect in the 
splicing of exon 7, resulting in the exclusion of exon 7 
from SMN1 transcripts. In this study, we identified a het-
erozygous mutation (c.835-3C>A) at the same location of 
intron 6 of SMN1 and hypothesized that the c.835-3C>A 
mutation would also modify the splicing of SMN1 exon 
7. At the time of this study, the c.835-3C>A intragenic 
mutation was identified in a Japanese patient with SMA 
type 1 (SMN1, exon 7 one copy, exon 8 one copy) with 
a severe phenotype despite having two copies of SMN2 
[12]; SMN transcript analysis showed that SMN1 exon 7 
was deleted, indicating that the c.835-3C>A intragenic 
mutation does affect the splicing of exon 7. Furthermore, 
the mutation is deemed “likely pathogenic” based on the 
American College of Medical Genetics (ACMG) criteria 
[14]. In this study, for the remaining six patients with one 
copy of SMN1, no pathogenic variant could be detected 
within SMN1 and further investigation of SMN1 and sur-
rounding genes may be required. In a second patient, we 
identified a homozygous point mutation (c.284G>A) that 
resulted in a change of the conserved amino acid glycine 
to glutamic acid (p.G95E); the mutation was homozy-
gous because this family had a consanguine marriage 

(first-cousin marriage). A previous study has shown via 
an in  vitro assay that the missense mutation p.G95R 
reduces the ability of the SMN protein to bind to spliceo-
somal (Sm) proteins [15]. The investigators assumed this 
disrupted binding of SMN to Sm proteins would lead to 
insufficient uridine-rich small nuclear ribonucleoprotein 
biogenesis, which is essential for RNA splicing [16]. We 
therefore concluded that the p.G95E missense mutation 
would also reduce the ability of SMN to bind to Sm pro-
teins, and thus is a pathogenic mutation. This conclu-
sion is supported by the p.G95E mutation meeting the 
ACMG criteria for pathogenicity, a Combined Annota-
tion Dependent Depletion score of 24.4, a Sorting Intol-
erant From Tolerant classification of “deleterious”, and a 
Polymorphism Phenotyping v2 classification of “prob-
ably damaging” [14]. Furthermore, the patient with the 
c.284G>A mutation (p.G95E) in this study eventually 
received treatment for SMA.

In the current study, the previously described LR-PCR 
method [10] was modified to enable NGS analysis of 
exons 1–8 and the intron 1/exon 1 region of SMN1. We 
identified SNVs in the intron 1 region, which have not 
been reported previously, and 3 SNVs in deep intron 6 of 
SMN1 in patients with SMA. The c.834+1506A>G and 
c.834+1751G>A variants were identified in patients with 
0 copies of SMN1 exon 7 and patients with ≥ 1 copies of 
SMN1 exon 7; the remaining SNV (c.835-367C>A) was 
identified only in patients with 0 copies of SMN1 exon 

Table 2  (continued)

Characteristic SMA typea Total N = 62

1 (n = 9) 2 (n = 13) 3 (n = 24) 4 (n = 16)

SMN2

Exon 7 copy number

 0 0 (0) 0 (0) 1 (4.2) 0 (0) 1 (1.6)

 1 2 (22.2) 4 (30.8) 11 (45.8) 9 (56.3) 26 (41.9)

 2 6 (66.7) 8 (61.5) 9 (37.5) 7 (43.8) 30 (48.4)

 3 1 (11.1) 1 (7.7) 2 (8.3) 0 (0) 4 (6.5)

 4 0 (0) 0 (0) 1 (4.2) 0 (0) 1 (1.6)

Exon 8 copy number

 0 0 (0) 0 (0) 1 (4.2) 0 (0) 1 (1.6)

 1 2 (22.2) 4 (30.8) 13 (54.2) 10 (62.5) 29 (46.8)

 2 6 (66.7) 9 (69.2) 9 (37.5) 6 (37.5) 30 (48.4)

 3 1 (11.1) 0 (0) 0 (0) 0 (0) 1 (1.6)

 4 0 (0) 0 (0) 1 (4.2) 0 (0) 1 (1.6)

SMA, spinal muscular atrophy; SMN1, survival motor neuron 1; SMN2, survival motor neuron 2

Data are n (%)
a In patients with ≥ 1 copy of SMN1 exon 7, non-5q SMA that were not caused by SMN1 were included
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7. SNVs within intron 6 have been reported previously 
including c.835-367C>A, some of which were positioned 
close to the splice sites of exon 6 and exon 7 (Fig. 4) [1, 
12, 17, 18]. Ruhno et al. [18] reported 3 SNVs in intron 6, 
which were significantly more common in patients with 
a milder disease severity than was expected from their 
SMN2 copy number. In the present study, SNVs in intron 
6 were identified in five patients with 0 copies of SMN1 
exon 7 and variable phenotypes. Two patients (C and E) 
had a severe phenotype, with two copies of SMN2 exon 
7 and exon 8; both were positive for c.834+1506A>G 
and c.835-367C>A in intron 6. Patient C could keep their 
head upright all the time, whereas Patient E was unable 
to maintain their head upright. Patients A and B were 
also positive for c.834+1506A>G and c.835-367C>A, but 
their disease was less severe. Patient A had three copies 
of SMN2 exon 7 and 1 copy of SMN2 exon 8, and was 
capable of standing with assistance. Patient B had two 
copies of SMN2 exon 7 and 1 copy of SMN2 exon 8, and 
could climb up stairs. Patient B was also positive for a 
third SNV in intron 6 (c.834+1751G>A). Patient D was 
positive for only one SNV in intron 6 (c.835-367C>A) 
and had two copies of SMN2 exon 7 and exon 8. Their 
disease was mild, they had the ability to stand with assis-
tance, and they were previously capable of walking with 
assistance. Given the varied phenotypes observed in 
these patients, these variants and those that occurred 
more frequently in patients with 0 copies of SMN1 exon 
7 than in patients with ≥ 1 copies of SMN1 exon 7 in our 
present research will be examined in the future with con-
sideration of the possibility of disease-modifying factors.

Hybrid SMN genes have been identified in patients 
with SMA from various ethnic groups [10, 19–24]. The 
most common SMN gene sequence is aTggG, but aTgaG, 
aTaaG, aTagG, gTaaG, and aTaga sequences have also 
been reported [10, 19, 23, 24]. In this current study, a new 

hybrid SMN gene sequence was identified (taaTggG) that 
consisted of upstream “t” and downstream “G” sequences 
of SMN1 and “aaTgg” sequence of SMN2. The diver-
sity of hybrid SMN gene sequences observed in patients 
with SMA may be explained in part by the instability of 
the downstream sequence of the SMN gene. More than 
60 Alu-like sequences occupy approximately 41% of 
the human SMN gene, including the promoter region 
[25]. Alu elements are an abundant short, interspersed 
repetitive element in the human genome consisting of 
approximately 300 base pairs in length (for a review, see 
article by Deininger P [26]). Alu elements can affect post-
transcriptional processes such as pre-messenger RNA 
(mRNA) splicing and mRNA stability [27]. An Alu-rich 
region is present in intron 6 of the SMN gene, which 
may be involved in the deletion of exon 7 and 8 [25]. The 
existence of such repetitive downstream sequences of 
the SMN gene may be the cause of the diversity in the 
sequence of the hybrid SMN genes observed in patients 
with SMA. SMN1 and SMN2 copy number may have 
different gene origins or sequences due to the existence 
of the hybrid gene and gene conversion. It is therefore 
hoped that the future elucidation of genotype–phenotype 
correlation will improve the accuracy of predicting dis-
ease severity and treatment responses by copy number, 
and for this, full-length sequencing will become increas-
ingly important in the diagnosis of SMA.

The strengths of this study were that more than 60 
Japanese patients with clinically diagnosed SMA were 
included in the SNV analysis, the patient population con-
sisted of both pediatric and adult patients with clinically 
diagnosed SMA, SMA types 1–4 were included, and the 
full genomic sequence of SMN1 was analyzed using NGS. 
The limitation of this study was that due to the design of 
the primers for SMN1 exon 8, cases with SMN1 exon 8 
deleted were excluded from the analysis, and only those 

Human           SQKKNTAASLQQWKVGDKCSAIWSEDGCIYPATIASIDF

Cattle          SQRKNTTSPSKQWKVGDNCCAIWSEDGCIYPATIASIDF

Mouse           SQKKNATTPLKQWKVGDKCSAVWSEDGCIYPATITSIDF

Zebrafish       SRKRCTAAPDKEWQVGDSCYAFWSEDGNLYTATITSFDQ

Xenopus SRKKCNAAPLKKWRIGDTCNAVWSEDGNIYSATISSIDA
Fig. 2  Amino acid alignment of exon 3 of SMN1. The location of the conserved glycine that is changed in the p.G95E homozygous missense 
mutation is shown in bold text. Multiple sequence alignment was performed using CLUSTALW (10 May 2022). SMN1, survival motor neuron 1
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Fig. 3  Evaluation of the modified LR-PCR method. SMN1-specific LR-PCR amplifications are shown. Patient sample consisted of two copies of SMN1 
and two copies of SMN2. A Amplification from exon 1 to exon 8 is shown; in addition to the 28.2 kb target band, there are also non-specific 
bands. Lane M. Molecular weight marker, Lane 1. Modified method. B Increased coverage of exon 1 to intron 1 of SMN1 with the modified LR-PCR 
method. Two SNVs, and corresponding nucleotide numbers, in intron 1 of SMN1 identified using the modified LR-PCR method are shown. LR-PCR, 
long-range polymerase chain reaction; SMN1, survival motor neuron 1; SMN2, survival motor neuron 2; SNVs, single nucleotide variants
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with exon 7 deleted, i.e., mild cases, could be analyzed. 
Lastly, the study cohort was small and consisted of 
only Japanese patients; therefore, additional studies are 
required to confirm if these results can be generalized to 
other populations.

Conclusions
In this study of Japanese patients with clinically diag-
nosed SMA, deep intronic SNVs in intron 6 were identi-
fied more frequently in patients with 0 copies of SMN1 

exon 7 than in patients with ≥ 1 copies of SMN1 exon 7. In 
addition, we identified in five patients a hybrid SMN gene 
that contained the SMN2 sequence “aaTgg” flanked by an 
upstream “t” and downstream “G” sequence of SMN1. 
Furthermore, the two cases that were genetically diag-
nosed with SMA are those that are not detected through 
the current genetic screening for newborns. In the era 
of expanded newborn screening, it will be increasingly 
important to develop SMN sequencing methods that can 
complement current screening by MLPA methods.

Table 4  SMN1 intron 6 single nucleotide variants of interest

ID, identifier; SMA, spinal muscular atrophy; SMN1, survival motor neuron 1; SMN2, survival motor neuron 2
a P value between 0 copies versus ≥ 1 copy

Intron 6 variant SMN1 exon 7 copy number SMN1 copy number SMN2 copy number

0 copies 
(N = 7) n (%)

 ≥ 1 copy 
(N = 55) n (%)

P valuea 0 copies 
Patient ID

SMA type Exon 7 Exon 8 Exon 7 Exon 8

c.835-367C>A 5 (71.4) 0 (0)  < 0.0001 A 3 0 2 3 1

B 3 0 1 2 1

C 1 0 1 2 2

D 2 0 1 2 2

E 1 0 1 2 2

c.834+1751G>A 1 (14.3) 1 (1.8) 0.2147 B 3 0 1 2 1

c.834+1506A>G 4 (57.1) 5 (9.1) 0.0064 A 3 0 2 3 1

B 3 0 1 2 1

C 1 0 1 2 2

E 1 0 1 2 2

SMN1

ag
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Fig. 4  Single nucleotide variants identified in SMN1 intron 6. SMN1 intron 6 single nucleotide variants identified in this study are shown in black 
font. Previously reported SMN1 intron 6 pathogenic mutations are shown in grey font [1, 17, 18]. aIdentified in this study and previously reported 
as a SNV [17]. SMN1, survival motor neuron 1; SMN2, survival motor neuron 2; SNV, single nucleotide variant



Page 11 of 12Kato et al. Orphanet Journal of Rare Diseases           (2025) 20:55 	

Abbreviations
LR-PCR	� Long-range polymerase chain reaction
MLPA	� Multiplex ligation-dependent probe amplification
mRNA	� Messenger RNA
NGS	� Next-generation sequencing
Sm	� Spliceosomal
SMA	� Spinal muscular atrophy
SMN1	� Survival motor neuron 1
SMN2	� Survival motor neuron 2
SNV	� Single nucleotide variant

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13023-​025-​03568-9.

Additional file1.

Acknowledgements
The authors would like to thank Ms Emiko Kanazawa for her role as clinical 
research coordinator, Ms Kanako Oyama for technical assistance in the labora-
tory, and for the attending physicians who completed the motor function 
questionnaire and obtained consent forms for patient participation.

Author contributions
The concept and design of the study were developed by TK, MY, YK, TH, and 
KS. Data collection was performed by TK, YO, KM, and KS. TK, MY, YK, and KS 
were responsible for data analysis. Interpretation of the study results was 
conducted by TK, MY, YK, TH, and KS. All authors participated in drafting and 
critically revising the manuscript and approved the final version of the manu-
script for publication.

Funding
This study was funded by Biogen Japan Ltd. Biogen Japan Ltd. was involved 
in the study design and preparation of the manuscript. Medical writing 
assistance was provided by Prudence Stanford, PhD, CMPP and Hana Nomura, 
BPharm (Hons), of ProScribe – Envision Pharma Group, and was funded by 

-478 -367 -44 840 +100 +215 239

Patients C, D, E

Patient B

Patient A

SMN1 sequence

SMN2 SMN1

SMN2 sequence

7 8

a T g g G

7 8

aa T g g Gt

aTggG taaTggG

SMN1

ag
gc
a

exon 6 exon 8intron 7

Gg aagg

Aaa a

C

T g g

exon 7

t

c

a

c

g

a

t

c

g

a

t

c

g

a

t

c

a

g

a

g

t

c

intron 6

SMN2 a

c

aa T gg G

int6 ex7 int7 ex8

G

t

aa T gg Gt

aa T gg Gt

aa a T g g

A

B

Fig. 5  Schematic illustration of the hybrid SMN gene types. A Genomic structure of normal SMN genes and three types of genomic structures 
of the hybrid SMN genes identified in this study. B SMN1-to-SMN2 gene conversion. Dotted line frames SMN2 sequence. SMN1, survival motor 
neuron 1; SMN2, survival motor neuron 2

https://doi.org/10.1186/s13023-025-03568-9
https://doi.org/10.1186/s13023-025-03568-9


Page 12 of 12Kato et al. Orphanet Journal of Rare Diseases           (2025) 20:55 

Biogen Japan Ltd. ProScribe’s services complied with international guidelines 
for Good Publication Practice.

Availability of data and materials
The datasets used and analyzed during the current study are not openly 
available due to reasons of sensitivity and are available from the correspond-
ing author on reasonable request. Data are located in controlled access data 
storage at Tokyo Women’s Medical University. Variants identified in the study 
are planned to be registered in the Leiden Open Variation Database (https://​
datab​ases.​lovd.​nl/​shared/​genes).

Declarations

Ethics approval and consent to participate
The study protocol and the informed consent form were approved by the Eth-
ics Committee of Tokyo Women’s Medical University on September 17, 2019 
(approval no. 393B). Written informed consent form was obtained by patients 
prior to data collection. This study was conducted in accordance with the pro-
tocol, the Declaration of Helsinki, and all relevant regulations and guidelines.

Consent for publication
Not applicable.

Competing interests
TK, MY, YO, KM, and YK have no conflicts of interest to declare. TH is an 
employee of Biogen Japan Ltd and owns shares in Biogen USA. KS has 
received research funds from Biogen Japan Ltd., and received lecture fees 
from Biogen Japan Ltd, Novartis AG, and Chugai Pharmaceutical Co. Ltd.

Author details
1 Institute of Medical Genetics, Tokyo Women’s Medical University, 8‑1 
Kawada‑cho, Shinjuku‑ku, Tokyo 162‑8666, Japan. 2 Department of Neurology, 
Kawasaki Medical School, Kurashiki, Okayama, Japan. 3 Division of Pediatrics, 
Kyoto Tanabe Central Hospital, Kyoto, Japan. 4 Biogen Japan Ltd., Tokyo, Japan. 

Received: 29 November 2023   Accepted: 21 January 2025

References
	1.	 Butchbach MER. Genomic variability in the survival motor neuron genes 

(SMN1 and SMN2): implications for spinal muscular atrophy phenotype 
and therapeutics development. Int J Mol Sci. 2021;22:7896.

	2.	 Arkblad E, Tulinius M, Kroksmark AK, Henricsson M, Darin N. A population-
based study of genotypic and phenotypic variability in children with 
spinal muscular atrophy. Acta Paediatr. 2009;98:865–72.

	3.	 Jedrzejowska M, Milewski M, Zimowski J, Zagozdzon P, Kostera-Pruszczyk 
A, Borkowska J, et al. Incidence of spinal muscular atrophy in Poland–
more frequent than predicted? Neuroepidemiology. 2010;34:152–7.

	4.	 Prior TW, Snyder PJ, Rink BD, Pearl DK, Pyatt RE, Mihal DC, et al. Newborn 
and carrier screening for spinal muscular atrophy. Am J Med Genet A. 
2010;152a:1608–16.

	5.	 Sugarman EA, Nagan N, Zhu H, Akmaev VR, Zhou Z, Rohlfs EM, et al. 
Pan-ethnic carrier screening and prenatal diagnosis for spinal muscular 
atrophy: clinical laboratory analysis of >72,400 specimens. Eur J Hum 
Genet. 2012;20:27–32.

	6.	 Ito M, Yamauchi A, Urano M, Kato T, Matsuo M, Nakashima K, et al. Epide-
miological investigation of spinal muscular atrophy in Japan. Brain Dev. 
2022;44:2–16.

	7.	 Keinath MC, Prior DE, Prior TW. Spinal muscular atrophy: mutations, test-
ing, and clinical relevance. Appl Clin Genet. 2021;14:11–25.

	8.	 Hassan HA, Zaki MS, Issa MY, El-Bagoury NM, Essawi ML. Genetic pattern 
of SMN1, SMN2, and NAIP genes in prognosis of SMA patients. Egyptian J 
Med Hum Genet. 2020;21:4.

	9.	 Stuppia L, Antonucci I, Palka G, Gatta V. Use of the MLPA assay in the 
molecular diagnosis of gene copy number alterations in human genetic 
diseases. Int J Mol Sci. 2012;13:3245–76.

	10.	 Kubo Y, Nishio H, Saito K. A new method for SMN1 and hybrid SMN gene 
analysis in spinal muscular atrophy using long-range PCR followed by 
sequencing. J Hum Genet. 2015;60:233–9.

	11.	 Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz 
G, et al. Integrative genomics viewer. Nat Biotechnol. 2011;29:24–6.

	12.	 Wijaya YOS, Ar Rohmah M, Niba ETE, Morisada N, Noguchi Y, Hidaka Y, 
et al. Phenotypes of SMA patients retaining SMN1 with intragenic muta-
tion. Brain Develop. 2021;43:745–58.

	13.	 Vezain M, Gérard B, Drunat S, Funalot B, Fehrenbach S, N’Guyen-Viet V, 
et al. A leaky splicing mutation affecting SMN1 exon 7 inclusion explains 
an unexpected mild case of spinal muscular atrophy. Hum Mutat. 
2011;32:989–94.

	14.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards 
and guidelines for the interpretation of sequence variants: a joint con-
sensus recommendation of the American College of Medical Genetics 
and Genomics and the Association for Molecular Pathology. Genet Med. 
2015;17:405–24.

	15.	 Sun Y, Grimmler M, Schwarzer V, Schoenen F, Fischer U, Wirth B. Molecular 
and functional analysis of intragenic SMN1 mutations in patients with 
spinal muscular atrophy. Hum Mutat. 2005;25:64–71.

	16.	 Shaw DJ, Eggleton P, Young PJ. Joining the dots: production, process-
ing and targeting of U snRNP to nuclear bodies. Biochim Biophys Acta. 
2008;1783:2137–44.

	17.	 Blasco-Pérez L, Paramonov I, Leno J, Bernal S, Alias L, Fuentes-Prior P, et al. 
Beyond copy number: a new, rapid, and versatile method for sequencing 
the entire SMN2 gene in SMA patients. Hum Mutat. 2021;42:787–95.

	18.	 Ruhno C, McGovern VL, Avenarius MR, Snyder PJ, Prior TW, Nery FC, et al. 
Complete sequencing of the SMN2 gene in SMA patients detects SMN 
gene deletion junctions and variants in SMN2 that modify the SMA 
phenotype. Hum Genet. 2019;138:241–56.

	19.	 Hahnen E, Schönling J, Rudnik-Schöneborn S, Zerres K, Wirth B. Hybrid 
survival motor neuron genes in patients with autosomal recessive spinal 
muscular atrophy: new insights into molecular mechanisms responsible 
for the disease. Am J Hum Genet. 1996;59:1057–65.

	20.	 Rodrigues NR, Owen N, Talbot K, Patel S, Muntoni F, Ignatius J, et al. Gene 
deletions in spinal muscular atrophy. J Med Genet. 1996;33:93.

	21.	 Nishio H, Horikawa H, Yakura H, Sugie K, Nakamuro T, Koterazawa K, et al. 
Hybrid survival motor neuron genes in Japanese patients with spinal 
muscular atrophy. Acta Neurol Scand. 1999;99:374–80.

	22.	 Cuscó I, Barceló MJ, del Rio E, Martín Y, Hernández-Chico C, Bussaglia E, 
et al. Characterisation of SMN hybrid genes in Spanish SMA patients: de 
novo, homozygous and compound heterozygous cases. Hum Genet. 
2001;108:222–9.

	23.	 Qu Y-J, Bai J-L, Cao Y-Y, Wang H, Jin Y-W, Du J, et al. Mutation spectrum 
of the survival of motor neuron 1 and functional analysis of variants in 
Chinese spinal muscular atrophy. J Mol Diagn. 2016;18:741–52.

	24.	 Niba ETE, Nishio H, Wijaya YOS, Lai PS, Tozawa T, Chiyonobu T, et al. Clini-
cal phenotypes of spinal muscular atrophy patients with hybrid SMN 
gene. Brain Dev. 2021;43:294–302.

	25.	 Ottesen EW, Seo J, Singh NN, Singh RN. A multilayered control of the 
human survival motor neuron gene expression by alu elements. Front 
Microbiol. 2017;8:2252.

	26.	 Batzer MA, Deininger PL. Alu repeats and human genomic diversity. Nat 
Rev Genet. 2002;3:370–9.

	27.	 Deininger P. Alu elements: know the SINEs. Genome Biol. 2011;12:236.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://databases.lovd.nl/shared/genes
https://databases.lovd.nl/shared/genes

	Genomic analysis of the SMN1 gene region in patients with clinically diagnosed spinal muscular atrophy: a retrospective observational study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study design
	Patient DNA samples
	Genetic analysis
	Analysis of SMN copy number
	Mutational analysis


	Results
	Patient characteristics
	Genetic diagnosis of SMA
	Modified LR-PCR amplification method
	SMN1 SNV analysis
	Hybrid SMN analysis

	Discussion
	Conclusions
	Acknowledgements
	References


