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Abstract.
Background: The importance of early diagnosis of 5q-Spinal muscular atrophy (5q-SMA) has heightened as early interven-
tion can significantly improve clinical outcomes. In 96% of cases, 5q-SMA is caused by a homozygous deletion of SMN1.
Around 4 % of patients carry a SMN1 deletion and a single-nucleotide variant (SNV) on the other allele. Traditionally,
diagnosis is based on multiplex ligation probe amplification (MLPA) to detect homozygous or heterozygous exon 7 deletions
in SMN1. Due to high homologies within the SMN1/SMN2 locus, sequence analysis to identify SNVs of the SMN1 gene is
unreliable by standard Sanger or short-read next-generation sequencing (srNGS) methods.
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Objective: The objective was to overcome the limitations in high-throughput srNGS with the aim of providing SMA patients
with a fast and reliable diagnosis to enable their timely therapy.
Methods: A bioinformatics workflow to detect homozygous SMN1 deletions and SMN1 SNVs on srNGS analysis was applied
to diagnostic whole exome and panel testing for suggested neuromuscular disorders (1684 patients) and to fetal samples in
prenatal diagnostics (260 patients). SNVs were detected by aligning sequencing reads from SMN1 and SMN2 to an SMN1
reference sequence. Homozygous SMN1 deletions were identified by filtering sequence reads for the „gene-determining
variant“ (GDV).
Results: 10 patients were diagnosed with 5q-SMA based on (i) SMN1 deletion and hemizygous SNV (2 patients), (ii)
homozygous SMN1 deletion (6 patients), and (iii) compound heterozygous SNVs in SMN1 (2 patients).
Conclusions: Applying our workflow in srNGS-based panel and whole exome sequencing (WES) is crucial in a clinical
laboratory, as otherwise patients with an atypical clinical presentation initially not suspected to suffer from SMA remain
undiagnosed.
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INTRODUCTION

5q-SMA is one of the most common autosomal
recessive inherited disorders with a frequency of
approximately 1:7,000 among newborns in Germany
and 1:10,000 worldwide, resulting in a carrier fre-
quency of 1:40 in Germany and 1:50 worldwide
[1–3]. The disease is characterized predominantly
by degeneration of alpha-motoneurons in the spinal
cord. Patients present with muscular hypotonia, as
well as proximal weakness and atrophy, especially
of the lower extremities. According to the maximal
motor abilities acquired (never-sitting, sitting, walk-
ing) and onset of the disease, SMA patients were
originally classified into five types (0, 1, 2, 3, and
4) [4]. As a result of new therapeutic options, a new
classification was implemented that better reflects the
continuum spectrum of the disease and now divides
patients into non-sitters, sitters, and walkers [5, 6].

The disease-underlying gene is the survival motor
neuron 1 (SMN1) gene on chromosome 5q13.2.
SMN1 has an almost identical but functionally far less
relevant copy gene, SMN2. Whereas SMN1 exclu-
sively produces correct RNA and protein, SMN2
predominantly produces mis-spliced RNA and non-
functional protein. Only about 10% of transcripts are
correctly spliced and generate a protein identical to
the SMN1 encoded protein [1]. Both genes, SMN1
and SMN2, are located in an approximately 500 kb
segment of a copy number variant (CNV). This CNV
is highly polymorphic in structure, length, and ori-
entation in the population. Affected individuals with
5q-SMA usually lack SMN1 and carry between one
and six SMN2 copies per genome, affecting the sever-
ity of the phenotype [3].

In 96% of SMA patients, the disease is caused by a
homozygous deletion of exons 7 and 8 or only of exon
7, as a result of either a deletion or a SMN1-SMN2
gene conversion event. In approximately 4% of 5q-
SMA patients, compound heterozygosity is present,
namely – a SMN1 deletion CNV on one allele and a
pathogenic SMN1 SNV on the second allele [7]. Due
to high homologies within the SMN1/SMN2 locus
on chromosome 5q13.2, analysis of the SMN1 gene
is not possible by srNGS methods. Such regions of
the genome, where short reads cannot be mapped
unambiguously due to sequence homology, are called
“dark regions” or “dead zones” for NGS technol-
ogy [8, 9]. Therefore, the standard diagnostic workup
in patients with clinically suspected SMA is based
on the detection of a homozygous exon 7 SMN1
deletion by multiplex ligation probe amplification
(MLPA). However, patients with an atypical clini-
cal presentation remain undiagnosed if only srNGS
exome analysis is applied.

Within this study, we developed and implemented
a specific high-throughput bioinformatics workflow
for the SMN1/2 locus that masked the SMN2 gene
to detect homozygous SMN1 deletions and SMN1
SNVs on srNGS data. In two patients with typi-
cal symptoms of SMA and a known heterozygous
SMN1 deletion, we were able to identify heteroal-
lelic pathogenic SNVs confirming the diagnosis of
5q-SMA. Applying our workflow to patients that
underwent short-read panel or exome sequencing in a
clinical laboratory, we identified homozygous SMN1
deletions in six patients with atypical clinical presen-
tations initially not suspected to suffer from SMA.
Moreover, we were able to identify two patients with
each two heterozygous pathogenic SNVs.
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MATERIALS AND METHODS

Patient cohorts

We retrospectively analyzed two cohorts of
patients who underwent diagnostic srNGS-based
exome-analysis within a 12-months period between
November 2021 and November 2022. Cohort 1
consisted of 1684 patients with a neuromuscular phe-
notype as evidenced by the presence of at least one
of the Human Phenotype Ontology (HPO) [10] phe-
notypes or its direct descendants: abnormality of
the musculature and peripheral neuropathy. Cohort
2 consisted of 260 patients (fetal samples) that
underwent exome sequencing as part of prenatal
diagnostics within the one-year period. The medical
indication of prenatal diagnostics was the presence
of fetal ultrasound abnormalities.

As positive and negative controls to test the accu-
racy of the 5q-SMA variant detection workflow, we
used data from 212 patients analyzed in parallel with
SMA-MLPA and srNGS.

Compliance with ethical standards

Written informed consent was obtained from each
study participant. As part of the informed consent
process prior to analysis, patients were educated
about the significance and limitations of NGS diag-
nostics and the potential for incidental findings. In
all analyses, consent for the report of incidental
findings with therapeutic relevance was given. All
genetic analyses and investigations were performed
in accordance with the guidelines of the Declaration
of Helsinki and were approved by local institutions
(Bayerische Landesärztekammer, 2019-210).

Short-Read Next Generation Sequencing

Short-Read Next Generation Sequencing (Twist
Human Comprehensive Exome + Mitochondrial
Genome) comprising 19182 genes, respectively, was
performed on genomic DNA samples using an Illu-
mina NovaSeq 6000 system. NGS was carried out
as 150 bp paired-end runs using v2.0 sequencing
by synthesis (SBS) chemistry. Processing of NGS
raw data and variant interpretation was done with
the varvis® (Limbus Medical Technologies GmbH,
Rostock) genomics platform.

Sequence variants were classified according to the
ACMG (American College of Medical Genetics and
genomics) guidelines [11] using the 5-tier classifi-

cation system: class 5 (pathogenic), class 4 (likely
pathogenic), class 3 (uncertain variants or variants of
unknown significance, VUS), class 2 (likely benign)
and class 1 (benign).

5q-SMA variant detection workflow
Using (1) a SMN2-masked pipeline and (2) a

specific SMN1/2-variant filtering, we set up a bioin-
formatics workflow for the SMN1/2 locus to detect
(i) a homozygous SMN1 deletion or (ii) homozygous,
hemizygous or heterozygous SMN1 SNVs and indels
from srNGS data.

1. Bioinformatics SMN2-masked pipeline

Due to high homologies within the SMN1/SMN2
locus, short reads cannot be unambiguously mapped.
If a sequence read aligns to two or more regions
equally well, most aligners randomly map the read
to one region and assign a low mapping qual-
ity (MAPQ = 0 for BWA) [12]. These reads are
excluded by the variant callers making correct vari-
ant detection of the SMN1 gene impossible with a
standard bioinformatics pipeline. A technique to gen-
erate unambiguous mappings is to hide (−→ mask)
homologous regions except for one, so that all reads
are mapped to that region. For SMN1, the paralo-
gous regions comprising SMN2 (chr5:69,345,100 -
69,373,700) were “masked” in the CRGh37/hg19 ref-
erence genome (converting the DNA sequence bases
into Ns) to force NGS reads to map to a single loca-
tion in a secondary alignment step (Fig. 1A) [8]. This
is a simplification for the mapper with the implication
that it remains unknown if the reads actually originate
from the hidden homologous sequence or not. It has to
be considered that the assumed diploid sequence for
the variant calling is not anymore true and is at least
doubled or even more tripled resulting in variant allele
frequencies (VAF) /= 0.5 for heterozygous variants.
Variant calling was done with the vardict caller, a spe-
cific caller for low frequency variants [13]. Sequence
variants (i.e., SNVs and indels) were annotated and
prioritized using the varvis® (Limbus, Rostock) tool.

2) SMN1/2 variant filtering workflow

After running the bioinformatics SMN2-masked
pipeline a specific SMN1/2-variant filtering was
applied for:

i. Detection or exclusion of SMN1 dele-
tions (Fig. 1B): A homozygous deletion of
exon 7 of SMN1 was detected by identi-
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Fig. 1. Schematic representation of the SMN1/2 locus on chromosome 5q. SMN1 and SMN2 genes differ in the “Gene-determining variant”
(GDV) NM 000344.4:c.840C>T p.(Phe280=) (rs1164325688) in exon 7, depicted as C (blue) in SMN1 and T (red) in SMN2. By masking
of SMN2in the reference genome, all SMN1/2 reads are mapped to SMN1. SMN1 can be analyzed for SNVs by the caller. (A) Example of
a normal control: The T (GDV of SMN2) is called in a VAF of < 0.9 indicating absence of a homozygous deletion of exon 7 of SMN1. (B)
Example of a patient with a homozygous SMN1 deletion: There are no reads with the C (SMN1). Thus, the variant caller indicates T (GDV of
SMN2) with a VAF of > 0.9 (“homozygous”). (C) Example of a patient with a pathogenic SNV in SMN1 (indicated as red star) and a benign
variant in SMN2 (indicated as green star). After applying the SMN2-masked pipeline, SNVs in SMN1 as well SMN2 reads are called. It has
to be considered that the assumed diploid sequence for the variant calling is not anymore true and is at least doubled or even more tripled
resulting in variant allele frequencies (VAF) /= 0.5 for heterozygous variants. The VAF depends on the SMN1 and SMN2 copy number of
the individual. A heterozygous SNV in oneSMN1copy may have a low VAF (e.g. of 0.2 in case of two SMN1 and three SMN2 copies).

fying homozygous SNV calls (VAF > 0.9)
of the „gene-determining variant“ (GDV)
NM 000344.4:c.840 C > T p.(Phe280 = )
(rs1164325688) which is unique to SMN2.
Homozygosity for the GDV c.840 C > T
indicates the absence of SMN1 copies and
therefore the presence of a homozygous SMN1
deletion. By contrast, heterozygous SNV
calls (VAF < 0.9) indicate the presence of at
least one SMN1 copy and therefore exclude a
homozygous SMN1 deletion.

ii. Detection of homozygous, heterozygous, or
hemizygous SNVs and indels (Fig. 1C, Fig. 2):
all SNVs from the SMN1/SMN2 combined
reads are called as apparent SNVs in SMN1.
Considering that the assumed diploid sequence
for variant calling is no longer correct, variants

with allele frequencies different from 0.5 must
be regarded as potential disease-causing vari-
ants as their true zygosity referred to SMN1
might be heterozygous, homozygous, or hem-
izygous. In patients with significant pathogenic
variants (ACMG class 4 or 5), additional MLPA
analysis was performed to detect or exclude
heterozygous SMN1 deletion and to estimate
SMN2 copy number (CN).

Verification of the accuracy of the 5q-SMA
variant detection workflow

To assess the accuracy of detecting or excluding
homozygous SMN1 deletions by our 5q-SMA vari-
ant detection workflow, we evaluated data from 212
patients with known SMA-MLPA results and data
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Fig. 2. Example of a heterozygous pathogenic variant in SMN1, NM 000344.4:c.815A>G p.(Tyr272Cys) in the IGV (Integrative Genomics Viewer (27)).
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from srNGS. In addition, we verified the accuracy
of SNV calling by analyzing the Giab SMN1 bench-
marking reference sample HG002 and by evaluating
the called VAF of three common population SNVs
[NM 000344.4:c.462A > G p.Gln154Gln (rs4915),
NM 000344.4:c.835-44 G > A (rs1454173648), and
NM 000344.4:c.84 C > T p.Ser28 = (rs1554081948)]
located in the SMN1/2 dark region.

Multiplex Ligation-dependent Probe
Amplification (MLPA)

Patients with SMN1 deletions and/or pathogenic
SMN1 variants were subsequently analyzed by MLPA
to confirm the SMN1 and determine the SMN2
CN. Genomic DNA was analyzed with the Salsa
MLPA SMA P021 kit (MRC-Holland, Amsterdam,
The Netherlands) according to the manufacturer’s
instructions. The MLPA products were separated
by capillary electrophoresis using the ABI-3130XL
Genetic Analyzer (Applied Biosystems, Foster City,
CA). The results were imported into GeneMarker
software (Softgenetics, State College, CA) for the
MLPA data analysis using internal control probe nor-
malization with the MLPA ratio as analysis method
and peak area as quantification method.

Long-range PCR-based Nanopore sequencing
for haplotype determination

DNA was isolated from blood using a salting-
out method. The SMN1/2 sequence was amplified
by three long-rage(LR) PCRs, with two LR-PCRs
with ∼13.5kb size spanning the whole and the third
LR-PCR the middle of the genes [14]. LR-PCR was
carried out with the AccuPrime Taq DNA Polymerase
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA). PCR products were pooled and cleaned-up
with 0.4x CleanNA CleanNGS beads (CleanNA,
Waddinxveen, Netherlands). Nanopore sequencing
was carried out according to the manufacturer’s pro-
tocol, using the EXP-NBD104 together with the
SQK-LSK109 on a FLO-FLG001 flowcell (Oxford
Nanopore Technologies, Oxford, UK) [15].

Base calling was carried out with guppy (6.4.2).
The resulting FASTQ files were filtered with NanoFilt
(2.8.0) regarding read length (>12kb) and quality
(>8), aligned against a SMN2 masked GRCh38 refer-
ence genome using minimap2 (2.24) and converted,
sorted, and indexed with SAMtools (1.16). IGV
(2.15.2) was used for data visualization. Variant call-
ing was done with Medaka (1.5.0) and WhatsHap

(1.3) to split SMN1 and SMN2 reads and generate
VCF files for both genes.

Genome Nanopore Sequencing

Genomic DNA was purified from peripheral blood
samples using the NucleoMag Blood 3 mL Kit
(Macherey-Nagel), and 1 �g gDNA was subjected
to sequencing. DNA end-prep was performed using
the NEBNext Ultra II End Repair/dA-Tailing Module
(E7546, New England Biolabs) followed by adapter
ligation with the NEBNext Quick Ligation Module
(E6056, New England Biolabs). Sequencing libraries
were prepared with the Ligation Sequencing Kit 1D
(SQK-LSK109, Oxford Nanopore Technologies) and
run on R9 flow cells on the Oxford Nanopore Tech-
nology GridION instrument. DNA purifications at
each step of library preparation were performed using
Agencourt AMPure XP beads (A63882, Beckman
Coulter). Sequencing was performed to a final mean
sequencing depth of 7.13 x. Structural variant (SV)
calling was performed with Nanovar V.1.3.8 [16]
using Minimap2 (2.17-r941) [17], blast+ (2.10.1)22,
and hs-blastn (v0.0.5) [18]. The human reference
sequence was GRCh38/hg38. The final structure
and exact breakpoint information was deduced from
a combination Nanovar information and manual
inspection of soft clipped read sequences at predicted
breakpoints using the Integrative Genomics Viewer
V.2.9.024.

RESULTS

The 5q-SMA variant detection workflow was ver-
ified to be accurate in the detection of homozygous
SMN1 deletions. All homozygous SMN1 deletions in
eleven positive controls with known MLPA results
were detected by a c.840 C > T VAF from 0.995 to
1.0 (Suppl. Table 1). In contrast, all 190 negative
controls with a SMN1 exon 7 CN of 2 or more rev-
elaed a VAF from 0.190 to 0.610 thus indicating
absence of a homozygous SMN1 deletion (Suppl.
Table 1). The accuracy of SNV calling was confirmed
by analyzing seven individuals with different CNs
of SMN1 and SMN2, and the Giab SMN1 bench-
marking reference sample HG002 [23] for three
common population SNVs located in the SMN1/2
dark region (Suppl. Table 2). We were able to call
all SNVs at a VAF in line with the expected propor-
tion dependent on SMN1/SMN2 CN in all samples.
The application of our newly implemented 5q-SMA
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variant detection workflow (Fig. 1 and 2) to a diag-
nostic patient cohort revealed a diagnosis of 5q-SMA
in nine out of 1684 patients with neuromuscular
phenotypes (cohort 1). One patient with 5q-SMA
was identified in a cohort of 260 prenatal samples
(cohort 2).

Patients with heterozygous SMN1-deletion and
SNV

In two neuromuscular patients (ID1, ID2) with
a previous MLPA result indicating a heterozygous
deletion of exon 7 of SMN1, the SMN2-masked
bioinformatics workflow identified the heteroallelic
pathogenic SNV c.821 C > T p.(Thr274Ile) (ACMG
class 5). MLPA revealed that both patients carried
two SMN2 copies each. Both unrelated patients were
adults (ID1:44 years of age and ID2:18 years of
age) with a clinical diagnosis of SMA that prompted
genetic testing for 5q-SMA (Table 1).

Patients with homozygous SMN1-deletions

Homozygous SMN1 deletions were detected in
five neuromuscular patients, initially not suspected of
being affected by 5q-SMA (ID3, ID4, ID5, ID7, ID8).
Diagnostic tests for various other suspected neuro-
muscular diseases were requested in these patients
(Table 1). At the time of diagnosis, these five patients
were between eight and 47 years old. While one
patient (17 years at diagnosis) had three SMN2 copies,
the other four patients were found to have four SMN2
copies.

One homozygous SMN1 deletion was identified in
a retrospective NGS data analysis of a fetal sample
(ID6). The clinically severely affected newborn child
had a positive result in newborn screening for SMA
and turned out to have a single SMN2 copy.

Patients with two heterozygous SNVs

In two patients (ID9, ID10), we identified com-
pound heterozygous SNVs, which were classified
as (likely) pathogenic according to ACMG guide-
lines (Table 2). Both patients carried a heterozygous
truncating variant in combination with a het-
erozygous missense variant. One patient was a
48-year-old female (ID9) with one SMN2 copy
and SNVs c.469 C > T p.(Gln157*) and c.821 C > T
p.(Thr274Ile). Long-read sequencing (long-range
PCR-based Nanopore sequencing) showed that the
sequence variants are on different SMN1 alleles,

thereby confirming compound heterozygosity and the
diagnosis of 5q-SMA. The second patient (ID10) was
a four-month-old infant with two SMN2 copies and
SNVs c.549del p.(Lys184Serfs*29) and c.815A > G
p.(Tyr272Cys). The combined heterozygosity of the
latter variants was confirmed by analysis of parental
samples. In addition, long-read sequencing (Genome
Nanopore Sequencing) of parental blood samples
confirmed that both variants are located in SMN1
and not SMN2. In both the infant and adult patients,
a previously suggested diagnosis of 5q-SMA was
“excluded by MLPA”.

DISCUSSION

Since approved molecular therapies become avail-
able for SMA, this diagnosis has become one of the
diseases with the greatest therapeutic relevance in the
field of neuromuscular diseases. This is also reflected
in the fact that it has been included in newborn screen-
ing in Germany, among other countries world-wide
[19], since treatment is most successful when thera-
peutic intervention is provided as early as possible.

Although SMA is one of the most common autoso-
mal recessive disorders, genetic diagnosis still faces
challenges. The most common pathomechanism,
homozygous deletion of exon 7 of the SMN1 gene
which underlies 96% of SMA patients, is analyzed by
genotyping PCR techniques or MLPA, and less com-
monly by quantitative PCR techniques. While MLPA
detects homozygous as well as heterozygous SMN1
deletions, not all quantitative PCR techniques are
validated to identify heterozygous deletions which
are present in about 4% of patients heteroallelic to
pathogenic sequence variants in SMN1.

However, this targeted testing approach requires
the clinician to explicitly recognize the disease as a
suspected diagnosis. In contrast to many other neu-
romuscular diseases, 5q-SMA cannot be detected by
short-read NGS-based panel or exome analysis using
standard bioinformatics pipelines. This is because the
SMN1/SMN2 locus on chromosome 5q13.2 belongs
to the “dark regions” or “dead zones” for NGS
technology [8, 9] where genomic complexity with
variable copy-numbers and high homologies do not
allow assignment of reads to either SMN1 or SMN2.
As a result, the detection of SNVs and hetero- or
homozygous deletions of the SMN1 gene is not cov-
ered by standard srNGS protocols.

In order to close this crucial diagnostic gap and
to allow the relevant diagnosis of 5q-SMA also in
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Table 1
Patients diagnosed with SMA based on the implemented 5q-SMA variant detection workflow

Patient ID Suspicion of SMA when
NGS analysis is initiated:

phenotype/short clinical history/previous diagnostic workup

ID1 Yes Symptom-onset with 6 months, sitting without support at 7 months, gained ability to
stand with 10 months, lost it with 3 years, never able to walk without assistance.
Affected brother with similar severity.

ID2 Yes Walking was possible until age 4 years, wheelchair-bound since age 4 years, standing
until age 9years, neuropathic scoliosis, scoliosis surgery at the age of 15 years,
contractures of elbow, hip, knee and ankle joints, no reflexes, proximal and distal
tetraparesis, arms can be lifted to the mouth when placed on a table.

ID3 No First symptoms at 6 months of age. Walking at 15 months of age, persistent tip-toeing.
At 5 months of age difficulties in climbing stairs and in running, exercise intolerance,
suspected episodic ataxia. Muscle biopsy (left thigh) showed progressive neurogenic
muscle atrophy with predominance of type 2 fibers. Indication for diagnostic testing
(exome): Suspicion of axonal neuropathy or myopathy.

ID4 No Always active in sports, at around 30 years of age mild difficulty in standing up after
falling while playing soccer (retrospective observation); after lumbar disc surgery at
44 years of age difficulty in gaining strength during rehabilitation and awareness of
proximally pronounced tetraparesis and CK elevation, muscle biopsy inconclusive,
EMG with marked neurogenic changes leading to indication for diagnostic testing
(neuromuscular panel): Amyotrophic lateral sclerosis or limb-girdle muscular
dystrophy.

ID5 No Child with known trisomy 21, progressive gait disorder first noticed at the age of 7
years, increasingly limited walking distance since the age of 10 years (currently
500 m), confined to wheelchair for longer distances; CK ∼ 1700 U/l, NLG
unremarkable. Indication for diagnostic testing (neuromuscular panel): suspected
myopathy

ID6 n.a. abnormal ultrasound findings: increased nuchal translucency of 7 mm, vitium cordis
(ductus venosus agenesis, unbalanced ventricles, mitral valve dysplasia, small apical
ventricular septal defect, large echogenic focus in left ventricle, aberrant right
subclavian artery and mild pericardial effusion); otherwise, timely fetal development;
placental mosaic trisomy 18; retrospective findings in NGS data, diagnosis via
newborn screening

ID7 No Problems with stair climbing since the second year of life, more pronounced weakness
from the 4th year of life with increased stumbling. Currently marked atrophy of thigh
muscles, pseudohypertrophy of the calves. No fasciculation of tongue muscles. CK
normal. Indication for diagnostic testing (exome): suspected limb girdle dystrophy or
other neuromuscular disorder

ID8 No First presentation in Germany at the age of 17. Hearing loss since birth, good
communication with hearing aids. Anamnestically normal motor development in the
first decade of life, proximal muscle atrophy and muscle weakness from the age of 10.
Marked generalized muscular atrophy. Free walking still possible in the 17th year of
life. Indication for diagnostic testing (exome): suspected limb girdle dystrophy

ID9 No
“5q-SMA was
preliminarily ruled out
per MLPA"

Progressive muscle weakness predominantly affecting the lower limbs. Symptom
onset with falls and difficulties climbing stairs at the age of 7, slowly progressive with
worsening of gait, and also affected arm function, finally wheelchair-bound since the
age of 35. Skoliosis. “5q-SMA preliminarily excluded per MLPA". Indication for
diagnostic testing (neuromuscular panel): axonal neuropathy

ID10 No
“5q-SMA was
preliminarily ruled out
per MLPA"

Onset of symptoms not exactly known (around 4 weeks of age), she was presented at 6
weeks of age with marked hypotonia and muscle weakness, rapid progressive course
of disease, generalized hypotonia with severe muscle weakness, swallowing
difficulties, respiratory failure, she died without treatment at 4 months: muscle biopsy:
predominantly small immature muscle fibres, nearly all MHC/fetal/developmental
positive, incipient fibre type grouping; “5q-SMA preliminarily ruled out per MLPA"

Abbreviations: ACMG = American College of Medical Genetics, CN = copy number, CNV = copy number variants, SNV = single nucleotide
variants.

the context of panel or exome diagnostics, we estab-
lished a 5q-SMA variant detection workflow based
on SMN2-masked assembly in our bioinformatics
pipeline and a specific SMN1/2-variant filtering to
integrate it into our diagnostic set up.

We verified the accuracy to detect homozygous
SMN1 deletions of SMN1 in a cohort of 212 patients
with known SMA-MLPA results and the accuracy
of variant calling in control samples with various
CN of SMN1 and SMN2 in the masked SMN region
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Table 2
Pathogenic SMN1 variants detected in patient cohort

Patient SMN1 SMN1 SMN1 SMN2 Sex Current Age at maximal current
deletion SNV copies copies age onset motor motor

(by MLPA) (by MLPA) achievment achievment

ID1 Heterozygous deletion heterozygous
c.821 C > T p.(Thr274Ile)

1 2 m 44 years 6 months sitter non-sitter

ID2 heterozygous deletion heterozygous
c.821 C > T p.(Thr274Ile)

1 2 m 18 years 2 years walker sitter

ID3 homozygous deletion 0 4 f 8 years 6 months walker walker
ID4 homozygous deletion 0 4 m 47 years 30 years walker sitter
ID5 homozygous deletion 0 4 m 12 years 7 years walker walker
ID6 homozygous deletion 0 1 n.d. prenatal n.a. n.a. n.a.
ID7 homozygous deletion 0 4 m 8 years 2 years walker walker
ID8 homozygous deletion 0 3 m 17 years 10 years walker walker
ID9 2 compound heterozygous SNVs

c.469 C > T p.(Gln157*) and
c.821 C > T p.(Thr274Ile)

1 1 f 48 years 7 years walker sitter

ID10 2 compound heterozygous SNVs
c.549del p.(Lys184Serfs*29)and
c.815A > G p.(Tyr272Cys)

2 2 f death at
4.5 months
of age

4 weeks n.a. n.a.

Abbreviations: MLPA = Multiplex Ligation-dependent Probe Amplification, n.a. = non applicable.
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(Supplemental Table 1 and 2). Our results show
that the new 5q-SMA variant detection workflow
allows robust detection of a homozygous SMN1
deletion. Of note, the workflow is not designed to
estimate the absolute SMN1 and SMN2 CNs. Samples
with SMN1 CN ≥ 2 and samples with SMN2 CN > 1
showed NM 000344.4:c.840 C > T VAFs within a
similar overlapping range (Suppl. Table 1 and 2).
Therefore individuals with only one copy of SMN1
and a variable number of SMN2 copies (CN ≥ 2) can-
not be differentiated from individuals with two copies
of SMN1 and a variable number (≥2) of SMN2 copies
(≥2).

The application of the new 5q-SMA variant
detection workflow in clinical cohorts allowed the
identification of five patients who were not clini-
cally suspected to have SMA when the diagnostic
testing was initiated (Table 1, patients ID3, ID4,
ID5, ID7, ID8). Consistent with a manifestation
beyond infancy, all three patients carried four SMN2
copies each, as determined by supplemental MLPA
analysis. In one of the patients (ID4), the first symp-
toms uncharacteristically occurred after the age of
40 years. In other patients, the diagnosis may have
been complicated by the pre-existing condition of
trisomy 21 (ID5), or by concomitant hearing loss
and a first clinical presentation late in the disease
course (ID8). In one patient (ID6), a homozygous
SMN1 deletion could be shown after retrospective
analysis of NGS data from prenatal trio exome
sequencing. The prenatal exome had been initiated
due to abnormal ultrasound findings with neck edema
and a complex cardiac defect. Prenatally, there had
been no evidence of neuromuscular symptoms in the
unborn child. However, compatible with the pres-
ence of only one SMN2 copy, the patient showed
clinical symptoms of SMA at birth. In addition,
an abnormal newborn screening result indicated the
presence of a homozygous deletion of SMN1. The
complex fetal cardiac defect might have been related
to the diagnosis of SMA. It has been discussed
in the literature that infantile SMA may be linked
to congenital heart defects, especially in the pres-
ence of only one SMN2 copy as in our patient [20].
Cardiac developmental defects may be a presymp-
tomatic component to disease pathogenesis [21].
Due to the great therapeutic relevance of a prena-
tal SMA diagnosis, this case prompted us to test
for the presence of a homozygous SMN1 deletion in
prenatal exome analyses if appropriate consent was
obtained. However, no additional case was found in
further 260 prenatal analyses. Even if prenatal SMA

is rare, screening for the presence of a homozy-
gous SMN1 deletion might nevertheless become
routine part of prenatal exome analyses, as early
diagnosis of this disease is essential for successful
treatment.

The detection of SNVs within the SMN1/SMN2
locus was also possible via our 5q-SMA variant
detection workflow with SMN2-masked regions. In
two patients, in whom the presence of a heterozy-
gous SMN1 deletion was known from a previous
MLPA examination, a heteroallelic pathogenic SNV
was detected. Given the suggestive clinical picture
in these patients, the clinical diagnosis of 5q-SMA
is likely. However, to definitely proof the diagnosis
and to confirm that both variants (ACMG class 5)
affect SMN1 and not SMN2 additional methods (spe-
cific long-range PCR or long-read sequencing) are
required.

Of particular interest, two patients were identi-
fied who each carried two heterozygous pathogenic
SNVs (ID9 and ID10). In both patients, the genetic
diagnosis was made after a diagnostic odyssey: In
the 48-year-old female patient (ID9), analysis of
an axonal neuropathy panel had been initiated as
the initial clinical diagnosis of 5q-SMA was not
confirmed by MLPA which indicated absence of a
hetero- or homozygous SMN1 deletion. The sec-
ond patient (ID10) was a four-month-old infant who
showed generalized marked muscle weakness as well
as respiratory insufficiency. Despite urgent clinical
suspicion of 5q-SMA, a twofold testing for SMN1
deletion had been negative. The subsequent muscle
biopsy revealed predominantly small, immature mus-
cle fibres (positive MHC fetal/developmental) and
incipient fibre type grouping, so that a gene-panel
for early infantile motor neuropathies was initiated
that finally led to the diagnosis of 5q-SMA based on
our 5q-SMA variant detection workflow. An analysis
of parental samples confirmed that both SNVs affect
different parental alleles in patient ID10, an analysis
of parental samples was not possible in patient ID9. In
the adult patient (ID9), we confirmed that the identi-
fied pathogenic SNVs are heteroallelic and localized
in SMN1 and not SMN2 by long-range PCR [14] and
subsequent long-read sequencing technology [15].
For the infant patient (ID10), high molecular weight
DNA for long-read sequencing was not available.
However, parental samples were available for long-
read nanopore genomic sequencing to confirm that
the identified SNVs were indeed associated with
SMN1 and were compound heterozygous in the index
patient.
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These patients illustrate that our 5q-SMA vari-
ant detection workflow detects SNVs but does not
allow the phasing of variants. To proof that a vari-
ant is truly functionally significant as it affects SMN1
and not its copy gene SMN2, confirmatory methods
are necessary. Standard confirmatory methods such
as long-range PCR of genomic SMN1 followed by
nested PCR and Sanger sequencing of each exon
are laborious [14, 22] Therefore, the lack of direct
assignment of variants to SMN1 or SMN2 is a limi-
tation of the presented workflow based on short-read
sequencing. Ongoing advances in increasingly accu-
rate long-read sequencing and bioinformatics may
open new applications in clinical genome sequenc-
ing, not only resolving dark regions but also enabling
direct phasing for haploptype identification [23–25].

Also in the presence of two pathogenic SNVs, there
is an indication for therapy depending on the num-
ber of SMN2 copies. In both patients with biallelic
SNVs, one of their two variants suggests a com-
plete allelic loss as a nonsense (patient ID7) or as a
frameshift variant (patient ID8). In trans to the puta-
tive loss-of-function variant, both patients carried
a missense variant. The patient with early infantile
onset of symptoms (ID8) had two SMN2 copies. The
adult patient (ID7) had only one SMN2 copy, which
in combination with the relatively late manifestation
of the disease may indicate a residual function of
one of the alleles carrying the missense variant or an
additional molecular rescue/modifier effect within or
aside from SMN2. The correlation between the num-
ber of SMN2 copies and the SMA phenotype severity
is not always consistent in all patients described so far
as a low number of SMN2 copies in combination with
a milder clinical phenotype has already been reported
[26].

To our knowledge, no SMA patient carrying com-
pound heterozygous sequence variants of the SMN1
gene has been described in the literature to date. This
could be due to the fact that sequencing of the SMN1
gene is not possible with standard methods because
of its high homology to the SMN2 gene and, con-
sequently, is probably often not performed when the
homo- or heterozygous presence of an SMN1 deletion
has been excluded. The current German guidelines
for 5q-SMA recommend sequencing of the SMN1
gene in this situation only for patients with known
parental consanguinity. In both patients, no consan-
guineous parents were known, consistent with the
presence of compound heterozygous variants. Based
on our results, biallelic variants in SMN1 might be
less rare than suggested by the current literature. As

consequence, the recommended diagnostic algorithm
for SMA should be adapted to avoid overlooking 5q-
SMA. In particular, clinicians and geneticists must
be aware that a negative new-born screening for 5q-
SMA does not rule out the diagnosis.

In conclusion, the here presented 5q-SMA vari-
ant detection workflow adapted for our NGS-based
SMA diagnostic work up, is a reliable approach for
the detection of homozygous deletions as well as
heterozygous or homozygous SNVs within the chal-
lenging SMN locus on chromosome 5q13.2. The only
limitations lie in the detection of healthy SMN1 dele-
tion carriers and the verification of SMN2 copies,
which is essential for timely SMA therapy and which
still requires additional analysis by conventional
MLPA.
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